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Pollen exine is essential for protection from the environment of the male gametes of seed-producing plants, but its assembly and
composition remain poorly understood. We previously characterized Arabidopsis (Arabidopsis thaliana) mutants with abnormal
pollen exine structure and morphology that we named kaonashi (kns). Here we describe the identification of the causal gene of
kns4 that was found to be a member of the CAZy glycosyltransferase 31 gene family, identical to UNEVEN PATTERN OF
EXINE1, and the biochemical characterization of the encoded protein. The characteristic exine phenotype in the kns4 mutant is
related to an abnormality of the primexine matrix laid on the surface of developing microspores. Using light microscopy with a
combination of type II arabinogalactan (AG) antibodies and staining with the arabinogalactan-protein (AGP)-specific b-Glc
Yariv reagent, we show that the levels of AGPs in the kns4microspore primexine are considerably diminished, and their location
differs from that of wild type, as does the distribution of pectin labeling. Furthermore, kns4 mutants exhibit reduced fertility as
indicated by shorter fruit lengths and lower seed set compared to the wild type, confirming that KNS4 is critical for pollen
viability and development. KNS4 was heterologously expressed in Nicotiana benthamiana, and was shown to possess b-(1,3)-
galactosyltransferase activity responsible for the synthesis of AG glycans that are present on both AGPs and/or the pectic
polysaccharide rhamnogalacturonan I. These data demonstrate that defects in AGP/pectic glycans, caused by disruption of
KNS4 function, impact pollen development and viability in Arabidopsis.

Pollen, the male gametophyte of all seed plants, is
crucial for reproductive success. Due to the harsh en-
vironmental conditions that pollen must survive in, it

has developed an elaborate and specialized cell wall.
However, despite its importance our knowledge of the
fine structure and assembly of the pollen grain wall is
poorly understood (Newbigin et al., 2009; Ariizumi and
Toriyama, 2011; Quilichini et al., 2015; Shi et al., 2015).
Arabidopsis (Arabidopsis thaliana) provides an ideal
genetic and cell biologicalmodel to dissect the assembly
of the components of the pollen grain wall. Arabidopsis
pollen grains have a typical surface structure that con-
sists of an inner intine layer, which is usually made up
of cellulose and pectin, and the outer exine, which is
largely composed of sporopollenin (Li et al., 1995). The
exine is further subdivided into inner nexine and outer
sexine. The sexine has a three-dimensional (3D) struc-
ture composed of many columns called baculae and a
roof called tectum. These two structures give the Ara-
bidopsis pollen surface a reticulate appearance with a
uniform mesh size. The nexine is composed of outer
nexine I (foot layer), which contains sporopollenin, and
inner nexine II (endexine; Ariizumi and Toriyama,
2011; Jiang et al., 2013). A recent study suggests that
arabinogalactan proteins (AGPs) are key constituents of
nexine with expression of AtAGP6 in the nexine-
deficient mutant transposable element silencing via at-
hook (tek) partially restoring nexine formation (Jia et al.,
2015). The materials comprising the exine are derived
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from the cells of the tapetum and the deposition pattern
of the exine is determined during the tetrad stage (Zhou
et al., 2015). Surrounding the outer exine layer is the
pollen coat, containing proteins and lipids that accu-
mulate in the exine cavities (Quilichini et al., 2015).

Exine is composed of sporopollenin, a structurally
robust biopolymer made from aliphatic and aromatic
precursors (Ariizumi and Toriyama, 2011; Quilichini
et al., 2015). Sporopollenin precursors are synthesized
mainly in tapetal cells and transported to the micro-
spore surface by the involvement of many genes in
which mutations often cause strong defects in exine
development. These genes include: MALE STERILITY2
(MS2) (Aarts et al., 1997), FACELESS POLLEN1 (FLP1)
(Ariizumi et al., 2003), NO EXINE FORMATION1
(NEF1) (Ariizumi et al., 2004), CYP703A2 (Morant
et al., 2007), ACYL-CoA SYNTHETASE5 (ACOS5) (de
Azevedo Souza et al., 2009), LESS ADHERENT
POLLEN3 (LAP3), LAP5/POLYKETIDE SYNTHASE B
(PKSB), LAP6/POLYKETIDE SYNTHASE A (PKSA)
(Dobritsa et al., 2009a; Dobritsa et al., 2010; Kim
et al., 2010), CYP704B1 (Dobritsa et al., 2009b),
DIHYDROFLAVONOL 4-REDUCTASE-LIKE1 (DRL1)/
TETRAKETIDEa-PYRONE REDUCTASE2 (TKPR2)
(Tang et al., 2009; Grienenberger et al., 2010), TKPR1
(Grienenberger et al., 2010), and a member of ATP-
binding cassette transporter gene ABCG26 (Quilichini
et al., 2010; Choi et al., 2011; Dou et al., 2011; Kuromori
et al., 2011). Although many of these genes are specifi-
cally expressed in tapetal cells, it has been proposed
that microspores also synthesize and secrete sporopol-
lenin at the initial stage of exine development in tetrads
(Wallace et al., 2011).

Exine development is initiated with the formation of
primexine, a layer of matrix between the microspore
plasma membrane and callosic wall that temporarily
separates the microspores in the pollen tetrad (Heslop-
Harrison, 1968; Owen and Makaroff, 1995; Paxson-
Sowders et al., 1997). Primexine is believed to act as a
scaffold for the attachment of sporopollenin mono-
mers (Ariizumi and Toriyama, 2011). After primexine
formation, undulation of the microspore plasma
membrane occurs, which contributes to determining
the position of bacula formation (Paxson-Sowders
et al., 1997; Zhou et al. 2015). An Arabidopsis gene,
DEFECTIVE IN EXINE FORMATION1 (DEX1), en-
codes a membrane-associated protein required for
primexine development and plasma membrane undu-
lation, and a mutation of the gene results in random
deposition of sporopollenin at the plasma membrane
surface (Paxson-Sowders et al., 1997; Paxson-Sowders
et al., 2001). Mutants of TRANSIENT DEFECTIVE
EXINE1 (TDE1)/DE-ETIOLATED2 (DET2) revealed the
involvement of brassinosteroids in primexine forma-
tion (Ariizumi et al., 2008). The callosic wall in tetrads
also plays a crucial role in exine development. Muta-
tions in CALLOSE SYNTHASE5 (CALS5)/GLUCAN
SYNTHASE LIKE2 (GSL2) cause a severe defect in exine
development despite normal deposition of primexine
(Dong et al., 2005; Nishikawa et al., 2005). Furthermore,

RUPTURED POLLEN GRAIN1 (RPG1),NO PRIMEXINE
AND PLASMA MEMBRANE UNDULATION (NPU),
and EXINE FORMATION DEFECT (EFD) are required
for CALS5/GSL2 expression, primexine deposition,
and plasma membrane undulation (Guan et al., 2008;
Chang et al., 2012; Sun et al., 2013; Hu et al., 2014).
Mutations in these genes almost completely abolish the
structure of exine and often affect the viability of pollen
grains.

Despite the accumulating knowledge about sporo-
pollenin synthesis, little is known about how the 3D
structure/organization of exine is formed (Quilichini
et al., 2015; Shi et al., 2015). To identify the genes de-
termining exine structure, we previously screened an
EMS-mutagenized population of Arabidopsis by scan-
ning electron microscopy (SEM) and identified 12
mutants, named kaonashi (kns1 to kns12), showing ab-
normal exine morphology and classified them into four
types (Suzuki et al., 2008). Type-1 mutants showed
collapsed exine structures whereas type-2 mutants
make a remarkably thin exine. The type-3 mutants
showed defective tectum formation and the type
4 mutants showed densely distributed baculae. All
identified kns mutants are recessive, suggesting that
these KNS genes are expressed in diploid cells (Suzuki
et al., 2008). In this article, we focus on a unique type-2
mutant, kns4, in which the exine is less than half
the thickness of wild type but still has a reticulate
structure. Another characteristic of kns4 is that mature
pollen grains of the mutant often aggregate (Suzuki
et al., 2008).

A similar genetic screen was carried out by Dobritsa
et al., (2011) with an Arabidopsis T-DNA insertion
population and many mutants with a variety of defects
in exine structure were found. For example, the exine of
spongy2 (spg2) has irregularly distributed and elon-
gated tectum elements and lacunae (holes within the
tectum) of variable size and shape. Another mutant,
uneven pattern of exine1 (upex1), shows a grossly disor-
ganized exine (Dobritsa et al., 2011). Only part of the
upex1 pollen surface maintains a reticulate structure;
other areas either lack exine or have essentially smooth
exine with small lacunae (Dobritsa et al., 2011). Obser-
vations at high magnification revealed that the upex1
exine consisted of very short baculae and an over-
developed tectum that had fewer and smaller lacunae
than in the wild type (Dobritsa et al., 2011). The gene
underlying the upex1 mutation was identified as
At1g33430, a gene that is expressed specifically in an-
thers at bud stages 9 to 10 when exine development
occurs in microspores (Dobritsa et al., 2011).

During microspore development, many kinds of cell
walls are successively synthesized and degraded in the
following sequence. In Arabidopsis, the primary cell
wall of the pollen mother cell (PMC) characteristically
contains methylesterified pectin (homogalacturonan,
HG) and AGPs (Rhee and Somerville, 1998; Coimbra
et al., 2007). Beneath the PMC primary wall, a callosic
wall forms that becomes thicker in tetrads and sepa-
rates the microspores generated by meiosis. In the
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tetrad, microspores form a layer of primexine matrix
consisting of at least methylesterified HG and rham-
nogalacturonan II (RG-II; Rhee and Somerville, 1998),
and exine construction is initiated in the primexine.
Enzymatic degradation of the PMC primary cell wall
and callosic wall occurs and the microspores are re-
leased into the locular space. Free microspores are still
coated with a layer of pectic polysaccharides (also re-
ferred to as “primexine” in the literature), although the
pectin undergoes demethylesterification (Rhee and
Somerville, 1998). Intine forms beneath the exine, and
two rounds of mitotic cell division produce two sperm
cells surrounded by an AGP-containing wall (Coimbra
et al., 2007). The intine in mature pollen grains con-
sists mainly of cellulose, noncellulosic polysaccharides,
and pectin (van Aelst and van Went, 1992; Ariizumi
and Toriyama, 2011), whereas an intine-like structure
(“germination plaque”) produced upon pollen germi-
nation consists of cellulose, callose, and partly deme-
thylesterified pectin (Hoedemaekers et al., 2015), with
the pollen tube wall also including AGPs (Nguema-
Ona et al., 2012).
AGPs are a class of Hyp-rich glycoproteins found

ubiquitously in plant cell walls, secretions, and at the
plasma membrane (Nguema-Ona et al., 2012). Most
members of this family of proteins are defined by a
Hyp-rich protein backbone decorated by type II AGs,
that is, a galactan backbone of b-(1,3)-linked-D-galac-
topyranose residues, with branches (between one and
three residues long) of b-(1,6)-linked-D-galactopyra-
nose, as well as other terminal monosaccharides such as
Fuc, GlcA, and rhamnose, among others (Ellis et al.,
2010). AGPs (mostly through their b-(1,3)-galactan
backbone) have the ability to bind selectively to and be
precipitated by (b-D-glucosyl)3 and (b-D-galactosyl)3
Yariv reagents (Fincher et al., 1983). These reagents are
widely used to perturb themolecular functions of AGPs
as well as for their detection, quantification, purifica-
tion, and staining (Fincher et al., 1983).
AGPs are proposed to have a wide variety of func-

tions and play a pivotal role in plant growth and de-
velopment, particularly in sexual reproduction (for
review, see Ellis et al., 2010; Tan et al., 2012). In light of
the observation that AGP epitope-directed antibodies
show a differential spatio-temporal distribution pattern
during both anther and ovule development, it has been
suggested that AGPs could be used as gametophytic
cell differentiationmarkers (Coimbra et al., 2007). A few
AGPs, for example, AtAGP6 and AtAGP11, have been
implicated in pollen development (Coimbra et al.,
2009). A double null agp6 agp11 mutant has collapsed
pollen grains, reduced (and precocious) pollen grain
germination and tube elongation, and displays shorter
fruits with less seeds; these phenotypes are due to
pollen abortion (Coimbra et al., 2009, 2010).
BLAST searches of the Arabidopsis genome using

mammalian b-(1,3)-GalT sequences as queries identi-
fied 20 genes of the CAZy Glycosyltransferase (GT)
31 family (www.cazy.org/) as potentially being in-
volved in the synthesis of the type II AG backbone of

AGPs (Qu et al., 2008). Based on phylogenetic analysis,
the Arabidopsis GT31 family GalTs were grouped into
four clades [clades 1 (VIII and IX), 7 (V and VI), 10 (I to
IV), and 11 (VII); Qu et al., 2008; Egelund et al., 2011].
Subsequently, several Arabidopsis GT31 clades 7 and
10 members have been shown to have AGP-glycan syn-
thase activity:AtGALT2, 3, 4, 5, and 6 (clade 7; Basu et al.,
2013; Basu et al., 2015),AtGALT31A (Geshi et al., 2013), as
well as three Hyp O-GALTs, HPGT1, 2, and 3 (clade 10;
Ogawa-Ohnishi and Matsubayashi, 2015). In addition to
biochemical activity assay data, aberrant growth pheno-
types, in varying degrees of severity, have been observed
in the aforementioned loss-of-function galt mutants.
Hence, both biochemical and genetic evidence exists
supporting the view that the AG glycanmoieties of AGPs
are critical for their biological functions.

In this study, we used genetic and cell biology
approaches to identify and characterize KNS4. The gene
was found to be At1g33430, a clade 10 member of the
GT31 family (Egelund et al., 2011), and identical to
UPEX1 (Dobritsa et al., 2011). Heterologous expression
and in vitro enzymatic activity assays provided bio-
chemical evidence that KNS4 is a b-(1,3)-GalT likely
synthesizing the b-(1,3)-galactan backbone of AGPs and/
or the side-chains of RG-I. Immunolabeling and b-Glc
Yariv staining show that kns4mutants have reducedAGP
content in the primexine of developing microspores,
suggesting AGPs play an important role in this structure.
Furthermore, kns4 mutants exhibit pollen aggregation
and reduced fertility, as indicated by shorter fruit lengths
and lower seed set compared to thewild type, confirming
that KNS4 is critical for pollen development.

In the accompanying article by Li et al. (2017), the
characterization of two exine mutants, upex1 and spg2, is
reported. They showed that SPG2 (At1g27600) encodes
the previously characterized IRREGULAR XYLEM9-
LIKE (IRX9L) GT 43 protein involved in xylan backbone
synthesis and that xylan, as well as AGP, is a component
of the primexine wall (Li et al., 2017). Thus, our comple-
mentary articles provide evidence thatAGPs, pectins, and
xylans in primexine contribute to the deposition of spo-
ropollenin onto the microspore surface, and to the con-
struction of a regular reticulate exine pattern.

RESULTS

Identification of the KNS4 Gene

The causative mutation of the EMS-induced kns4 mu-
tant (hereafter kns4-1) was previously reported to be
mapped to chromosome 1 (Suzuki et al., 2008). Using a
PCR marker approach, the kns4-1mutation was mapped
further to a 300 kb region between single nucleotide poly-
morphisms PERL0098471 and PERL0101839. A survey of
the expression pattern of the 60 genes mapped in the
marker region using AtGenExpress microarray data
(http://www.arabidopsis.org/) found that At1g33430
was expressed specifically in young flower buds at floral
developmental stages 9 to 11 (as defined by Smyth et al.,
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1990). These stages coincide with the development of the
exine in microspores. Mutant alleles of this gene (upex1,
upex2, SALK_091466, SAIL_544_C02) have previously
been shown to have an uneven pattern of exine, which is
also thin and composed of a very short baculae and
overdeveloped tectum (Dobritsa et al., 2011). In addition,
it was also reported that some regions of the exine of upex
mutants partly lacked reticulate structure, being smooth
with small lacunae; that their exine dissociated easily
from the pollen surface; and that pollen grains were
sticky (Dobritsa et al., 2011). These observations were
similar and mostly consistent with our observations of
kns4-1 (Suzuki et al., 2008; Fig. 1, A–F), although we did
detect subtle differences, such as the entire surface of kns4
pollen grains being covered with reticulated exine to which
pieces of debris clung (Fig. 1D), rather than a complete lack
of exine. In this article, we use the term “lacunae” as the
holes within the tectum (including the space directly be-
neath the tectum hole). When referring to the whole space
under the tectum, including lacunae and gaps between
neighboring baculae, we use the term “exine cavities”. The
lacunae of kns4-1 were smaller and shallower, while their
densitywasalmost similar to that ofwild type (compareFig.
1, C and F). Taken together, these data suggested that
At1g33430 was a likely candidate to contain the causative
mutationof kns4-1. The kns4-1mutantwas shown topossess
a G to A substitution in the fifth coding exon of At1g33430.
This caused a change in the 276th codon from a Trp residue
to a stop codon in the corresponding protein (Fig. 1G).

To validate that the genetic lesion in At1g33430 leads
to the pollen phenotype, the two aforementioned
T-DNA lines (SALK_091466 and SAIL_544_C02, here
designated kns4-2 and kns4-3, respectively) were obtained
that had insertions present either in the noncoding exon
or the fourth exon, respectively (Fig. 1G). Both lines
showed pollen phenotypes indistinguishable from those
observed in kns4-1, namely a thin exine with a poorly
reticulate tectum and considerable debris adhered to the
pollen grain surface (Fig. 1, H–J).

To further confirm that the phenotypes observed in
kns4-1mutantswere due to a loss ofAt1g33430 function, a
complementation experiment was performed by gener-
ating a construct containing the wild-type coding se-
quence of At1g33430 downstream of its own promoter
(defined as 2006 bp upstream of the first Met, designated
ProKNS4:KNS4) that was transformed into kns4-1mutant
plants. The aberrant pollen phenotype was completely
restored in all 17 individual T1 transformants (Fig. 1K).
Taken together, we conclude that the phenotypes ob-
served in kns4-1mutants are due to the loss of At1g33430
function and that kns4 and upex mutants (Dobritsa et al.,
2011; Li et al., 2017) are synonymous.

KNS4 Is Required for Separation of PMCs and
Microspores in Anthers

To identify the initial defect in pollen develop-
ment of kns4 mutants, sections of resin-embedded
kns4-2 anthers were prepared at several floral bud

developmental stages (stages 8 to 12; as defined by
Smyth et al., 1990) and counterstained with toluidine
blue for visualization. Because stage 12 is rather long

Figure 1. Pollen phenotypes of kns4mutants. A to F, Surface view of wild-
type (Ler; A–C) and kns4-1 (D–F) pollen grains by SEM.Arrow inD indicates
cell wall debris adhered to pollen grains. G, Schematic structure of
At1g33430/KNS4. The shorter splice variant, At1g33430.1, is depicted, as
only this form is detected in flower buds. Rectangles represent exons
[noncoding exon 1 (nc1) and coding exons 1 to 6], and coding region and
59 and 39 UTRs are indicated with white, black, and gray, respectively. The
thick black line represents noncoding sequence/introns. The positions of
point mutation (kns4-1) and T-DNA insertions (kns4-2 and kns4-3) as well
as the SALK and SAIL line numbers are indicated.Gray arrows represent the
position of primers used in the RT-PCR experiment shown in Fig. 4A. H to J,
Surface view of kns4-2 (H and I) and kns4-3 (J) pollen grains by SEM. K,
Rescued pollen phenotype of the kns4-1 mutant after transformation with
the ProKNS4:KNS4 construct. Scale bars = 20 mm in (A, D, H, J, and K),
10 mm in (B, E, and I), and 2 mm in (C and F).
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(approximately 48 h), we divided this stage into a fur-
ther three substages: 12E (until the petals reach the
style), 12M (until anthers begin to turn yellow), and 12L
(thereafter). Furthermore, because microspores drasti-
cally change their morphology during stage 9, we also
divided this stage into three substages: 9E, 9M, and 9L.
For clarity, the morphological microspore/pollen de-
velopment phenotype at each of these floral develop-
mental stages is defined as follows: stage 8 (pollen
mother cell [PMC] before initiation of callosic wall
formation), stage 9E (PMC surrounded by the callosic
wall), stage 9M (tetrad), stage 9L (newborn unicellular
microspore), stage 10/11 (unicellular), stage 12E (uni-
cellular to bicellular), stage 12M (bicellular to tricel-
lular), and stage 12L (tricellular).
At stage 8 (PMC), all the PMCs were tightly adhered,

either to each other or to tapetal cells and no obvious
morphological differences were observed betweenwild
type and kns4 mutants (compare Fig. 2, A and G, re-
spectively). The first sign of developmental abnormal-
ity in kns4 mutants appeared in stage 9E (PMC), when
callosic wall formation had been initiated. At this stage,
the wild-type PMCs began to separate from each other
and from tapetal cells, whereas in the kns4 mutant
PMCs remained adherent and tapetal cells were slightly
vacuolated and swollen (compare Fig. 2, B and H, re-
spectively). Moreover, the protoplast of the wild-type
PMCs was often detached from the primary cell wall,
although this is likely to be a sample preparation arti-
fact frequently observed during this developmental
stage in wild type (Quilichini et al., 2014). Interestingly,
this was never observed in mutant PMCs, perhaps in-
dicating some structural differences in connectivity
between the plasma membrane-cell wall interface be-
tween wild type and mutants. At stage 9M (tetrad),
when the callosic wall of tetradswas clearly observed to
stain strongly with toluidine blue, wild-type tetrads
were separated and dispersed in anther locules,
whereas the kns4 tetrads remained attached to tapetal
cells and appeared to adhere to each other (compare
Fig. 2, C and I, respectively). In the kns4 mutant the
tapetal layer is thicker relative to wild type, resulting in
a compression of the tetrads.
After the dissolution of the callosic wall at stage 9L,

spherical microspores were scattered in anther locules
at stage 10/11 (unicellular) in wild type, but deformed
microspores of the mutant did not separate from each
other and filled the locules (compare Fig. 2, D and J,
respectively). Interestingly, the tapetal cells in kns4
mutants appeared to be vacuolated compared with the
wild type. Microspores of both wild type and kns4
mutants gradually grew larger during stage 12E, al-
though their morphology was similar to the previous
stage. At stage 12M (bicellular), most of the mutant
microspores were still in contact with each other and
many seemed tightly adhered to tapetal cells, even
though a small space appeared in the center of each
locule (compare Fig. 2, E and K, respectively). Strik-
ingly, the vacuolated tapetal cell phenotype observed in
the kns4 mutants at stage 10/11 appeared to be more

obvious, particularlywhen comparedwith thewild type
(compare Fig. 2, D and E with Fig. 2, J and K, respec-
tively). At stage 12L (tricellular) in wild type, when tri-
cellularmature pollen grainswere developed, the tapetal
cells disappear and only pollen grains can be observed
(Fig. 2F). However, in kns4 locules, debris that stained
weakly with toluidine blue remained attached to the
surface of pollen grains (Fig. 2L). In these kns4 locules,
many pollen grains were found to adhere to each other
and to the surface of the anther cell wall (endothecium),
presumably due to the presence of the debris. Some
collapsed pollen grains were also observed (Fig. 2L).
These observations suggest that pollen adhesion and
debris formation in the kns4 mutant is a consequence of
the defect in separation of the PMC at stage 9E.

KNS4 Is Required for Sporopollenin Deposition and
Exine Development

Exine development in kns4 mutants was further in-
vestigated by transmission electron microscopy (TEM).
In the tetrads of wild-type stage 9M anthers, a matrix of
primexine appeared as a layer between the plasma
membrane of the microspore and the callosic wall, in
which the development of the exine framework con-
sisting of the probaculae and tectum is initiated (Fig.
2M). The primexine is thinner and consequently the
probaculae are shorter in the kns4 mutant than those in
wild type, whereas tectum development was essen-
tially normal in the mutant (Fig. 2Q). These results in-
dicate that the characteristic exine phenotype in the
kns4 mutant is related to an abnormality of thin pri-
mexine in the tetrads.

At stage 10/11, mutant microspores clumped to-
gether, whereas wild-type microspores were already
separated, with distinct exine walls (compare Fig. 2, R
and N, respectively). By the end of stage 12E, sporo-
pollenin supplied by tapetal cells settles onto the sur-
face of each microspore and exine development is
nearly complete inwild type (Fig. 2O). In contrast, exine
walls in the kns4 mutant microspores appeared com-
pacted and tectum and baculae structures were not well
defined (Fig. 2S). A considerable amount of sporopol-
lenin secreted by kns4 mutant tapetal cells was depos-
ited both on the surface of microspores and tapetal cells
adjacent to themicrospores, which appeared to result in
the adhesion of microspores to tapetal cell walls (Fig. 2,
R and S). Electron-dense particles, presumably con-
taining sporopollenin, were also deposited on the walls
separating adjacent tapetal cells (Fig. 2R). Interestingly,
exine structures of two adjacent microspores were al-
ways separated and never fused (Fig. 2, R and T). At
stage 12L in wild type, the tapetal cells have already
collapsed and osmiophilic materials have filled the ex-
ine cavities of tricellular pollen grains to form the pollen
coat (Fig. 2P). Pollen coat formation was similarly ob-
served on the surface of kns4 pollen grains, although the
amount of material was very low compared to wild
type due to the short baculae length (Fig. 2U).
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Figure 2. Light and TEM micrographs reveal defects in pollen development in kns4-2 mutants. A to L, Light micrographs of
longitudinal sections of resin-embedded anthers of wild-type (Col-0; A–F) and kns4-2 (G–L) plants stained with toluidine blue.
Developmental stages (stages 8L to 12L) of anthers are indicated along with the developmental stage of pollen development in
parentheses. Asterisks in (J) and (K) indicate swollen and vacuolated tapetal cells in the mutant. Arrows and arrowheads in (L)
indicate cell wall debris and crushed pollen grains, respectively. M toU, TEM images of wild-type (Col-0;M to P) and kns4-2 (Q to
U) anthers. M and Q, Primexine layers and developing exine in tetrads at stage 9M. (N, O, R, S, and T), Longitudinal section of
stage 12E anthers containing unicellular microspores. (P) and (U), Exine and pollen coat of pollen grains (tricellular stage) at stage
12L. Arrows in (R) show walls between tapetal cells. Arrowheads in (S) show granules containing sporopollenin deposited on the
surface of tapetal cell wall. Ba, Bacula; CW, callosic wall; Ex, exine; In, intine; MS, microspore; PBa, probacula; PC, pollen coat;
PG, pollen grain; PM, plasma membrane; PMC, pollen mother cell; Td, tetrad; Te, tectum; Tp, tapetal cell. Scale bars = 10 mm in
(A–L), 5 mm in (N and R), and 0.5 mm in (M, O, P, Q, S, T, and U).
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Exine development in wild type and kns4 was ob-
served and exine thickness measured by use of optical
sections of isolated microspores and pollen grains
(Supplemental Fig. S1). The thickness of wild-type ex-
ine gradually increased from stage 9L to stage 10/11 and
reached a peak at stage 12E. Thereafter, it decreased
slightly until the mature pollen grain stage in open
flowers. The exine of kns4microspores was 24% thinner
than wild-type exine at stage 9L, and decreased to less
than 50% at stage 12E and later stages. These results
suggested that KNS4 function is also required for exine
thickening from stages 9L through to 12E, which is
consistent with the expression pattern of KNS4 (de-
scribed below).
To examine the origin of the debris adhering to the

kns4 pollen grains, cross sections of paraffin-embedded
anthers were prepared, stained with calcofluor white,
and viewed under UV excitation (Fig. 3, A–F). In wild-
type anthers at stage 9L, most cell walls fluoresced
blueish-white, whereas tapetal cells and microspores
showed weak yellow fluorescence (Fig. 3A), suggesting
that the walls of tapetal cells and early unicellular mi-
crospores did not contain much cellulose or callose. The
yellow autofluorescence of polymerizing sporopollenin
appeared on the developing exine and reached maxi-
mal brightness at stage 12E (Fig. 3B). When the anthers
reached stage 12M, intine appeared on pollen grains
and fluoresced blueish-white, while yellow exine
autofluorescence became weaker (Fig. 3C). In the mu-
tant stage 12E anthers, the yellow autofluorescence was
observed not only on the developing exine but also, and
more strongly, on the boundaries between tapetal cells
and microspores (white arrows) and the walls sepa-
rating adjacent tapetal cells (red arrows; Fig. 3D). This is
consistent with the abnormal sporopollenin deposition
in these walls observed by TEM (Fig. 2, R and S). The
yellow fluorescent walls in kns4-2 were still observed
at stage 12M (Fig. 3E), and even after anther dehiscence
(Fig. 3F). It therefore appears that tapetal cell walls
were not completely degraded when these cells col-
lapsed, and remained adhered to the kns4 microspore
surface as pollen grain development was completed.
Thus, we suggest that the material adhering to kns4
pollen grains is not dissociated exine, but rather rem-
nants of tapetal cell walls onto which sporopollenin
was deposited (Fig. 3F).
While neighboring kns4 mutant pollen grains were

never observed to fuse (Fig. 2T), mutant pollen grains
did form clumps that could be squeezed out from an-
thers (Fig. 3G). This observation implies the existence of
adherent material(s) that connect the microspores.
During tetrad stage (stage 9M), microspores are sepa-
rated by walls rich in callose, which can be visualized
by confocal laser scanning microscopy (CLSM) using
the aniline blue fluorochrome. No staining differences
were readily observed when comparing wild type to
kns4 mutants (compare Fig. 3, I and K). However, at
stage 12E, when the callosic walls are completely de-
graded in wild type and hence the aniline blue signal is
absent, kns4 microspores continued to show aniline

blue signal between the microspores within the tetrad
(compare Fig. 3, J and L). Aniline blue fluorescence was
also detected in the walls of kns4 microspore clumps
squeezed from mature anthers (Fig. 3H). These results
suggest that the remnant callose in the walls between
microspores prevents the developing exine from fusing
in the kns4 mutant.

Expression Analysis of KNS4

Reverse transcription PCR (RT-PCR) analysis of a
variety of tissue types revealed that KNS4 expression
(mRNA) is only detected in the inflorescence apices
containing shoot apical meristems and flower buds
up to stage 12L (Fig. 4A). This observation is consistent
with transcript levels reported in AtGenExpress micro-
array datasets (http://www.arabidopsis.org/). NoKNS4
transcripts were detected in either kns4-2 or kns4-3 inflo-
rescence apices (Fig. 4A), indicating that both T-DNA
insertions disrupted gene function.

To more specifically determine the tissues/organs
where KNS4 is expressed, the KNS4 promoter was
separately fused to b-glucuronidase (GUS) and GFP,
and the reporter constructs introduced into wild-
type Arabidopsis plants. In all 14 individual T1
ProKNS4:GUS transformants, the GUS signal was
specifically detected in anthers with strongest stain-
ing in young flower buds and reduced signal in older
open flowers (Fig. 4B. No signal was observed in
any other organs including leaves, stems, roots, and
fruits, consistent with the RT-PCR analysis and the
public microarray datasets (Fig. 4A). The same result
was obtained for all 10 individual T1 transformants
carrying the ProKNS4:GFP transgene (Fig. 4, C–F.
Imaging revealed that the GFP fluorescence was
specifically detected in anthers ranging from stages 8
through to 10/11, with the strongest expression at
stage 9L (Fig. 4, C–F).

We also examined KNS4 mRNA levels in anthers
by quantitative RT-PCR (qRT-PCR; Fig. 4G). KNS4
transcript was detected from stages 8 through to 12E,
declining in stage 12M and 12L along with the degen-
eration of tapetal cells (Fig. 4G). These results indicated
that KNS4might have a constitutive function in tapetal
cells. It should be noted that the expression of ProKNS4:
GFP did not reflect the accumulation of KNS4mRNA at
stages 10/11 and 12E, possibly due to the differential
stabilities of mRNAs.

To more accurately define the location of KNS4
transcripts, we performed in situ hybridization of an-
thers from stage 8 through to stage 10/11. While the
sense probe resulted in little signal (Fig. 4, M–Q), the
antisense probe produced strong signals in tapetal cells
throughout these stages, with the strongest labeling
detected at stage 9 (Fig. 4, H–L). The relatively high
background signal by the antisense probe in young
anthers possibly reflects weak KNS4 expression in tis-
sues other than tapetum, which has been suggested in a
previous study (Peiffer et al., 2008).
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Enzymatic Activity of KNS4

KNS4 is predicted to encode a b-(1,3)-galactosyl-
transferase (GalT) that belongs to GT family 31 (CAZy;
http://www.cazy.org; Strasser et al., 2007; Qu et al.,
2008; Egelund et al., 2011). Among the members of this
family,At1g77810, one of the closest homologs ofKNS4,
has been shown to encode a b-(1,3)-GalT (Qu et al.,
2008). An enzyme with this activity is required for the
biosynthesis of the b-(1,3)-galactan core structure of
type II AGs, the glycan moieties that decorate AGPs
(Ellis et al., 2010; Showalter and Basu 2016), as well as
the type II AG side chains on RG-I (Mohnen, 2008).
Furthermore, it was recently reported that the gene pro-
duct of another close homolog,AtGALT31A (At1g32930),
possesses b-(1,6)-GalT activity, which is also required for
the formation of side chains in type II AGs (Geshi et al.,
2013). Thus, it was thought that KNS4may have a similar
GalT enzymatic activity.

To examine this possibility, the full-length KNS4
coding sequence was transiently expressed in Nicotiana
leaves. As a negative control, the yellow fluorescent
protein VENUS was also transiently expressed. Micro-
somal membrane (MM) fractions prepared from leaves
4 d post-infiltration were used as the enzyme source in
biochemical activity assays using fluorescent b-Gal-
NBD as the acceptor (McGill and Williams, 2009; Fig.
5). When MMs prepared from the control plants were
assayed in the presence of UDP-Gal, the reversed
phase-HPLC profile was indistinguishable from the
b-Gal-NBD standard, indicating the absence of detect-
able endogenous enzyme activity under these assay
conditions (Fig. 5A). In contrast, when MMs derived
from KNS4-expressing leaves were assayed under the
same conditions, a series of new peaks were observed
with Rt of 9.6 min (Peak 2), 8.7 min (Peak 3), and 8.1 min
(Peak 4; Fig. 5B). The donor specificity was restricted to
UDP-Gal as none of the other UDP-sugar donors tested
(UDP-Glc, UDP-Arap, and UDP-Xyl) resulted in the
formation of product using b-Gal-NBD as the acceptor
(Supplemental Fig. S2).

To determine the nature of the glycosidic linkage(s)
in the NBD-labeled products formed by the KNS4 MM
preparation, the oligosaccharide products were diges-
ted with SGalase1, an exo-b-(1,3)-D-galactanase (CAZy
GH family 43) that has been shown to specifically
cleave the b-(1,3)-D-galactan backbone of AGPs (Ling
et al., 2012; Fig. 5C). SGalase1 digestion resulted in the
hydrolysis of all the reaction products to b-Gal-NBD (Rt
is approximately 11.5 min). A commercial Escherichia
coli b-galactosidase, which also digests the Gal-NBD
bond, hydrolyzed these same oligosaccharides in KNS4

Figure 3. Abnormal sporopollenin deposition and delayed callose
degradation in kns4-2. A to F, Calcofluor white staining of anther cross
sections in wild type (Col-0; A to C), and kns4-2 (D–F) observed by
fluorescencemicroscopy. Sections of stage 9L (newborn unicellular; A),
stage 12E (unicellular; B and D), stage 12M (bicellular; C and E), and
open flower (stage 14, tricellular; F) are shown. Cell walls containing
cellulose and callose are stained whitish blue, and autofluorescence of
sporopollenin is yellow. White and red arrows in (D) indicate boundary
between tapetal cells and microspores and the walls separating adja-
cent tapetal cells, respectively. White arrows in (F) indicate tapetal wall
remnant ontowhich sporopollenin is deposited. G andH, Aggregates of
microspores (black arrows) squeezed out from kns4-2 anthers at stage
12E were observed with transmitted light (G) and fluorescence mi-
croscopy (H) after aniline blue staining; (H) shows the framed area in
(G). I to L, Aniline blue staining of anther cross sections in wild-type
(Col-0; I and J) and kns4-2 (K and L) observed by CLSM. Stages are 9M
(tetrad; I and K) and 12E (unicellular; J and L). Green and magenta

channels show fluorescence of aniline blue and sporopollenin auto-
fluorescence, respectively. Dotted lines indicate the position of the ta-
petum. Arrowhead in (L) indicates callose in walls that remained in late
unicellular stage. Ex, Exine; In, intine; Lo, locular space; MS, micro-
spore; PG, pollen grain; Td, tetrad; Tp, tapetal cell. Scale bars = 50 mm
in (A– F) and H, 200 mm in (G), 20 mm in (I–L).
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MMpreparations toNBD (Rt is approximately 17.0min;
Fig. 5D). Analysis of the assay products by electrospray
ionization (ESI)-MS/MS revealed the presence of the
protonated pseudo-molecular ions [M+H] of m/z:
552.2, 714.3, 876.3, 1038.4, and 1200.4 corresponding to
b-Gal-NBD, Gal2-NBD, Gal3-NBD, Gal4-NBD, andGal5-
NBD, respectively (Fig. 5E). The mass difference be-
tween each of the pseudo-molecular ions is 162 dalton,
indicating a hexose series (Fig. 5E). Thus, from the
combined linkage-specific enzyme digestions and the
MS data we can conclude that KNS4 is a b-(1,3)-GalT
likely to play a role in type II AG glycan biosynthesis on
either AGPs or RG-I.

Distribution of AGP Epitopes in Developing Anthers

To investigate the impact of the kns4 mutant on the
accumulation of AGPs in anthers, cross sections of
young flower buds up to stage 12M were labeled with
the JIM8 antibody that recognizes the AG epitope on
AGPs (Pennell et al., 1991; Fig. 6, A–H). At stage 8, JIM8
labeling was observed in the cell walls surrounding the
PMCs in both wild-type and kns4 mutant anthers (Fig.
6, A and E). Bright, punctate signals were observed
within the cytoplasm of the PMCs, tapetal cells, middle
layer cells, and endothecial cells, which likely corre-
sponds to the endoplasmic reticulum/Golgi apparatus
as they are known to be the intracellular sites of AGP
biosynthesis. At stage 9M, JIM8 strongly labeled the
outer surface (primary walls) of wild-type tetrads and
the tapetalwalls facing the locule (Fig. 6B). JIM8-labeled
signal was also observed in primexine in tetrads (inset
in Fig. 6B). In kns4 mutants, signal could still be detec-
ted, but was much weaker (Fig. 6F). At stage 12E, the
cavities of the developing exine and walls of the tapetal
cells were labeled in wild type, but only weak punctate
signals were observed in the walls of kns4 tapetal cells
(compare Fig. 6, C and G, respectively). By stage 12M
in wild type, the JIM8 signal in the exine cavities and
on the locular surface of tapetal walls had decreased
(Fig. 6D). The signal in kns4 was similarly weaker at
the same stage (Fig. 6H). In contrast, walls and cyto-
plasm of endothecial cells in both wild type and kns4
were strongly labeled by JIM8 throughout anther
development.

Distinct immunolabeling results were obtained using
another anti-AGP antibody, MAC204 (Bradley et al.,
1988). This antibody specifically labeled tapetal walls and
developing exine cavities in wild type (Fig. 6, I–L). In
contrast to JIM8, MAC204 only faintly labeled the pri-
mary walls of PMCs and tetrads, and no labeling was
observed in the endothecium. The signal in the tapetal
walls at stage 12E was very weak and restricted to the
locular surface,whereasfluorescence in exine cavitieswas
bright and remained in stage 12M. In the kns4mutant, the
signals on tapetal cell walls appeared similar to wild type
at early developmental stages (stage 8), but decreased in
later stages (stage 9M and beyond) with very weak la-
beling observed in exine cavities (Fig. 6, M–P).

Figure 4. KNS4 is specifically expressed in tapetal cells in young an-
thers. A, RT-PCR analysis of KNS4 using RNA extracted from rosette
leaves, inflorescence stems, roots, inflorescence apices, open flowers,
and fruits (siliques) of wild-type Arabidopsis (Col-0), and inflorescence
apices of kns4-2 and kns4-3 mutants. Leftmost lane shows the PCR
product amplified from Col-0 genomic DNA (gDNA) with the same
primer set. ACT2 was used as a control. Black and gray triangles indi-
cate cDNA- and gDNA-derived bands, respectively. B, ProKNS4-GUS
expression in flower buds. C to F, ProKNS4-GFP expression in anthers
from stages 8 to 10/11 observed byCLSM.Green andmagenta channels
show GFP signal and chlorophyll autofluorescence, respectively. G,
Expression levels of KNS4 in anthers at various flower developmental
stages (stages 8 and 9E, 9M and 9L, 10/11, 12E, 12M, and 12L) mea-
sured by qRT-PCR. Bars show relative average expression values (stage
8/9E = 1) of triplicate samples6 SD. H to Q, In situ hybridization using
either an antisense (H–L) or sense (M–Q) probe for KNS4. Cross sections
of paraffin-embedded anthers from stages 8 to 10/11 were examined.
Scale bars = 1 mm in B, 100 mm in (C–F), and 50 mm in (H–Q).
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Given the demonstrated b-(1,3)-GalT activity of KNS4
(Fig. 5), the reduced labeling with two AGP antibodies
(Fig. 6) and the loss of exine thickening observed in kns4
mutants (Supplemental Fig. S1), we hypothesized that
AGPs play a critical role in exine development. Thus, to
test whether the kns4mutant phenotype is due to a loss of
AGPs, we examined the localization of AGP epitopes us-
ing the MAC204 antibody specifically in relation to exine
development at stages 9L to 12E in isolatedmicrospores. In
wild type at stage 9L, a strong signal was observed sur-
rounding the microspores just released from tetrads (Fig.
7A). Under higher magnification, we found that a layer of

AGPs overlays the developing exine (the position of the
AGP layer in relation to the exine is indicated by blue and
white arrowheads in Fig. 7G) and localized on the top of
baculae (yellow arrowhead in Fig. 7G). An optical section
near the surface of the microspore revealed a reticulate
pattern of MAC204 labeling (Fig. 7H), indicating that at
this developmental stage the AGPs formed a reticulate
structure overlaying the tectum. At stage 10/11, while the
exine gradually thickened, most AGP still overlayed the
tectum but some began to be redistributed into the exine
cavities (Fig. 7B). At stage 12E, when the exine reaches its
maximum thickness in wild type (Supplemental Fig. S1),
MAC204 signal was also strongest (Fig. 7C). AGP labeling
was reduced at the exine surface but appeared in the exine
cavities (in the space between baculae (yellow arrowheads
in Fig. 7I)). Tangential optical sections showed the non-
uniform distribution of AGPs in the cavities of the reticu-
late exine, specifically they were absent from both baculae
and lacunae (white and red arrowheads, respectively in
Fig. 7J). In kns4 microspores, MAC204 labeling in the
exine was reduced across all stages, being either absent
(Fig. 7D) or localized on only a part of the microspore
surface (Fig. 7, E and F). The redistribution of signal from
the outer layer at stage 9L to within the exine cavities at
stage 12Ewas not as obvious in the mutant compared to
wild type (compare Fig.7, K–N to Fig. 7, G–J, respec-
tively). These results suggest an association between
AGP deposition and exine formation and that the syn-
thesis of AGPs is dependent on the function of KNS4.

To further validate that the loss of KNS4 function leads
to a reduction in AGPs in developing microspores, we
used the AGP-specific b-Glc Yariv reagent to stain stage
12M microspores of both wild-type (Fig. 8B) and kns4
mutants (Fig. 8, E and H). AGPs were detected in the
wild-type exine as indicated by orange/red staining of the
microspore surface while minimal staining was observed
in the wall of kns4 microspores. Control experiments us-
ing a-Gal Yariv reagent showed similar levels of back-
ground staining in wild-type (Fig. 8A) and kns4 mutant
(Fig. 8, D and G) microspores. The b-Glc Yariv staining is
consistent with more AGPs being present on the surface
of developing wild-type microspores compared with the
kns4-2 and kns4-3 mutants.

Localization of AGPs in the exine cavities was exam-
ined in further detail by immuno-TEM using JIM8 and
another AGP epitope antibody, JIM13 (Supplemental Fig.
S3). In wild-type stage 12M microspores, most JIM13 la-
beling was seen in the locular space, on the exine and in
exine cavities, and at the base of exine (nexine layer;
Supplemental Fig. S3, B and G). A sparse but similar la-
beling pattern was observed with JIM8 (Supplemental
Fig. S3A). In kns4 microspores, JIM8 and JIM13 labeling
was generally similarly located, although more label was
detected outside the exine (Supplemental Fig. S3, D, E,
and G). Labeling of the sporopollenin granules was also
seen (Supplemental Fig. S3E). Callose labeling was
detected mainly in the nexine II layer in both the wild-
type and kns4 mutants (Supplemental Fig. S3, C and F,
respectively), indicating no impact on the synthesis and
deposition of this polysaccharide.

Figure 5. Enzymatic activity of heterologously expressed KNS4 in mi-
crosomalmembranes fromNicotiana leaf. A and B, RP-HPLC profiles of
GalTenzyme assay productswith KNS4-expressingMMs in the reaction
mixture (B) and control experiment with VENUS-expressing MMs (A).
Numbers above peaks indicate the number of Gal residues. C and D,
Treatment of the KNS4 reaction products with either SGalase1 (C) or
b-galactosidase (D). E, ESI-MS full scan spectrum of KNS4GalTenzyme
assay products. Peaks corresponding to b-Gal1-5-NBD are labeled 1 to
5, respectively. Yellow circles represent Gal residues.
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Pectin and AGP Distribution Overlap in
Developing Anthers

Pectins are known to be involved in cell-to-cell ad-
hesion and cell separation in higher plants (for review,
see Caffall and Mohnen, 2009). Pectins are generally
composed ofHGs, RG-I, and RG-II, and are synthesized
in the GA; in the case of HG, the major type of
pectin, as a highly methylesterified form that is then

demethylesterified by pectin methylesterases after be-
ing deposited into the wall (Mohnen, 2008). Pectins are
present on the surface of tetrads and defects in their
degradation cause abnormal exine fusion (quartet phe-
notype; Rhee and Somerville, 1998). Moreover, pectins
have been shown to be a component of primexine (Rhee
and Somerville, 1998; Aouali et al., 2001; Majewska-
Sawka et al., 2004). To test if the cell-to-cell adhesion

Figure 6. Distribution of JIM8- and MAC204-epitope labeling of AGPs in microsporocytes and microspores. Cross sections of
resin-embedded anthers of wild type (Col-0; A–D and I–L) and kns4-2 (E–H and M–P) from stages 8 to 12Mwere incubated with
the JIM8 (A–H) and the MAC204 (I–P) antibodies, and subsequently with Alexa Fluor 488-labeled secondary antibody. Fluo-
rescence of Alexa Fluor 488 (green) and autofluorescence (magenta) were separately captured by epifluorescence microscopy
and overlaid. Magenta arrowheads indicate the signal in the primary cell wall of the PMC, tetrad, and tapetal-cell walls facing the
locule. Yellow arrow indicates the signal in the exine cavities. Insets in (B) and (F) are enlargements of a microspore in a tetrad.
White arrowhead indicates the signal in primexine. En, Endothecium; Ep, epidermis; ML, middle layer cell; MS, microspore;
PMC, pollen mother cell; Td, tetrad; Tp, tapetal cell. Bars = 20 mm.
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and thin exine phenotypes in kns4 anthers were due to
changes in the distribution of pectic polysaccharides
and/or their methyl-esterification, two monoclonal
antibodies, JIM7 and JIM5, recognizing highly methyl-
esterified and less methylesterified pectins (HG), re-
spectively (Knox et al., 1990), were used in labeling
experiments.

In wild type at stage 8, JIM7 strongly labeled the
walls separating PMCs and tapetal cells (Fig. 9A). At
stage 9M, the primary walls of tetrads, which were
detached from each other and from tapetal walls, were

strongly labeled (Fig. 9B). After the degradation of the
callosic walls, the labeling on the surface of microspores
was visible (Fig. 9, C and D). A similar labeling pattern
was detected in kns4 mutants when compared to the
wild type (compare Fig. 9, E–H to Fig. 9, A–D, respec-
tively). In contrast, the distribution of JIM5 labeling
(Fig. 9, I–P) was distinct from that of JIM7. Specifically,
no signal was detected in the primary walls of the PMC
(stage 8) and tetrad (stage 9M) in both wild type (Fig. 9,
I and J, respectively) and kns4 (Fig. 9, M and N, re-
spectively). Note that the JIM5 images have higher

Figure 7. Distribution of MAC204-epitope labeling of AGPs on the surface of developing microspores. A to F, Median optical
sections of wild type (Col-0; A–C) and kns4-2 (D–F) microspores isolated from stages 9L, 10/11, and 12E anthers after labeling
with the MAC204 antibody and subsequently with Alexa Fluor 546-labeled secondary antibody. Exine was visualized by aura-
mine O staining. Specimens were observed by CLSM in which magenta and green channels show fluorescence of auramine O
and Alexa Fluor 546, respectively. G to N, Enlarged optical sections of wild-type (G–J) and kns4-2 (K–N) microspores isolated
from stages 9L (G,H, K, and L) and 12E (I, J, M, andN) anthers. (G, I, K, andM) aremedian optical sections ofmicrospores showing
the exine in longitudinal cross section. Blue, white, and yellow arrowheads indicate the top and bottom boundary of the AGP
layer, and the top of representative bacula, respectively. (H, L, and N) are tangential optical sections almost at the microspore
surface. J, Tangential optical section that transversely cuts baculae. White and red arrowheads indicate the position of repre-
sentative baculae and lacunae, respectively. Bars = 5 mm in (A–F), and 1 mm in (G–N).
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background signal in comparison to the JIM7 images
(compare Fig. 9, I–P, and Fig. 9, A–H, respectively)
because the signal was weak and longer exposure
times were required. After dissolution of the callosic
walls, JIM5 labeled the surface of microspores (Fig. 9,
I–P; for stage 10/11, see Fig. 9K). JIM5 labeling grad-
ually decreased but was detectable until the end of
stage 12M (Fig. 9L). In contrast, JIM5 labeling was
largely absent in the walls of developing kns4 micro-
spores (Fig. 9, M–P).
Developing tetrads and microspores were also iso-

lated and immunolabeled using the JIM7 and JIM5
antibodies (Fig. 10). As in undissected anthers (Fig. 9, B
and F), primary cell walls of both wild-type and kns4
tetrads were labeled with JIM7 in a relatively uniform
manner (compare Fig. 10, A and C). JIM7 labeling was
also observed on the surface of Fig. 9, I–P microspores
through stages 9L to 12E, with maximum intensity at
stage 10/11 (Fig. 10B). In general, weaker labeling
appeared on the surface of kns4 microspores although
some parts were as strongly labeled as wild type (Fig.
10D), suggesting HG deposition was unevenly distrib-
uted in the mutant.
The wild-type tetrad wall also showed a relatively

even labeling pattern with JIM5 (Fig. 10E), although the
labeling was never observed in resin-embedded sec-
tions (Fig. 9J). In contrast, primarywalls of the kns4 tetrads
often displayed a partial labeling pattern (Fig. 10I), indi-
cating that HG demethylesterification occurs only locally
in the mutant. JIM5 also labeled the surface of wild-type
microspores (Fig. 10, F–H). The labeling was initially ob-
served at the end of stage 9M, when themicrosporeswere
still within tetrads (Fig. 10E), reached amaximum at stage

10/11 (Fig. 10G), and then decreased thereafter (Fig. 10H).
In contrast, the kns4 microspores were labeled only
weakly and partiallywith JIM5 (Fig. 10, J–L), similar to the
labeling pattern observed with JIM7 (Fig. 10D).

Enlarged optical sections of JIM5-labeled wild-type
stage 9L microspores revealed that the less methyl-
esterified HG is localized in exine cavities, between the
nexine and tectum (Fig. 10M), but in later stages it forms
a distinct layer at the base of exine cavities on nexine I
(stage 12E, Fig. 10O). Tangential optical sections near
the surface showed that the JIM5-labeled HG at stage
9L is located in the lacunae of the reticulate exine (Fig.
10N). This location is different from that of the AGPs,
which cover the outer reticulate tectum surface at the
same developmental stage (Fig. 7G). At stage 12E, JIM5-
labeled HG on nexine I is still distributed in a pattern
that is opposite to the reticulate surface of the exine (Fig.
10P). Similar to wild type, the pectin deposited on kns4
microspores filled the shallow cavities of the exine
(Fig. 10, Q–T).

kns4 Pollen Defects Lead to Reduced Fertility

Given the AGP and pectin defects observed during
microspore development in the kns4mutant, we wanted
to determine the possible function(s) of KNS4 in planta,
especially during sexual reproduction. Because fruit
length has previously been shown to be correlated with
seed set (Barendse et al., 1986), fruits of wild type (Col-0)
and kns4 mutants were collected and their lengths mea-
sured. Fruits of kns4 mutant plants were significantly
shorter (kns4-2: 1.37 6 0.03 cm; kns4-3: 1.35 6 0.03 cm,

Figure 8. Yariv dye reagent staining of micro-
spores (stage 12M) isolated from flower buds of
wild type and kns4 mutants. Microspores from
wild type (Col-0; A–C), kns4-2 (D–F), and kns4-3
(G–I) were independently stained either with
a-Gal Yariv (A, D, and G), b-Glc Yariv (B, E, and
H), or left unstained (C, F, and I) and viewed with
light microscopy. Positive staining is observed as a
reddish-orange color. Bars = 20 mm.

Plant Physiol. Vol. 173, 2017 195

KNS4 Synthesizes Type II AG for Exine Development



n = 15) than those from wild type (1.67 6 0.03 cm, n =
15, P , 0.001; Fig. 11A). Examination of the number of
seeds present in each wild-type and kns4 fruit at stage
17 (fully expanded green fruit, Smyth et al., 1990)
showed that the loss of KNS4 function reduced seed set
by as much as 50% (wild type: 43 6 1; kns4-2: 29 6 2;
kns4-3: 20 6 2, n = 15, P , 0.001), although no bias to-
ward the upper or lower half of the fruit was observed
(Fig. 11, B and C).

To confirm that the reduced fertility observed in kns4
mutants was a consequence of a disruption in male
gametophyte development, reciprocal crosses were
performed. When wild-type pollen was used to polli-
nate kns4-2 pistils, fruits with normal lengths (1.51 6
0.04 cm) resulted, whereas kns4-2 pollen on wild-type
pistils yielded significantly shorter fruits (0.86 6
0.06 cm) with few fertilized ovules (Fig. 11D). These
results suggested that kns4 pollen grains have reduced

Figure 9. Fluorescence micrographs of the distribution of JIM7- and JIM5-epitope labeling of pectins within anthers. Cross
sections of resin-embedded anthers of wild type (Col-0; A–D and I–L) and kns4-2 (E–H and M–P) from stages 8 to 12M were
incubated with either JIM7 (A to H) or JIM5 antibody (I to P), and subsequently with Alexa Fluor 488-labeled secondary antibody.
Fluorescence of Alexa Fluor 488 (green) and autofluorescence (magenta) were captured separately by epifluorescence micros-
copy and overlaid. Note that the exposure time for capturing JIM5 signals is longer than that for JIM7, resulting in relatively higher
background in JIM5 images. En, Endothecium; Ep, epidermis; ML, middle layer cell; MS, microspore; PMC, pollen mother cell;
Td, tetrad; Tp, tapetal cell. Bar = 20 mm.
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Figure 10. Fluorescence micrographs of the distribution of JIM7- and JIM5-epitope labeled pectins on the surface of isolated
tetrads and developingmicrospores. A toD,Median optical sections of JIM7-labeled tetrads isolated from stage 9M anthers (A and
C) and microspores isolated from stage 10/11 anthers (B and D), respectively. Exine was visualized by auramine O staining.
Specimenswere observed byCLSM inwhichmagenta and green channels showfluorescence of auramineO andAlexa Fluor 546,
respectively. Wild type (A and B) and kns4-2 (C and D) are compared. E to L, Median optical sections of JIM5-labeled tetrads
(E and I) isolated from stage 9M anthers and microspores (F–H and J–L isolated from anthers at indicated stages. Wild type (Col-0;
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fertility. Alexander staining to test for pollen viability
showed most of the kns4-2 pollen grains were colored
purple, indicating they were viable (Fig. 12C). How-
ever, DAPI staining revealed that one-third of kns4-2
pollen grains were developmentally aborted before
entering tricellular stage (Fig. 12, B, D, and E). Hence,
mutations in KNS4 cause not only an exine abnormality
but also a defect in pollen development.

Because pollen grains produced by stamens in a
flower are in large excess of ovules in a pistil, devel-
opmental defects in a subset of pollen grains usually
pose few, if any problems with self-pollination. How-
ever, observations of self-pollinated pistils revealed that
the number of pollen grains that adhered to the stigma
was far fewer in kns4-2 than in wild type (Col-0; com-
pare Fig. 12, G and F, respectively), indicating that the
pollen clumps formed in kns4 anthers affect pollen

dispersal. Furthermore, it is also possible that kns4
pollen grains are functionally less active. To exam-
ine this possibility, we tested if the pollen grains of
kns4 mutants could germinate, and that pollen tubes
could extend down into the style. To do this we used
an in vivo pollen tube growth assay, where pre-
emasculated mature wild-type (Col-0) pistils were
pollinated with either wild-type (Col-0) or kns4-2
pollen grains, and pollen tube elongation observed
after 24 h (Fig. 11E). Fewer kns4 pollen tubes grew
into the pistil compared to wild type, suggesting
pollen tube germination and/or growth was com-
promised in the mutant. Deficiency in pollen tube
elongation of kns4-2 pollen grains were also observed
in an in vitro pollen tube growth assay (Fig. 12H).
Taken together, these data suggest that loss of
KNS4 function leads to multiple cell wall defects

Figure 10. (Continued.)
E–H) and kns4-2 (I–L) are compared. M to T, Enlarged optical sections of JIM5-labeled microspores. Median optical sections
showing exine longitudinal sections (M, O, Q, and S) and tangential optical sections that cut the surface of microspore (N, P, R,
and T) or that cut baculae transversely (O). Microspores were isolated from stage 9L (M, N,Q, and R) and stage 12E (O, P, S, and T)
anthers.Wild type (M–P) and kns4-2 (Q–T) are compared. Blue, white, and yellow arrowheads indicate top and bottom boundary
of the pectin layer, and the top of representative bacula, respectively. a, aperture. Bars = 5 mm in (A–L), and 1 mm in (M–T).

Figure 11. kns4 has defects in
sexual reproduction. A to C, Mor-
phological phenotypes of fully
elongated fruit length (A) and seed
set (number of seeds per upper and
lower half of fruit; B and C) were
observed and quantified. Error bars
indicate SD. *P , 0.0001 in a Stu-
dent’s t-test, wild type (Col-0) com-
pared to kns4-2 and kns4-3 in (A)
and (B). D, Reciprocal crosses be-
tween wild type and kns4-2. Fruits
7 d after pollination are shown.
Dissection of fruits from kns4-2-
pollinated wild-type pistils revealed
formation of fewer seeds (black ar-
rows) and many unfertilized ovules
(white arrowheads), indicating lower
probability of ovule fertilization by
kns4 pollen. E, wild-type, or kns4-2
pollen tubes growing in vivo in
manually pollinated wild-type pistils
stained with aniline blue after 24 h.
Staining appears as a bright light
blue color. Scale bar = 2 mm in (C),
500 mm in (D) and 5 mm in (E). L,
lower; U, upper.
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during male gametogenesis that have developmen-
tal/reproductive consequences.

DISCUSSION

We have identified and characterized the gene de-
fective in kns4 mutants that results in a unique thin
exine phenotype among 12 previously reported kns
mutants (Suzuki et al., 2008). The KNS4 gene is
At1g33430 and is identical to the underlying gene of the
upex1 mutant [Dobritsa et al., 2011; Li et al., 2017 (ac-
companying article)]. KNS4 expression is restricted to
tapetal cells in young anthers from stages 8 to 12E of
flower development, consistent with the timing of exine
development (Smyth et al., 1990). Our biochemical
studies demonstrate that KNS4 is a b-(1,3)-GalT in-
volved in the biosynthesis of the b-(1,3)-galactan back-
bone of type II AGs. Type II AGs are found in both
pectins as side chains of RG-I and AGPs; however, be-
cause changes in both AGPs and pectins were observed
at the same stage of development in the tapetum of
wild-type and kns4 anthers, it is difficult to discern the
exact molecular target of KNS4. That kns4 mutants
display a relatively severe phenotype also indicates that
KNS4 is not redundant with other GalTs that are likely
expressed in tapetal cells.
Exine formation is initiated with the construction of

its basic structure composed of baculae and tectum in
the primexine layer between the callosic wall and

microspore plasma membrane in tetrads. We found
that JIM8-labeled AGPs are a constituent of primexine
in tetrads (Fig. 6B), together with previously identified
pectin (HG and RG-II; Rhee and Somerville, 1998).
Furthermore, JIM8- andMAC204-labeledAGPs, aswell
as JIM5- and JIM7-labeled HGs, form matrix layers on
the surface of freemicrospores after being released from
tetrads (Figs. 6–10). Although the basic structure of the
exine has been established in tetrads, its thickness in-
creases more than 2-fold by stage 12E (Supplemental
Fig. S1A). Therefore, it is expected that the matrix of
AGP and pectin functions as a framework for sporo-
pollenin deposition on the surface of freemicrospores at
stages 9L to 12E. Because it is proposed that sporopol-
lenin is transferred from tapetal cells to the microspore
surface as either copolymers or fine fibrillar materials
(Owen and Makaroff 1995; Quilichini et al., 2010),
AGPs (and pectins, and possibility other, as yet un-
identified, polysaccharides/glycoproteins) may also be
incorporated in the copolymers and transferred con-
comitantly with sporopollenin. We propose a model of
how AGPs and pectins might function in the con-
struction of exine (Fig. 13). By stage 9L, a framework of
exine is made in the primexine layer that is mainly
composed of pectin. AGPs are laid down over the
pectin but initially, they do not enter into the exine
cavities. The AGP layer is reticulate and displays a
similar pattern to exine. During microspore develop-
ment, sporopollenin supplied by tapetal cells is de-
posited onto the expanding exine. AGPs are also

Figure 12. Viability of wild-type and kns4-2
pollen grains. A to E, Staining of wild-type
(Col-0) and kns4-2 pollen grains with Alexan-
der dye (A and C, respectively) and DAPI (B
and D, respectively). A few aborted pollen
grains are observed in the kns4-2 pollen pop-
ulation (inset in C). The numbers in (B) and (D)
show the number of nuclei in each pollen
grain; (E) shows the percentage of wild-type
and kns4-2 pollen grains with 0, 1, 2, or 3 nu-
clei. FandG, Images of self-pollinated pistils in
wild-type (Col-0; F) and kns4-2 (G) flowers.
Pollen adhesion is more obvious on the wild-
type stigma (red arrowheads). H, Lengths of
wild-type (Col-0) and kns4-2 pollen tubes
grown in vitro for 16 h as represented by a bar-
and-whiskers plot (n = 28). *P , 0.01 (Stu-
dent’s t-test).
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supplied by tapetal cells and are deposited into the AGP
layer, the thickening of which elongates the baculae and
raises the tectum. At stage 12E, a thin pectin layer re-
mains at the bottom of the exine cavities and the thick-
ened AGP layer fills the space beneath the tectum.
According to this model, the thin exine phenotype of the
kns4mutants is well explained by the observed defects in
pectins and/or AGPs. The uneven thickness of exine
observed in the mutant is likely due to the uneven dis-
tribution of AGP and pectins and is consistent with the
nonuniform labeling of AGP and pectin epitopes seen in
Figures 7 and 10. It is also conceivable that other matrix
phase polysaccharides act as the framework that regu-
late the size of the lacunae and impact on the 3D archi-
tecture of the pollen wall.

The interactions (covalent and/or noncovalent) be-
tween pectins and AGPs has been reported in numer-
ous studies (Baldwin et al., 1993; Li et al., 1995; Jauh and
Lord, 1996; Mollet et al., 2002; Majewska-Sawka and
Rodriguez-Garcia, 2006) and structural analyses have
provided multiple lines of evidence that AGPs are as-
sociated with pectins, especially RG-I (Immerzeel et al.,
2006; Mohnen, 2008; Caffall and Mohnen, 2009) and
more recently xylan (Tan et al., 2013; Voiniciuc et al.,
2015). Moreover, SOS5/FLA4 (At3g46550), a fasciclin-
like GPI-anchored AGP, was recently shown to be
involved in the formation of either a pectin or a pectin-
hemicellulose network in seed mucilage (Griffiths et al.,
2014). Although the distribution of AGPs and pectins

are not identical in primexine, AGPs and/or pectins
and possibly xylan (Li et al., 2017) might function as a
scaffold for other wall components and could poten-
tially be cross-linked to each other.

The first developmental abnormality identified in
kns4 anthers was the failure of PMC separation before
meiosis (stage 9E), a defect that continues into stage 9M
when PMCs become tetrads (Fig. 2). It has been pro-
posed that pectin plays an important role in both cell
adhesion and cell separation in plant organ develop-
ment (Micheli, 2001; Pelloux et al., 2007; Wolf and
Greiner, 2012). We detected differences between wild
type and kns4 both in the deposition of AGPs (Figs. 6, E
and F and 7D) and in the demethylesterification of HG
(Fig. 10I) in the walls of tetrads, although changes to
AGP epitope labeling were initially observed in PMC
walls (stage 8). Therefore, the apparent reduction in
abundance of AGPs slightly precedes the changes
observed in pectin, suggesting AGPs are themore likely
direct target of KNS4 activity. While highly methyl-
esterified HG pectin appeared to be deposited in a
normal manner in kns4 mutant microspores (Figs. 9, E
and F and 10C), the appearance of less-methylesterified
HG pectin as revealed by JIM5 labeling was patchy (Fig.
10I) unlike wild type where the labeling is relatively uni-
form (Fig. 10E). This suggests there is an accessibility issue
of these walls to the pectin methylesterases that deme-
thylesterify pectin. After degradation of the tetrad wall,
released microspores of the kns4 mutants still adhered to
each other (Fig. 2, J–L) and no additional JIM5 epitopes
were revealed (Fig. 10, J–L) when normally signal would
increase (Fig. 10G; stage 10/11). Hence, reduced accessi-
bility to kns4 microspore walls persists after tetrad wall
dissolution. We showed that mutant microspores at stage
12E formed a clump when they were extruded from an-
thers and that callosic walls abnormally remained be-
tween microspores (Fig. 3H). Furthermore, Li et al. (2017)
have shown the existence of abnormally remaining xylan
around microspores. From these results, it seems likely
that the AGPs and/or pectins produced by the enzymatic
function of KNS4 contribute to cell wall architecture in a
way that impacts the accessibility of glycan hydrolytic
enzymes (glycosyl hydrolases) to the locular space.

The second abnormality relates to the deposition of the
sporopollenin. Sporopollenin is synthesized in tapetal
cells, secreted to locules, and transferred to themicrospore
surface (Owen andMakaroff 1995; Quilichini et al., 2014).
Besides the failure of exine formation in kns4, we revealed
that the sporopollenin is abnormally deposited on the
surface of tapetal cell walls, which is in contact with the
developing exine ofmicrospores (Figs. 2, R–T and 3, D–F).
In wild type, tapetal walls are usually degraded and have
disappeared by stage 12L when tapetal cells collapse. In
contrast, kns4 mutant walls fail to degrade completely,
remaining attached to the surface of microspores (Figs. 2L
and 3F).

The third abnormality of kns4 mutants is related to
microspore development and pollen fertility, issues
that are likely consequences of abnormal pollen devel-
opment. We studied the reproductive success of kns4

Figure 13. Schematic model of the function of microspore primexine in
exine development. On the surface of wild-type microspores just released
from the tetrad (stage 9L), the tectum of developing exine is sandwiched
between pectin and AGP. The top view indicates AGPs lie on the outer
surface of the tectum and display a similar reticulate pattern, and pectins
show an internal distribution. As microspores develop, AGPs and sporo-
pollenin supplied by tapetal cells are deposited into the primexine and
exine, respectively. By stage 12E, the AGP layer laid down over the pectins
becomes thicker, lifts the tectum up, and extends the baculae, resulting in
exine thickening. AGPs fill the exine cavities except for baculae and la-
cunae, whereas pectins remain in the lacunae. In kns4, the AGPand pectin
layers are incompletely formed at stage 9L. Subsequent deposition of AGP
and sporopollenin is reduced and the exine remains thin at stage 12E.
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pollen with reciprocal crosses between wild type and the
kns4-2 mutant showing reduced seed set in kns4 (Fig.
11D). Likewise, for self-pollinatedmutants, the fruitswere
shorter compared to wild type (Fig. 11, A–C). In addition,
an in vivo pollen tube growth assay indicated that fewer
pollen tubes germinated andgrew into the style (Fig. 11E).
DAPI staining revealed that one-third of kns4microspores
abort before generative cell mitosis (Fig. 12, B–E). As a
consequence, themutants show reduced seed set (Fig. 11).
These results suggest that the microspore phenotype has
an impact on the reproductive success of kns4. Consid-
erable evidence has now accumulated implicating the
involvement of AGPs in pollen fertility and pollen tube
growth (for review, see Nguema-Ona et al., 2012, Pereira
et al., 2015). KNS4, as a b-(1,3)-GalT, is predicted to be
involved in the synthesis of b-(1,3)-galactan backbone of
type II AGs, which can either be attached to AGPs or
pectin. It is possible that KNS4 has multiple cell wall
polysaccharide targets in pollen; hence, knocking out
KNS4 leads to a severe microspore phenotype, which re-
sults in reduced pollen fertility.
KNS4/UPEX1 encodes a b-(1,3)-GalT responsible for

type II AG biosynthesis on either the protein backbones
AGPs or the side chains of the pectic polysaccharide
RG-I. This study, together with that of the accompa-
nying article by Li et al., (2017), demonstrates that the
absence of these glycans leads to severe defects in pri-
mexine and exine formation and subsequent micro-
spore development.

MATERIALS AND METHODS

Source and Growth of Plants

The kns4-1mutant allele in the Landsberg erecta background of Arabidopsis
(Arabidopsis thaliana) was previously described in Suzuki et al. (2008). T-DNA
insertion alleles in the Columbia-0 (Col-0) background, SALK_091466 (kns4-2)
and SAIL_544_C02 (kns4-3), were obtained from the Arabidopsis Biological
Resource Centre (Ohio State University). Arabidopsis seeds were sown directly
on soil, stratified at 4°C for 3 d, and grown under a regime of 16 h light at 21°C
and 8 h darkness at 17°C. Nicotiana benthamiana plants were grown in soil
(Debco seed raisingmix, Tyabb) at 20° to 26°C in a glasshouse under continuous
cool-white lights supplemented with daylight for 5 to 6 weeks.

Electron Microscopy and Immunolabeling

For SEM observations of pollen grains and TEM observations of anther
sections, the methods as described by Suzuki et al. (2008) were followed.
Immunogold labeling was carried out as described in Wilson and Bacic (2012).

Immunofluorescence Labeling

Flower bud clusters at inflorescence apices were fixed [2% (v/v) formal-
dehyde, 2.5% (v/v) glutaraldehyde, 25mMNa-P buffer, pH7.5] for 24 h at 4°C,
then dehydrated through an ethanol series. The ethanol was replaced with 1:1
mix of LR White resin (type medium; Electron Microscopy Sciences) and
ethanol, then with pure resin. The resin-infiltrated samples were placed sep-
arately in small plastic tubes, and polymerized by heat treatment at 50°C for
12 h in a plastic bag containing oxygen absorber. Sections (1–2 mm)were cut in
a microtome (RM2125RT; Leica) equipped with TC-65 blade and mounted on
a slide (MAS-coated glass slide; Matsunami). Sections were treated with a
solution (1% (w/v) bovine serum albumin (BSA) in PBST (5.1 mM Na2HPO4,
1.6 mM KH2PO4, 130 mM NaCl, 0.02% Tween 20) for 1 h at RT for blocking, and
subsequently incubated with a 1:40 dilution of primary antibody in the same

solution for 4 h at RTwith gentle rocking. Rat monoclonal antibodies JIM5, JIM7,
JIM8, and MAC204 (CarboSource Service) were used as primary antibodies.
After washing with PBST, samples were reacted with a 1:100 dilution of sec-
ondary antibody (Alexa Fluor 488Goat anti-Rat IgG; ThermoFisher Scientific) for
2 h and then washed with PBST and mounted with aqua-poly/mount (Poly-
sciences). A BX60 epifluorescence microscope equipped with a DP72 digital
camera (Olympus) was used for observation. Fluorescence of Alexa Fluor
488 and background autofluorescence of the sample were captured under fluo-
rescence mirror units NIBA andWBV, respectively. To make a merged image of
these signals, the NIBA and WBV images were captured simultaneously, split
into RGB channels by Photoshop (Adobe), and both the R and B channels of the
NIBA image were replaced with the G channel of the WBV image.

Anthers collected from developing flower buds were immersed into fixative
(3.7% formaldehyde, 50 mM Na P buffer, pH7.2), ground with a homogenizer
(BioMasher II; Nippi) and put on ice for 1 h. After tissue debris were removed,
tetrads andmicrospores were collected by centrifugation at 400g for 1min, washed
three times with PBST, treated with a blocking solution (1% (w/v) BSA in PBST),
and incubatedwith a 1:100 dilution of primary antibody in blocking solution for 3 h
at RT. Samples were washed twice with PBST, rinsed with blocking solution, and
then incubated with a 1:100 dilution of secondary antibody (Alexa Fluor 546 Goat
anti-Rat IgG, Thermo Fisher Scientific) for 1 h. After washing twice with PBST,
samples were suspended in 0.53 PBS (2.6 mM Na2HPO4, 0.8 mM KH2PO4, 65 mM

NaCl), 0.005% (w/v) Tween 20, 18% (v/v) glycerol, 0.005% (w/v) auramineO. The
sample was spread on a coverslip coated with 0.2% (v/v) polyethyleneimine so-
lution and mounted on a glass slide. The specimens were observed by a CLSM
(FV1000; Olympus) with Ex: 473 nm, Em: 485 to 545 nm for auramine O staining,
and Ex: 559 nm, Em: 565 to 665 nm for Alexa Fluor 546.

Yariv Dye Staining of Arabidopsis Pollen

Floral buds at stage 12 (Smyth et al., 1990) were collected from five plants of
each genotype (wild type, kns4-2, and kns4-3) and anthers dissected with a fine
blade. The dissected anthers were then placed into either a-Gal Yariv reagent
dye [40 mL of 2 mg/mL in 1% (w/v) NaCl] as a negative control or b-Glc Yariv
reagent dye [40 mL of 2 mg/mL in 1% (w/v) NaCl] to stain for AGPs. The
samples were tapped gently to release the pollen and then placed in a Ther-
moMixer (Eppendorf) at 800 rpm for 20 min, both to assist pollen release and
dye infiltration. The sampleswere incubated at 4°C overnight and subsequently
washed twice with 0.15 M NaCl before viewing under a light microscope.

Toluidine Blue Staining

Sections (1 mm) of resin-embedded anthers as prepared for TEM were
mounted on a glass slide, stained with a toluidine blue staining solution [0.5%
(w/v) toluidine blue, 0.5% (w/v) sodium borate], and the slides heated on a hot
plate for 20 min. After washing out the stain, the specimen was viewed under a
light microscope (BX60; Olympus).

Calcofluor Staining

Sections (8 mm) of paraffin-embedded flower bud clusters were mounted on a
MAS-coated glass slide, deparaffinized by a serial treatment with Lemosole (Wako
Pure Chemical), 1:1 mix of Lemosole and ethanol, then ethanol, and rehydrated by
an ethanol series. The sample was incubated with 1% (w/v) Calcofluor White
(Fluorescent Brightener 28; Sigma-Aldrich) for 5min,washedfive timeswithwater,
and sealedwith aqua-poly/mount. Fluorescencewas detected by an epifluorescence
microscope (BX60; Olympus) with a WBV mirror unit.

Aniline Blue Staining of Anther Sections

Sections of resin-embedded anthers were incubated with aniline blue fluo-
rochrome (0.1 mg/mL; Biosupplies) and sealed with aqua-poly/mount. The
specimens were observed by a CLSM (FV1000; Olympus) with Ex 405 nm, Em
485-555 nm for aniline blue staining, and Ex 440 nm, Em 610–710 nm for
autofluorescence of sporopollenin.

Measurement of Exine Thickness

Median optical sections of developing microspores prepared for immuno-
fluorescence labeling were used to measure exine thickness by CLSM. Local
maximaof exine thicknessweremeasured at threepositions in amicrospore, and
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average and SD of 30 measurements (10 microspores for each developmental
stage) was calculated. Intine and exine thickness were also measured using
labeled and unlabeled TEM sections.

Evaluation of Seed Set Activity

The fruits from self-pollinated kns4-2, kns4-3 and wild type (Col-0) were
collected and the individual fruit length measured. Fruits were decolorized
with 90% acetone for 30 min, followed by 50% ethanol for 30 min, and 70%
ethanol overnight to view contents. After a further 70% ethanol wash for
30min, samples were incubated for an additional 30min in 100% ethanol. Fruits
were then viewed under a model no. M205A stereo microscope (Leica Micro-
systems), and seeds counted.

Reciprocal crosses were performed between wild type and kns4-2 following
the protocol from Weigel and Glazebrook (2002). Ten flowers from each line
were emasculated and hand-pollinated with the appropriate pollen type. Fruits
were allowed to develop for a week before images were captured using amodel
no. M205A stereo microscope (Leica Microsystems). Two biological replicates
comprising 10 flowers for each line were performed for the reciprocal crosses.
The fruits were then dissected and the embryos and ovules were checked for
any developmental defects.

Pollen Tube Growth

The in vivo pollen tube growth protocol of Wu et al. (2010) was followed.
Imaging was carried out using a model no. DM 6000B compound light mi-
croscope utilizing a 53 objective (Leica Microsystems) under an I3 filter (BP
450-490; Excitation: LP 515 nm).

Mapping of the kns4-1 Mutation

AF2 population obtained by a cross between kns4-1 andCol-0 was used for a
mapping the KNS4 locus using the method described by Suzuki et al. (2008).

Genetic Complementation

TheKNS4promoter region (ProKNS4, 2006 bp upstream of the initiation codon)was
amplified by PCR from Col-0 genomic DNA using KNS4p-attB4-F (59-GGGGA-
CAACTTTGTATAGAAAAGTTGTATCATCTTCAACACCATCTTAGCT-39) and
KNS4p-attB1-R (59-GGGGACTGCTTTTTTGTACAAACTTGTGAAAACAAGAAT-
GTAGTTGCAGAA-39) primers. The amplified fragment was cloned into pDONR
P4-P1R vector by a Gateway BP reaction (Invitrogen) to make a promoter entry
clone, pDONR-L4KNS4pR1. The coding region of KNS4 was PCR-amplified from
Col-0 inflorescencefirst-strand cDNAusingKNS4-attB1-F (59-GGGGACAAGTTTGT-
ACAAAAAAGCAGGCTTTTTATATAAATAACATCTCCTCAACATTC-39) and
KNS4-attB2-R (59-GGGGACCACTTTGTACAAGAAAGCTGGGTAGACGAAGAA-
GCGAAAATTAGCTAGA-39) primers, and cloned into the pDONR201 vector by a
BP reaction to make a CDS entry clone, pDONR-KNS4. PrimeSTAR HS DNA
polymerase (Takara Bio)was used for cloning PCRs. The promoter andCDSwere
joined and transferred to a binary vector, R4pGWB401 (Nakagawa et al., 2008) by
a Gateway LR reaction (Invitrogen) to generate the binary plasmid pGWB-
KNS4p:KNS4. This plasmid was introduced into Agrobacterium tumefaciens strain
C58C1 (pMP90) by electroporation and the bacteria then used to infect kns4-1 plants
by floral dip (Ishiguro et al., 2010). Transformants were identified on agar plates
supplemented with 30 mg/L kanamycin.

RT-PCR

RNAwas extracted from various organs using the RNeasyMini Kit (Qiagen)
and incubated with DNase I to remove residual DNA. First strand cDNA was
synthesizedusing SuperScript III reverse transcriptase (Invitrogen) primedwith
an oligo(dT)20 primer. PCRs were carried out to amplify a part of coding region
using Ex Taq DNA polymerase (Takara Bio). ACT2 (At3g18780) was used as a
control. Primers used for PCR were as follows: KNS4-F2 (59-GAGAACTCAC-
CAAGCAGTTA-39), KNS4-R2 (59-CCTGTTGCATGCCTAAAGTA-39), ACT2-F
(59-GAAGAGCACCCTGTTCTTCT-39), and ACT2-R (59-TTCTCGATGGAA-
GAGCTGGT-39).

To determine mRNA levels in developing anthers, ReverTra Ace qPCR RT
Master Mix with gDNA Remover (Toyobo) was used for preparing first strand
cDNA. Real-time qRT-PCR was performed using the SYBR Premix Ex Taq II
(Takara) on a LightCycler 480 (Roche). PDF2 (At1g13320) was used as an

internal control. Primers used for qRT-PCR were as follows: KNS4,
59-GAGAACTCACCAAGCAGTAA-39 and TTTCTGCAGACGGCTCTGG-
TTTTTC-39; PDF2, 59-TAACGTGGCCAAAATGATGC-39 and 59-GTTCTCCA-
CAACCGCTTGGT-39.

In Situ Hybridization

A DNA fragment corresponding to a half of a KNS4 mRNA sequence
was prepared by PCR amplification with two primers KNS4-SacI-F (59-
CCCGAGCTCTTTTATATAAATAACATCTCCTCAACATTC-39) and KNS4-
SacI-R2 (59-CCCGAGCTCAGAAGTACAGTCTTGTCTTTGTCGA-39) and
cloned in both directions into the SacI site of the pBS-KS(+) plasmid. The
resulting two plasmids, pBS-KNS4DC3f and pBS-KNS4DC3r, contain the sense
and antisense orientation of the KNS4 sequence, respectively, relative to the
direction of T7 promoter. A DNA fragment was amplified from each plasmid
by PCR using M460 and RV58 primers, and purified using the QIAquick PCR
purification kit (Qiagen). The purified fragment derived from pBS-KNS4DC3f
was transcribed in vitro by T7 RNA polymerase in the presence of Fluorescein
labeling mix (Roche, Switzerland) to prepare a fluorescein-labeled sense probe
for KNS4. An antisense probewas prepared from a fragment derived from pBS-
KNS4DC3r in a similar manner. To remove unincorporated nucleotides, tran-
scripts were purified by a ProbeQuant G-50 Micro Column (GE Healthcare).

Flower bud clusters were fixed in a fixative [3.7% (v/v) formaldehyde,
5% (v/v) acetic acid, 50% (v/v) ethanol] for 15hatRT. Samplesweredehydrated
in a graded ethanol series, immersed in Lemosole, and embedded in paraffin
(Paraplast Plus; McCormic Scientific). Serial sections of 8 mm thick were pre-
pared by amicrotome,mounted on aMAS-coated glass slide, deparaffinized by
Lemosole, and rehydrated with a graded ethanol series. Samples were treated
with 5 mg/mL proteinase K for 30 min at 37°C in a buffer (100 mM Tris-HCl,
50 mM EDTA, pH7.5), fixed in freshly hydrolyzed 5% (v/v) paraformaldehyde
in 10 mM Na-P buffer (pH 7.2), and acetylated in 0.5% (v/v) acetic anhydride
dissolved in 100 mM triethylamine-HCl buffer (pH 8.0). Samples were washed
in 23 SSPE and dehydrated in a graded ethanol series. Two-hundred microli-
ters of hybridization mix [50% (v/v) formamide, 10 mM Tris-HCl, 0.3M NaCl,
1 mM EDTA, 13Denhardt’s solution, 10% dextran sulfate, 30mMDTT, 1mg/mL
Escherichia coli tRNA, 1 mg/mL poly A, and 0.5 ng/mL sense or antisense probe]
was placed on a slide and the slide incubated overnight at 50°C in a humid box.
Samples were washed in 43 SSC at 50°C for 15 min, treated with 20 mg/mL
RNase A in a buffer (10 mM Tris-HCl, 500 mM NaCl, 10 mM EDTA, pH 7.5), and
washed twice in 0.53 SSC at 50°C for 20 min. The samples were then rinsed in
buffer 1 (100mMTris-HCl, 150mMNaCl, pH 7.5), treatedwith blocking solution
(1% Blocking reagent (Roche) in buffer 1), and reacted with Anti-Fluorescein-
AP (Roche) in buffer 2 (100 mM Tris-HCl, 150 mM NaCl, 0.2% (v/v) Tween 20,
1% (w/v) BSA, pH 7.5) for 2 h at RT. After washing in buffer 1, the slide was
incubated in a stain solution (0.55 mM NBT, 0.43 mM BCIP, 100 mM Tris-HCl,
100 mM NaCl, 50 mM MgCl2, pH 9.5) for 9 h at RT. After washing in TE (10 mM

Tris-HCl, 1 mM EDTA, pH 7.5), samples were sealed with aqua-poly/mount.

Construction of KNS4 Promoter-reporter Constructs

The same KNS4 promoter fragment was PCR-amplified as described above
and cloned into the pDONR201 vector by a Gateway BP reaction. The resulting
plasmid, pDONR-L1KNS4pL2, was recombinedwith pGWB433 and pGWB450
(Nakagawa et al., 2007) by a Gateway LR reaction to produce pGWB-KNS4p:
GUS (binary plasmid for GUS fusion) and pGWB-KNS4p:GFP (for GFP fusion),
respectively. Plant transformations were carried out as described above.

Transient Expression of KNS4 in N. benthamiana Leaves

Transient expression in N. benthamiana leaves was carried out following
Lampugnani et al. (2016) with minor modifications. To generate the Pro-35S:
KNS4 construct, the KNS4 CDS was amplified from cDNA of wild-type
Arabidopsis floral buds using primers KNS4-Fwd (59-TCGAGGAATTCGG-
TACCATGAGGGCGAAAGCTGCTTCGGG-39) and KNS4-Rev (59-AAGC-
AGGACTCTAGAGGATCCTCAGACGAAGAAGCGAAAATTAGC-39). The
PCR product was cloned into the binary vector pFUERTE (Wilson et al., 2015)
by GeneArt seamless cloning according to the manufacturer’s instructions
(Invitrogen). Sequence-verified constructs along with the helper plasmid
pSOUP were introduced into A. tumefaciens strain AGL1 via electroporation as
described in Lampugnani et al. (2012). A 35S:VENUS construct was used as a
transformation control (Wilson et al., 2015).

202 Plant Physiol. Vol. 173, 2017

Suzuki et al.



Microsomal Membrane Preparation from
N. benthamiana Leaves

Microsomalmembranes (MMs)were prepared according to Song et al. (2015)
withminormodifications. Briefly, 2 g of plant tissue was ground using amortar
and pestle in 10mL of chilled extraction buffer (0.1 MHEPES/KOHpH6.8, 0.4 M

Suc, 5 mM MgCl2, 5 mM MnCl2, 1 mM PMSF; Roche EDTA-free complete pro-
tease inhibitor). MMpreparations were resuspended in 250mL extraction buffer
and stored at 280°C before use.

Biochemical Assay of KNS4

MMs were pretreated on ice for 10 min with 1% v/v Triton X-100 (Sigma-
Aldrich) before use in aGalT biochemical activity assay. TheGalT enzyme assay
was conducted in a reaction volume of 50 mL consisting of detergent-
permeabilized MM (100 mg total protein as determined by the Pierce BCA
protein assay, using BSA as standard), 5 mM fluorescent acceptor [b-Gal-NBD;
NBD = 7-nitro-2,1,3-benzoxadiazole; McGill and Williams (2009)] kindly pro-
vided by Professor Spencer Williams (Department of Chemistry, Bio21 Insti-
tute, The University of Melbourne), and 0.4 mM UDP-sugar (Sigma-Aldrich) as
donor. The reaction mixture was incubated for 1 h at 25°C and subsequently
terminated by adding 1mL glacial acetic acid and 1mL 0.5 M EGTA. The reaction
mixture was then centrifuged for 2 min at maximum speed in a bench micro-
fuge and the supernatant filtered using a 0.22 mm filter unit (Millipore). The
filtrate was transferred to an HPLC vial for Reversed Phase-HPLC (RP-HPLC)
analysis.

RP-HPLC Analysis of Biochemical Assay Products

Five microliters of enzyme assay product filtrate was analyzed by RP-HPLC
using a Zorbax Eclipse XDB-C18 RP column (4.6 3 150 mm, 5 mm; Agilent
Technologies) with the following step gradient profile: 0 to 1.0 min 25% B; 1.1 to
12.1 min 30% B; 12.2 to 17.2 min 80% B; 17.3 to 25.0 min 100% Bwhere A: 50 mM

ammonium acetate, pH 4.3 and B: acetonitrile, and the flow ratewas 0.5mL/min.
NBD-tagged enzyme assay products were detected by a model no. FP-920
Intelligent Fluorescence Detector (Ex 470 nm, Em 540 nm; JASCO).

Enzymatic Characterization of Biochemical Assay Products

The enzyme assay product (10mL; see above) wasmixedwith 17.5mL 50mM

sodium acetate, pH 3.8 and digested with 2.5 mL of recombinant SGalase1, an
exo-b-(1,3)-galactanase from Streptomyces sp. prepared according to themethod
of Ling et al., (2012). In parallel, 10mL of GalT enzyme assay product wasmixed
with 17.5 mL extraction buffer (see above) and digested with 1.5 U (approxi-
mately 2.5 mL) of E. coli b-galactosidase (Grade VIII, G5635; Sigma-Aldrich).
Both reactions were incubated at 37°C for 1 h and then terminated by heating
at 95°C for 10 min, spun down, and the sample reanalyzed by RP-HPLC as
described above.

Mass Spectrometric Characterization of Biochemical
Assay Products

For mass spectrometry analysis of the enzyme assay reaction products,
the entire filtered assay mixture was injected into the RP-HPLC column.
Peaks were manually collected and analyzed by direct infusion ESI-MS on a
QSTAR Elite hybrid quadrupole time-of-flight mass spectrometer (Sciex).
The MS was operated in positive ion mode with an ion source voltage of
2200 V using 10 mm uncoated SilicaTips (New Objective). Analyst QS 2.0
software (Sciex) was used to collect data in data-dependent acquisition
mode for the three most intense ions fulfilling the following criteria: m/z
between 450 and 2000; ion intensity 40 counts; and charge state between +1
and +2. After MS/MS analysis, these ions were dynamically excluded for
18 s, using a mass tolerance of 50 mDa. MS scans were accumulated for 0.5 s,
and MS/MS scans collected in automatic accumulation mode for a maxi-
mum of 2 s Mass and charge state-dependent rolling collision energy was
used and the MS instrument was calibrated daily with [Glu]-fibrinopeptide
B (Sigma-Aldrich).

To obtain a full scan of all the possiblem/z peaks for the enzyme products, a
nano LC-MS was performed. The sample was loaded onto a 300 mm 3 5 mm
Zorbax 300SB-C18 (Agilent Technologies) RP precolumn attached to a
Prominence nano-LC system (Shimadzu). The precolumn was washed with

0.1% (v/v) formic acid in 5% (v/v) acetonitrile for 15 min before being placed
in-line with a 75 mm i.d. 3 150 mm Zorbax 300SB-C18 RP column (Agilent
Technologies). Products were eluted using a gradient of 5% to 80% (v/v) ace-
tonitrile in 0.1% (v/v) formic acid over 1 h, at a flow rate of 0.2 mL/min. Pro-
ducts with a charge state of either +1 or +2, between 300 D and 1500 D were
analyzed via ESI-MS on a QSTAR Elite hybrid quadrupole time-of-flight mass
spectrometer (Applied Biosystems/MDS Sciex) operated in the positive ion
mode, as described above.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. The average exine thickness measured from
CLSM and TEM images.

Supplemental Figure S2. Enzyme activity of KNS4 using different UDP-
sugar donors.

Supplemental Figure S3. Transmission electron micrographs of stage 12M
wild-type and kns4-2 microspores labeled with either anti-AGP (JIM8,
JIM13) or anti-callose gold-labeled antibodies.
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