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Abstract

Exine, the sporopollenin-based outer layer of the pollen wall, forms through an unusual mechanism involving interactions
between two anther cell types: developing pollen and tapetum. How sporopollenin precursors and other components
required for exine formation are delivered from tapetum to pollen and assemble on the pollen surface is still largely
unclear. Here, we characterized an Arabidopsis (Arabidopsis thaliana) mutant, thin exine2 (tex2), which develops pollen
with abnormally thin exine. The TEX2 gene (also known as REPRESSOR OF CYTOKININ DEFICIENCY1 (ROCK1)) encodes a
putative nucleotide-sugar transporter localized to the endoplasmic reticulum. Tapetal expression of TEX2 is sufficient for
proper exine development. Loss of TEX2 leads to the formation of abnormal primexine, lack of primary exine elements,
and subsequent failure of sporopollenin to correctly assemble into exine structures. Using immunohistochemistry, we in-
vestigated the carbohydrate composition of the tex2 primexine and found it accumulates increased amounts of arabinoga-
lactans. Tapetum in tex2 accumulates prominent metabolic inclusions which depend on the sporopollenin polyketide
biosynthesis and transport and likely correspond to a sporopollenin-like material. Even though such inclusions have not
been previously reported, we show mutations in one of the known sporopollenin biosynthesis genes, LAP5/PKSB, but not
in its paralog LAP6/PKSA, also lead to accumulation of similar inclusions, suggesting separate roles for the two paralogs.
Finally, we show tex2 tapetal inclusions, as well as synthetic lethality in the double mutants of TEX2 and other exine genes,
could be used as reporters when investigating genetic relationships between genes involved in exine formation.

Introduction top of the baculae (Erdtman, 1952, 1969; Scott, 1994). While

To protect sperm cells and facilitate pollination, pollen sur-
rounds itself with a complex, multi-layered cell wall. The
outermost layer of the mature pollen wall is called exine.
This is an unusual, non-carbohydrate-based cell wall com-
prised of the structurally rigid polymer, sporopollenin (Scott,
1994). Exine is often organized into intricate patterns, cre-
ated through the precise deposition and assembly of its ele-
ments—baculae, which rise like columns from the pollen
surface, and tectum, which forms a roof-like structure on

this general description of exine architecture applies to pol-
len from many plant species, details of exine patterns often
vary tremendously between species, possibly contributing to
the efficiency and species spedificity of pollination (Zinkl et
al, 1999; Ariizumi and Toriyama, 2011). Although some
aspects of exine development became better understood in
recent years (e.g enzymatic steps in the sporopollenin
biosynthesis pathway and the general order and timing of
events taking place on the surface of developing pollen
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grains and in surrounding tissues; reviewed in Blackmore et
al, 2007; Ariizumi and Toriyama, 2011; Quilichini et al,, 2015;
Shi et al, 2015; Wang and Dobritsa, 2018), many others, in-
cluding how sporopollenin gets anchored to the pollen sur-
face, how it assembles into exine, and what mechanisms
govern exine patterning, remain essentially unknown.

Formation of exine begins after male meiosis, when four
products of meiosis, the microspores, are kept in a tetrad
configuration under the common callose wall (Owen and
Makaroff, 1995; Quilichini et al, 2014a). At this stage, the
prototypes of exine structures, probaculae and protectum,
develop on the surface of each microspore. After the release
of microspores from tetrads, these primary structures be-
come converted into mature baculae and tectum through
the deposition of large amounts of sporopollenin (or its pre-
cursors) transported from the nearby sporophytic tapetal
cell layer. Before the mature exine develops, components
and layout of the extracellular matrix surrounding develop-
ing microspores undergo dynamic changes, with several
structures built and destroyed.

One such transient layer is primexine, which develops be-
tween the microspore plasma membrane and the callose
wall. While poorly characterized, primexine is believed to
play an essential role in the exine formation by providing a
scaffold for the developing exine (Ariizumi and Toriyama,
2011; Lou et al, 2014). In several mutants of Arabidopsis
(Arabidopsis thaliana) and rice (Oryza sativa) that lack exine
development and display pollen lethality, these problems
seem to originate from the defects in primexine formation
(Paxson-Sowders et al, 1997, 2001; Ariizumi et al, 2004
Guan et al, 2008; Chang et al, 2012; Ma et al, 2013; Sun et
al, 2013; Hu et al, 2014 Yu et al, 2016; Li et al, 2020;
Mondol et al., 2020; Xu et al,, 2020).

The chemistry of primexine could have a significant im-
pact on exine formation. It has been proposed that compo-
nents of primexine delivered to the pollen surface at the
tetrad stage undergo phase separation, creating local chemi-
cal nano-environments that promote (self)-assembly of spo-
ropollenin precursors into exine elements (Radja et al,, 2019;
Gabarayeva et al, 2020; Gabarayeva and Grigorjeva, 2021).
While the precise chemical structure of primexine is un-
known, it has long been believed to be carbohydrate-based
and contain cell wall polysaccharides, such as cellulose, xy-
lan, pectin, and structural glycoproteins (Heslop-Harrison,
1968; Rhee and Somerville, 1998; Majewska-Sawka and
Rodriguez-Garcia, 2006). Changes in primexine composition
caused by mutations may interfere with its ability to ensure
proper exine development. This hypothesis is supported by
the recent discoveries of several exine-patterning genes in
Arabidopsis encoding proteins with homology to polysac-
charide metabolism-related enzymes. Their mutants develop
abnormal exine patterns in mature pollen grains, and some
have confirmed abnormalities in the polysaccharide content
of primexine. SPONGY2/IRREGULAR XYLEM9-LIKE (SPG2/
IRX9L) and its homolog IRX14L encode xylosyltransferases in-
volved in xylan backbone biosynthesis (Dobritsa et al,, 2017;
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Li et al, 2017). UNEQUAL PATTERN OF EXINE1/KAONASHI4
(UPEX1/KNS4) encodes a potential B-(1,3)-galactosyltransfer-
ase required for the biosynthesis of type Il arabinogalactan
for arabinogalactan proteins (AGPs) and/or the pectic poly-
saccharide rhamnogalacturonan | (Dobritsa et al, 2017;
Suzuki et al, 2017). Through immunohistochemical analysis,
the abnormal distribution of xylan, pectin, and AGPs was
detected in the primexine of spg2/irx9] and upex1/kns4.
Mutations in SPONGY3/APYRASE7 (SPG3/APY7) lead to the
abnormal exine patterning, similar to the spg2/irx9/ pheno-
type (Dobritsa et al, 2011; Yang et al, 2013). SPG3/APY7
encodes a putative nucleoside triphosphate-diphosphohy-
drolase, also known as apyrase, which, although not yet
extensively characterized, has been proposed to function in
carbohydrate-related processes (Yang et al, 2013).
Some plant apyrases have been reported to function in the
biosynthesis of glycoproteins, glycolipids, and cell wall poly-
saccharides, potentially by regulating transport of nucleo-
tide-activated sugars into endomembrane compartments
(Chiu et al, 2012; Lim et al, 2014). The similarity of its mu-
tant exine phenotype to that of spg2/irx9l suggests that
SPG3/APY7 might be involved in primexine formation.

In this study, we have focused on another gene, THIN
EXINE2 (TEX2), which is also essential for the formation of
normal exine and likely has a carbohydrate-related function.
We previously isolated a tex2 mutant along with spg2, spg3,
and upex1 in a large-scale forward genetic screen in
Arabidopsis (Dobritsa et al, 2011). Several mutant alleles of
TEX2 were described in that study and we showed that
mutations in TEX2 resulted in the development of unusually
thin exine. Although we reported TEX2 as a putative nucleo-
tide—sugar transporter (NST) at the time, since then the
role of this gene in exine formation has not been further
investigated.

More recently, another mutant allele of TEX2 was isolated
from a different genetic screen under the name of repressor
of cytokinin deficiency1-1 (rock1-1) and shown to act as a
suppressor of cytokinin deficiency caused by the overexpres-
sion of cytokinin oxidase/dehydrogenase CKX1 (Niemann et
al, 2015). This study revealed that TEX2/ROCK1 has
functions aside from exine formation and highlighted the
pleiotropic roles this protein plays in plant development.
The TEX2 protein was found to localize to the endoplasmic
reticulum (ER) in leaf and root cells, and the rock1-1 muta-
tion of TEX2 showed the ability to decrease the activity of
CKX1 by increasing its ER-associated protein degradation
(ERAD; Niemann et al, 2015). The exact biochemical func-
tion of TEX2, however, remains a mystery.

Here, we characterize in detail the effect of the tex2 muta-
tions on pollen development and show that TEX2 occupies
an important place at the intersection of several pathways
required for exine formation. We demonstrate that in
anthers TEX2 is expressed both in tapetum and developing
microspores, its protein localizes to the ER in those cells,
and TEX2 expression in tapetum is sufficient for proper ex-
ine development. Loss of TEX2 leads to abnormal primexine
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layout, including increased accumulation of arabinogalac-
tans, and subsequent failure of exine elements to assemble
on the surface of released microspores. Through the use of
immunolabeling, our study expands the understanding of
primexine composition. We also show that one of the most
prominent abnormalities in tex2 anthers is the accumulation
in tapetal cells of unusual metabolic inclusions, not
previously reported for other exine mutants. We provide ev-
idence that these inclusions likely correspond to sporopol-
lenin precursors, which, in the absence of functional TEX2,
fail to deposit on the microspore surface. We show that, in
addition to tex2, at least one of the previously discovered
exine mutants also accumulates similar inclusions. Finally,
we demonstrate that these inclusions, as well as the pres-
ence/absence of synthetic pollen lethality in double mutants,
can be utilized as reporters to help assemble the discovered
exine genes into genetic pathways and networks.

Results

TEX2 is required for normal primexine formation
and sporopollenin assembly on the microspore
surface

To examine the effect of loss of TEX2 on pollen wall
development, we prepared ultra-thin cross sections of the
wild-type and tex2-3 anthers (see Supplemental Figure S1 for
the diagram of the tex2 mutations used in this study) at dif-
ferent developmental stages (Sanders et al, 1999) and im-
aged them with transmission electron microscopy (TEM;
Figure 1). Development of the pollen wall begins at stage 7,
when tetrads of microspores are produced. In the wild-type
anthers at this stage, microspore plasma membrane starts
undulating underneath the callose wall which surrounds
each microspore in a tetrad, and the space between the
plasma membrane and the callose wall becomes filled with
primexine (Figure 1, A). Later in the tetrad stage, column-
like probaculae and roof-like protectum start forming
within the primexine matrix (Figure 1, B-D). At stage 8, free
microspores with primary exine structures in place are re-
leased from tetrads, following the callose wall degradation
(Figure 1, ).

In tex2 anthers, plasma membrane undulation and pri-
mexine formation were observed after tetrad formation
(Figure 1, E). However, in multiple independent preparations
of tex2, the primexine matrix was more prominent and
looked darker and coarser than in the wild type, and neither
probaculae nor protectum formed within the tex2 primexine
during stage 7 (Figure 1, E-H). At stage 8, tex2 microspores
were released from tetrads without any primary exine struc-
tures on their surfaces (Figure 1, M).

At stage 9, major exine elements, tectum and baculae,
gradually develop on the surface of wild-type microspores
through further deposition of sporopollenin on the primary
exine structures (Figure 1, J). During later stages, exine struc-
tures grow much longer and thicker, eventually producing
the characteristic reticulate pattern of Arabidopsis exine
(Figure 1, K and L). In contrast, tex2 microspores at stage 9
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became surrounded by small and round electron-dense
granules that failed to attach to the microspore surface and
instead appeared floating around the microspores (Figure 1,
N and Supplemental Figure S2, N). These granules displayed
electron density similar to that of the developing exine
structures in the wild type, suggesting that the granules
could be sporopollenin that failed to correctly anchor to
and assemble on the microspore surface. At later stages, the
granules somewhat enlarged but still did not assemble into
exine structures (Figure 1, O and Supplemental Figure S2,
O). In the mature tex2 pollen grains, exine failed to develop
the reticulate pattern and was significantly thinner than in
wild-type pollen grains (Figure 1, P). The TEM results suggest
that the thin-exine phenotype of tex2 is likely caused by the
abnormal formation of primexine followed by the lack of
probaculae/protectum development during the tetrad stage,
which, in turn, affects the assembly of exine structures at
later stages.

Tapetum of tex2 anthers accumulates abnormal
inclusions
In addition to TEM, we also stained cross sections of resin-
embedded anthers of the tex2-3 allele at different develop-
mental stages with toluidine blue and compared them with
the similarly prepared wild-type anthers (Figure 2, A-L). No
abnormalities were observed at this magnification in tex2 at
the early stages of development, up to and including the
tetrad-containing stage 7 (Figure 2, G; compare with Figure
2, A). At stage 8, the processes of degradation of the callose
wall around tetrads and release of individual microspores
into the anther locules were also indistinguishable
between wild type and tex2 (Figure 2, B and H). However, at
this stage the abnormal, blob-like inclusions first became no-
ticeable in the tex2 anthers (Figure 2, H, arrowheads). Such
inclusions do not develop in the wild-type anthers (Figure 2,
B), nor, to the best of our knowledge, have they been previ-
ously described for other exine mutants. The inclusions var-
ied in size, with some being as large as cells, and were
always found in the vicinity of tapetum. Inclusions showed
no obvious cellular structures, and, while they were positive
for toluidine blue staining, their cyan/aquamarine color was
clearly distinguishable from the darker hue of tapetal cells,
making inclusions easily recognizable. We used TEM to ex-
amine these inclusions in more detail and found that they
were formed within tapetum, had amorphous appearance,
and in many cases filled a large portion of tapetal cells,
sometimes occupying entire cells (Figure 2, M and see
Supplemental Figure S3 for additional examples). The abnor-
mal inclusions were present in the tex2 anthers throughout
all the post-tetrad stages of development (Figure 2, H-L).
At stage 12, after tapetal degeneration, inclusions remained
in the locules among pollen grains (Figure 2, L and N). No
other obvious differences in the development of non-
sporogenic anther tissues were found in tex2 (Figure 2, G-L).
In mature tex2 flowers, the abnormal inclusions were visi-
ble with brightfield microscopy, without any staining, as
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St. 7 (Tetrads)

tex2

St. 12 (Pollen grains)
L

tex2

Figure 1 Formation of primexine and exine is affected during tex2 pollen development. A—P, TEM micrographs of cross-sections of developing
pollen from wild type (A-D, 1-L) and tex2 (E-H, M—P). Enlarged images show the details of cell surfaces from tetrads, microspores, and pollen
grains. The views of cells from which the enlarged images were obtained are presented as insets at the bottom left to allow stage assignment; the
larger versions of images shown in insets are available in Supplemental Figure 52. Images are arranged in order of pollen development from left to
right. A-D, Formation of primexine (black arrowheads) and probaculae (black arrows) between the callose wall (CW) and the undulating micro-
spore plasma membrane (PU) during the development of wild-type tetrads. E-H, The unusually coarse primexine (white arrowheads) was present,
while the probaculae structures were absent during the tex2 tetrad development. |-K, The developing exine structures (black arrows) on the sur-
face of wild-type microspores. L, The mature exine structures (black arrow) on the surface of a wild-type pollen grain. M—O, Accumulation of
granules (white arrows), likely representing unattached sporopollenin, around the tex2 microspores. P, A very thin-exine layer (white arrow) was
formed on the surface of tex2 pollen grains. Cytoplasm of tetrads, microspores, and pollen grains is false-colored in yellow. Scale bars = 500 nm in
(A-P)and 2.5 pm in the insets in (A—P).

brown spots among the pollen grains (Figure 2, P; compare  genotypes (Figure 3, A, D, and G). However, their appearan-
with wild type in Figure 2, O). We further used saanning  ces were different. In the wild type, dehydrated pollen grains
electron microscopy (SEM) to compare the mature anthers  had an ellipsoid shape due to pollen folding inward along
of wild type and tex2 (Figure 3). The overall number of pol-  the three apertures, and their surface was covered with the
len grains found on the anther surface was similar for both  characteristic reticulate exine (Figure 3, A-C). In the tex2
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Stage 8

Stage 7
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Stage 9

Figure 2 Abnormal indlusions in tex2 anthers. A-L, Light micrographs of anther cross-sections of wild type (A-F) and tex2 (G-L) from anther
stage 7 to stage 12. G-L, The overall anther and pollen development in tex2 is similar to wild type. However, after the tetrad stage, tex2 anthers de-
velop abnormal inclusions (arrowheads) associated with tapetum (H-K). After tapetum degenerates, the inclusions are released into locules (L).
MS, microspore; PG, pollen grain; Tds, tetrads; Tp, tapetum. M and N, TEM images of the abnormal indusions in tex2 anthers at stages 8 and 12.
M, An abnormal inclusion (arrowhead) is found within a tapetal cell at stage 8. Endothecium layer is false-colored in red, middle layer is false-col-
ored in magenta, tapetum is false-colored in blue, and a microspore is false-colored in yellow. N, An abnormal inclusion (arrowhead) released into
the locule after tapetum degeneration at stage 12. Pollen grain is false colored in yellow. O and P, Light micrographs of wild-type and tex2 anthers
mounted in glycerol. Abnormal inclusions (arrowheads) were identified as brown granules among pollen grains in tex2 anthers after stage 12 (P).
The inset shows tex2 inclusions at higher magnification. Scale bars = 20 pm in (A-L), 2 pm in (M and N), 50 pm in (O and P), and 25 pm in the

inset in (P).

mutants, thin exine no longer displayed the distinct reticu-
late pattern, and pollen grains showed disordered folding
and irregular shapes, likely due to the loss of the normal
structural support from exine (Figure 3, D-I). Intermixed
with the tex2 pollen on the anther surface was the abnormal
inclusions (Figure 3, E, F, H, and |, arrowheads). They had ir-
regular size and shape and had a much smoother surface
than pollen grains, allowing them to be distinguishable from
pollen.

These results indicate that the abnormal inclusions gener-
ated in tapetal cells after the tetrad stage represent a promi-
nent abnormality of tex2 anthers, likely directly connected
to problems with exine development. As such, the inclusions
might provide a clue to the function of the TEX2 protein
and its role in exine formation.

Abnormal inclusions have multiple similarities with
sporopollenin

Because the tex2 pollen develops very thin exine and be-
cause the electron density of inclusions in TEM images is
similar to that of sporopollenin assembling into exine on
the pollen surface, we hypothesized that inclusions might be
related to sporopollenin. To examine the nature of the tex2

inclusions, we used several approaches (Figure 4). Alexander
(1969) staining is commonly used to check pollen viability.
With this method, viable pollen grains with normal proto-
plasm display dark-red or magenta color, while aborted pol-
len grains, which only have their walls, appear blue-green.
(Although wall staining is also present in the wild-type pol-
len, it is largely masked by the color of the protoplasm.) In
tex2, pollen grains all stained magenta, indicating their viabil-
ity (Figure 4, A). At the same time, the abnormal inclusions
in the anthers were stained bright blue-green, resembling
the color of the pollen wall (Figure 4, A, arrowheads).

We then used acetolysis, a palynological technique in
which pollen is treated with a concentrated mixture of ace-
tic anhydrate and sulfuric acid. This treatment removes the
cytoplasmic content of pollen but leaves the normal exine
intact (Erdtman, 1960). We tested the sensitivity of the
inclusions to this harsh treatment (Figure 4, B and C).
Unlike tex2 pollen grains, which are sensitive to acetolysis,
the inclusions showed resistance to acetolysis (Figure 4, C).

We then used auramine O, a dye that displays strong fluo-
rescence when bound to pollen exine. We found that, like
exine, inclusions emitted strong fluorescence in the presence
of this dye (Figure 4, D). While most of our experiments
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tex2-3

tex2-2

Wang and Dobritsa

Figure 3 Abnormal inclusions are intermixed with pollen grains on the anther surface after dehiscence. A-I, SEM images of pollen grains and
abnormal inclusions from wild type (A-C), tex2-3 (D-F), and tex2-2 (G-1). A, D, and G, The surface views of dehiscent anthers. B, E, and H,
Magnified views of the boxed regions from (A), (D), and (G), respectively. The abnormal inclusions (arrowheads) in tex2 anthers were present
among pollen grains (E and H). G, F, and |, Surface views of individual dehydrated pollen grains and abnormal inclusions. The abnormal inclusions
(arrowheads) are distinguishable by their smooth appearance from pollen grains in tex2 anthers (F and I). Scale bars = 10 pm.

were done on the tex2-3 allele, we also checked the tex2-2
allele (Dobritsa et al,, 2011; Supplemental Figure S1) for the
presence of inclusions: the tex2-2 anthers also contained
inclusions visible with bright-field microscopy, Alexander
staining, auramine O staining (Supplemental Figure S4), and
SEM (Figure 3, G-1).

Pollen exine displays broad autofluorescence due to its
chemical composition (Dobritsa et al, 2011; Roshchina,
2012; Quilichini et al., 2014b). Similar to exine, the abnormal
inclusions also showed autofluorescence when excited by a
488-nm laser (Figure 4, E). To further characterize the tex2
inclusions, we examined their autofluorescence spectrum
and compared it with the spectra produced by exine walls
in wild type and tex2 (Figure 4, F). In this experiment, the
top surfaces of abnormal inclusions and pollen grains were
excited by a 405-nm laser, and their emission spectra were
recorded in the interval of 410-620 nm. Both the wild-type
exine and the thin exine of tex2 showed similar spectra, con-
sisting of a single peak with the maximum at 430 nm
(Figure 4, F). Although the inclusions also produced a single-
peak spectrum, its maximum shifted to 460-470 nm (Figure
4, F), suggesting that there are some differences in the com-
position of inclusions and exine. Taken together, these data
suggest that, while not identical to exine, the tex2 inclusions

nevertheless share significant similarities with it and so
might be composed of sporopollenin-like metabolites or
sporopollenin precursors.

Accumulation of abnormal inclusions depends on
the normal sporopollenin biosynthesis and
transport

Sporopollenin biosynthesis occurs in tapetal cells (Ariizumi
and Toriyama, 2011; Quilichini et al, 2015; Shi et al, 2015).
Although not all details of this pathway have been eluci-
dated, a number of genes encoding enzymes involved in this
process were identified in Arabidopsis. Those include polyke-
tide synthases LESS ADHESIVE POLLENS/POLYKETIDE
SYNTHASE B (LAP5/PKSB) and LAP6/PKSA (Dobritsa et al,
2010; Kim et al, 2010), cytochrome P450 enzymes CYP704B1
and CYP703A2 (Morant et al, 2007; Dobritsa et al, 2009), a
fatty acyl reductase MALE STERILITY2 (MS2; Aarts et al,
1997; Chen et al, 2011), ACYL-COENZYME A
SYNTHETHASES5 (ACOS5; de Azevedo Souza et al, 2009), and
TETRAKETIDE A-PYRONE REDUCTASES (TKPR1 and TKPR2;
Grienenberger et al, 2010). Mutations in these genes cause
abnormal exine formation and—in some cases—pollen le-
thality. While inactivation of CYP704B1, CYP703A2, and MS2
(including their triple mutant combination) still allows
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WT tex2

tex2

- WT exine
= tex2 exine
-+ tex2 inclusions

Relative Intensity

0.0 ———————— T
SRS LSS L LSS
Wavelength (nm)

Figure 4 Characterization of the abnormal inclusions in tex2-3 anthers. A, Alexander’s staining of wild-type and tex2 anthers. The viable pollen
grains were stained purple in both types of anthers, while abnormal inclusions (arrowheads) were stained blue in tex2 anthers. B and C, Acetolysis
analysis. Mock-treated (B) and acetolysis-treated (C) wild-type pollen grains, tex2 pollen grains, and tex2 abnormal inclusions (arrowheads).
Wild-type pollen grains and abnormal inclusions showed resistance to acetolysis, whereas tex2 pollen was lysed. D, Confocal images of the surface
views of pollen exine and abnormal inclusions (arrowhead) from wild type and tex2 that were stained with auramine O. E, Confocal images of
autofluorescence (green) of wild-type exine, tex2 exine, and abnormal inclusions (arrowhead) merged with brightfield images (gray).
Autofluorescence was induced by a 488-nm laser. F, The autofluorescence spectra produced by the wild-type and tex2 exines and tex2 abnormal
inclusions in response to the 405-nm excitation. The spectra were recorded in the 410-nm to 620-nm interval (n = 20 inclusions or grains per ge-
notype). The autofluorescence data of individual abnormal inclusions and pollen grains were normalized, respectively, to the intensities of their
460-nm and 430-nm peaks. Error bars = SE. Scale bars = 50 pm in (A), 20 pm in (B and C), and 10 pm in (D and E).

pollen with almost no exine to survive (Dobritsa et al,
2009), the null mutations of ACOS5 and TKPR1 and the
double lap5 lap6 mutations lead to pollen lethality (de
Azevedo Souza et al, 2009 Dobritsa et al, 2010;
Grienenberger et al, 2010; Kim et al, 2010). In addition,
mutations in ATP-BINDING CASSETTE G26 (ABCG26), which
encodes an ATP-binding cassette (ABC) transporter pro-
posed to mediate the sporopollenin transport out of tape-
tum, also lead to the loss of exine formation and pollen
death (Quilichini et al, 2010, 2014b; Choi et al, 2011; Dou
et al, 2011).

To test if the accumulation of abnormal inclusions relies
on the integrity of the sporopollenin biosynthesis and/or
transport pathways, we created double mutants between
tex2 and the sporopollenin-disrupting mutants mentioned

above. To visualize the presence of abnormal inclusions, we
used Alexander staining (Figure 5, A-H). We found that
when tex2 was combined with lap6, cyp704b1, cyp703a2,
ms2, acos5, tkprl, or abcg26, the abnormal indusions disap-
peared (Figure 5, A-F, and H). In contrast, the combinations
of tex2 with tkpr2 (Figure 5, G) and lap5 (described in detail
below) did not suppress the formation of inclusions. In addi-
tion, the combinations of tex2 with cyp703a2, cyp704b1,
lap6, and ms2, which all produce viable pollen as single
mutants (Figure 5, A-D, insets; Supplemental Figure S5), led
to synthetic pollen lethality in the double mutants (Figure 5,
A-D). This result demonstrates the existence of strong ge-
netic interactions between TEX2 and these sporopollenin
genes, suggesting that TEX2 might function in a pathway
which is separate from the sporopollenin pathway but also
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Figure 5 Accumulation of the tex2 abnormal inclusions depends on sporopollenin metabolism and transport. A-H, Alexander’s staining of
anthers from the double mutants between tex2 and the indicated mutants. The insets at bottom left show the anthers of the single mutants that
were used for creating double mutants with tex2; the larger versions of images shown in insets are available in Supplemental Figure S5. tex2 abnor-
mal inclusions were absent in the double mutants of tex2 and most sporopollenin-related mutants (A—F, H), with the exception of tex2 tkpr2 (G,
arrowheads). I-L’, Merged confocal images of the 405-nm-excited autofluorescence (cyan) from tapetal cells and chlorophyll autofluorescence
(magenta) from non-tapetal cells in anthers with released microspores from wild type (I, I'), tex2 (J, '), abcg26 (K, K’), and tex2 abcg26 (L, ). tex2
inclusions are indicated by arrowheads in ()). I'-L, Enlarged images of the boxed areas in (I-L), showing the auto-fluorescent inclusions (arrows)
in the tapetal cells of abcg26 (K') and tex2 abcg26 (L'). Scale bars = 50 pm in (A-H) and 10 pm in (I-L’).

needed for exine formation. In addition to Alexander stain-
ing, we also performed toluidine blue staining on cross sec-
tions of developing anthers in several of the double mutants
that failed to accumulate indusions in mature anthers
(Supplemental Figure S6). These experiments confirmed that
no inclusions were present in these double mutants at any
stage of anther development and showed that the initial
steps of pollen development (up to ~ stage 8) occurred

normally. At later stages, microspores in these double
mutants started undergoing degeneration; by stages 10 and
11, the anther locules became filled with debris, and by stage
12, no pollen remained (Supplemental Figure S6).

Since a majority of the double mutant combinations here
resulted in pollen death, we wanted to rule out the possibil-
ity that the loss of inclusions in these double mutants was
the consequence of the loss of pollen grains. To this end, we
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generated double mutants between tex2 and mutations in
the genes DEFECTIVE IN EXINE FORMATION1 (DEX1) and
NO EXINE FORMATION1 (NEF1) which are important for the
formation of primexine and pollen viability but are not in-
volved in the production of sporopollenin (Paxson-Sowders
et al, 2001; Ariizumi et al, 2004). Although the anthers of
tex2 dexT and tex2 nefl lacked pollen, they still accumulated
inclusions (Supplemental Figure S7). (Note that the blue
staining in the single nefl and dex1 mutants is from the
aborted pollen grains and not from the inclusions.) In addi-
tion, the combinations of double mutations in TEX2 and
several genes in the carbohydrate pathway (see below) also
resulted in pollen death but did not suppress the accumula-
tion of inclusions, further confirming that the presence of
inclusions does not require pollen survival. Taken together,
these genetic results indicate that accumulation of abnormal
inclusions in tex2 anthers depends on the normal biosynthe-
sis and transport of sporopollenin in the tapetum.

Tapetal inclusions accumulating in the abcg26
mutant are different from the tex2 inclusions and
do not require the TEX2 function

It was reported that a mutant in the putative sporopollenin
transporter ABCG26 also accumulates inclusions in tapetal
cells, visible with the help of two-photon microscopy
(Quilichini et al, 2014b). We adapted the approach of
Quilichini et al. to traditional confocal microscopy, using a
405-nm laser for excitation, and found that this modified
approach also allowed us to visualize the inclusions accumu-
lating in the abcg26 tapetal cells but not in the normal tape-
tum (Figure 5, I, I, K, and K/, arrows), as well as the
inclusions in the tex2 tapetum (Figure 5, ), arrowheads). As
previously described, the abcg26 inclusions are small, never
occupying much of the tapetal cell volume (Figure 5, K and
K'), which makes them very different from the prominent
tex2 inclusions (Figure 5, ) and J'). To check if the disruption
of the TEX2 function would affect the accumulation of the
abcg26 inclusions, we examined the tapetal cells of the tex2
abcg26 double mutant with confocal microscopy. In agree-
ment with the results of Alexander staining (Figure 5, H),
the large tex2 inclusions disappeared in the double mutant.
However, the small abcg26 inclusions were still present
in tex2 abcg26, showing that the abcg26 inclusions are
independent of the tex2 inclusions (Figure 5, L and L’). This
result demonstrates that while the ABCG26 activity is neces-
sary for accumulation of the tex2 inclusions, the TEX2 activ-
ity is not needed for accumulation of the abcg26 inclusions,
suggesting that TEX2 (or the pathway in which it acts) is
downstream of ABCG26.

tex2-like abnormal inclusions also accumulate in the
lap5 anthers

In previous studies, LAP5/PKSB was identified together with
LAPG/PKSA (Dobritsa et al, 2010; Kim et al, 2010). Because
these polyketide synthases are paralogs with 64% shared se-
quence identity, display similar patterns of expression and
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localization as well as similar in vitro activity, and because
the phenotype of the double lap5 lap6 mutant is much
stronger than the phenotype of the single mutants, it was
proposed that they function redundantly in sporopollenin
biosynthesis (Dobritsa et al, 2010; Kim et al, 2010).
However, in this study, we found that LAP5 behaves very
differently from LAP6 in its genetic interactions with TEX2
and accumulation of inclusions in mutants. First, unlike the
lap6 mutation, which leads to the loss of pollen in the tex2
lap6 double mutant, the loss of LAP5 in the tex2 back-
ground did not affect pollen viability (two lap5 alleles were
tested, with the same results; Figure 6, A and Supplemental
Figure S8, D). Second, unlike the lap6 mutation, the lap5
mutation did not suppress the accumulation of inclusions in
tex2 (Figure 6, A, E-l, and O, and Supplemental Figure S8, C
and D). Furthermore, we found that anthers of the lap5 sin-
gle mutants also accumulated the tex2-like inclusions (Figure
6, B, J-N, and P and Supplemental Figure S8, A and B). Like
the tex2 inclusions, the abnormal inclusions in lap5 were re-
sistant to acetolysis (Figure 6, R and S), stained with aur-
amine O (Figure 6, T), showed autofluorescence when
excited by a 488-nm laser (Figure 6, U), and produced the
same autofluorescence spectrum when excited with a 405-
nm laser (Figure 6, Q), indicating that the inclusions accu-
mulating in lap5 and tex2 have similar characteristics. The
accumulation of the abnormal inclusions in lap5 and in tex2
lap5 was suppressed in the presence of the lap6 mutation
(Figure 6, C and D). The differences in the phenotypes of
lap5 and lap6 mutants revealed with the help of the tex2
mutation suggest that these paralogs are not simply redun-
dant. Therefore, LAPS likely has a different function and/or
occupies a different position from LAP6, possibly down-
stream, in the sporopollenin biosynthesis pathway.

These findings also prompted us to look more closely at
the exine defects in lap5. We found that even though, as
previously reported (Dobritsa et al, 2010; Kim et al, 2010),
exine patterning was relatively normal in lap5 pollen, its ex-
ine was thinner than the wild-type exine, thus resembling
the tex2 defect (Supplemental Figure S9, A-D). In the tex2
lap5 double mutants, exine was affected more severely
than in either of the single mutants (Supplemental
Figure S9, E and F), with almost no sporopollenin present,
indicating that even though similar tapetal inclusions
accumulate in both cases, the two mutations likely disrupt
different processes in exine formation.

TEX2 localizes to the ER in tapetum and
microspores and its expression in tapetum is
sufficient for proper exine formation

According to the publicly available RNA-seq data (Klepikova
et al, 2016) and previous investigation of the TEX2
promoter:TEX2-GUS expression (Niemann et al,, 2015), TEX2
has a broad expression pattern and is expressed, among
other tissues, in developing flower buds. To investigate the
spatial-temporal expression pattern of TEX2 during pollen
development, we used the previously created construct
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Figure 6 Accumulation of abnormal inclusions in tex2 is not suppressed by the disruption of LAPS5; lap5 anthers also contain the tex2-like abnor-
mal inclusions. A-D, Alexander staining of anthers from the indicated mutants. Accumulation of abnormal inclusions (arrowheads) was not af-
fected in the tex2 lap5 double mutant (A) (the GK_089C04 allele of lap5 was used here; see also Supplemental Figure S8 for results on another
lap5 allele). tex2-like abnormal inclusions (arrowheads) were also present in lap5 (B). Accumulation of abnormal inclusions in both lap5 and tex2
lap5 was suppressed by the lapé mutation (C and D). E-N, Light micrographs of anther cross-sections of tex2 laps (E-1) and lap5 (J-N) anthers
from anther stage 8 to stage 12. The abnormal inclusions (arrowheads) in tex2 lap5 and lap5 anthers are associated with tapetum after the tetrad
stage (E-H and J-M) and released into the locules after tapetum is degraded (I and N). O and P, TEM images of tapetal inclusions (arrowheads)
in tex2 lap5 and in lap5. Q, The autofluorescence spectrum produced by the lap5 abnormal inclusions in response to the 405-nm excitation was
recorded in the 410-nm to 620-nm interval and compared with the autofluorescence spectra generated by the wild-type and lap5 exine (n =20
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ROCK1:ROCK1-GFPin (referred to here for consistency as
Prexo: TEX2-GFP™), in which TEX2 was tagged internally with
GFP and driven by its own promoter (Niemann et al, 2015).
This construct complemented the effect of the rock1-1 allele
of TEX2 on shoot development, indicating that it is func-
tional (Niemann et al, 2015). After introgressing this con-
struct into the tex2-3 mutant, we confirmed that it was also
able to function during pollen development and rescued the
mutant exine phenotype in tex2-3 (Figure 7, A—C). We also
found that, like the other tex2 alleles, rock1-1 caused an ab-
normally thin exine, and that this defect was rescued by the
Prexs: TEX2-GFP™ construct (Supplemental Figure $10), again
verifying the functionality of this construct.

The earliest TEX2-GFP™ expression in anthers was found
during the microspore mother cell (MMC) stage, when
TEX2 was exclusively expressed in tapetum (Figure 7, E
and E'). From the tetrad stage to the released microspore
stage, TEX2-GFP™ was found in both tapetal cells and
microspores (Figure 7, F-G’). After tapetal degradation,
TEX2 was still expressed in maturing pollen grains (Figure 7,
H and H’). These results demonstrate that during pollen de-
velopment TEX2 is expressed in both gametophytic and
sporophytic tissues.

Since the tex2 inclusions accumulate specifically in tape-
tum, we tested if TEX2 expression in that sporophytic tissue
would be sufficient for its role in exine formation. To that
end, we placed it under the control of the well-characterized
tapetum-specific A9 promoter (Paul et al, 1992; Feng and
Dickinson, 2010). The resulting Poo:TEX2 construct was in-
troduced into the tex2 mutants and the phenotypes of 10
transgenic T, plants were examined. All transgenic plants
produced pollen with normal exine (Figure 7, D), indicating
that expression of TEX2 in tapetum is sufficient for proper
exine formation.

In both tapetal cells and developing microspores, the
TEX2-GFP™ signal displayed a net-like subcellular localiza-
tion pattern, with the fluorescent signal organized in a net-
work around the nuclei (Figure 7, E, F, G/, and H'). This
pattern is strongly reminiscent of the characteristic organiza-
tion of ER. Supporting TEX2 as an ER resident protein, YFP-
TEX2 expressed in Nicotiana benthamiana leaf epidermis
colocalized with an ER marker (Supplemental Figure S11, A).
In a previous study, an ER retention signal was identified at
the C-terminus of TEX2 and it was suggested that the pres-
ence of GFP at the C-terminus of TEX2 masks this signal,
allowing some C-tagged protein escape to the Golgi
(Niemann et al, 2015). Consistently, we confirmed that
TEX2 tagged with YFP at its C-terminus localized to both
the ER and the Golgi (Supplemental Figure S11, B and C).
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Taken together, these results suggest that, like in vegetative
tissues, in tapetum and microspores TEX2 localizes to the
ER. We also found that, unlike the internally tagged TEX2,
constructs in which TEX2 was tagged with YFP at the N- or
C-terminus either did not produce clear YFP fluorescence or
did not rescue the mutant phenotype (at least 10 T, lines
were examined for each construct), indicating that presence
of YFP at the protein termini interferes with the TEX2
function.

The UDP-GIcNAc transporter UGNT1 is unable to
substitute for TEX2 in exine formation

Although TEX2 belongs to the NST family, its substrates re-
main unknown. Two studies tested TEX2 transport of vari-
ety of nucleotide sugars into microsomal or proteoliposomal
vesicles in S. cerevisiae (Niemann et al, 2015; Ebert et al,
2018). The only nucleotide sugars that consistently showed
significant increase in vesicles prepared from the TEX2-
expressing yeast cells were UDP-N-acetylglucosamine (UDP-
GIcNAc) and UDP-N-acetylgalactosamine (UDP-GalNAc).
Yet, whether these nucleotide sugars serve as the main sub-
strates for TEX2 is still debated (Niemann et al, 2015
Niemann and Werner, 2015; Ebert et al, 2018). While UDP-
GlcNAc is used during the N-glycosylation of proteins and
formation of plasma-membrane lipids glycosylinositol phos-
phorylceramides (Strasser et al, 2005, 2016; Ishikawa et al,
2018), there is currently no defined role for the GalNAc
amino sugar moiety in plants. The ability of TEX2 to trans-
port UDP-GIcNAc is much lower compared with that of an-
other Arabidopsis NST, the Golgi-localized UGNT1, which
was recently shown to be a bona fide UDP-GIcNAc trans-
porter (Ebert et al, 2018). Also, addition of the GIcNAc
sugar to proteins and lipids is believed to occur in the Golgi
and not in the ER where TEX2 resides (Strasser, 2016; Ebert
et al, 2018), casting more doubt on the role of TEX2 as a
UDP-GIcNAc ER transporter.

Still, to investigate the possibility that TEX2 might be
transporting UDP-GIcNAc during exine development, we
attempted to test if the known UDP-GIcNAc transporter
UGNT1 could substitute for the loss of TEX2 in exine forma-
tion. To this end, we placed the UGNT1 gene under the
control of the TEX2 promoter. To guide the UGNT1 localiza-
tion to the ER and not the Golgi, we also replaced its C-ter-
minal cytoplasmic tail with that of TEX2 (Supplemental
Figure $12, C), which contains the KKKKK sequence that fits
with the consensus for the di-lysine-based ER retention sig-
nal and was previously shown to be important for TEX2 ER
localization (Niemann et al,, 2015). To account for the possi-
bility that the N-terminal cytoplasmic tail of TEX2 may also

inclusions or grains per genotype). The auto uorescence data of individual abnormal inclusions and pollen grains were normalized, respectively,
to the intensities of their 460-nm and 430-nm peaks. Error bars = SE. R and S, The abnormal inclusions in lap5 (arrowheads) are resistant to ace-
tolysis. lap5 pollen grains and inclusions after mock treatment (R) and acetolysis treatment (S). T, Confocal image of lap5 abnormal inclusions
(arrowheads) stained with auramine O. U, Merged image of the 488-nm-induced auto uorescence of the lap5 abnormal inclusions (green, arrow-
heads) and the bright eld image (gray). MS, microspore; PG, pollen grain; Tp, tapetum. Scale bars = 50 pum in (A-D), 20 um in (E-N, R, and S), 2

pum in (O and P), and 10 um in (T and U).
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Figure 7 TEX2-GFP™ is expressed in tapetum, tetrads, microspores, and pollen grains. A-D, Confocal images of the auramine O-stained pollen
grains from the wild-type (A), tex2 (B), transgenic tex2 plants expressing Prpe:TEX2-G FP™ (C), and Pg=TEX2 (D). E-H, Confocal images of the sig-
nal produced by TEX2-GFP"™ driven by the TEX2 promoter in tex2 anthers of different developmental stages. E, Anther at the MMC stage. F,

Anther containing pollen grains. E'~H’, Enlarged images of the boxed

areas from (E-H), showing the details of the subcellular fluorescent pattern of TEX2-GFP™. Tapetum is outlined with dashed lines. Scale bars =

10 pm.

carry some signal, we created another construct in which
both the N- and C-terminal cytoplasmic tails of UGNT1
were replaced with those of TEX2 (Supplemental Figure S12,
D). Both chimeric constructs along with the unmodified

UGNT1 under the TEX2 promoter were then transformed
into the tex2 mutant, and we assessed their ability to rescue
the mutant exine. None of the constructs, however, was
able to restore the wild-type exine (n=8 T, plants for each
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construct), suggesting that TEX2 is unlikely to transport
UDP-GIcNAc into the tapetal ER to promote exine
formation.

tex2 primexine shows abnormal accumulation of
arabinogalactans

Given that the earliest defect detected on the pollen surface
was the abnormal formation of the primexine matrix, we
took a closer look at this structure. Although the exact
composition of primexine is unknown, the available evi-
dence suggests that it is made of polysaccharide-based
materials (Heslop-Harrison, 1968; Rhee and Somerville, 1998;
Majewska-Sawka and Rodriguez-Garcia, 2006). Several exine
patterning genes, such as SPG2/IRX9L, IRX14L, and UPEX1/
KNS4, were previously found to encode enzymes likely in-
volved in polysaccharide metabolism (Dobritsa et al, 2017;
Li et al, 2017; Suzuki et al, 2017). The mutants of these
genes, which encode glycosyl transferases, showed abnormal-
ities in the primexine layout and/or composition. We hy-
pothesized that the abnormal primexine in tex2 might also
have changes in its polysaccharide composition. To test this
hypothesis, we embedded the tetrad-containing anthers in
LR White resin and stained their cross sections with mono-
clonal antibodies (mAbs) directed against several types of
plant cell-wall glycans (Figure 8 and Supplemental Figure
S13). We also used Calcofluor White to label the callose
walls surrounding tetrads, as well as cell walls of the sporo-
phytic anther layers.

To detect xylan epitopes, which were previously identified
as constituents of primexine, we used LM10 and LM11
mADbs (McCartney et al, 2005; Li et al, 2017; Xu et al., 2020).
In both wild type and tex2, the LM10 and LM11 signals
were observed in the primexine and were indistinguishable
between the two genotypes (Figure 8, A and G, B and H).
For both genotypes, the LM11 signal was consistently stron-
ger than that of LM10.

We then used JIM5 and JIM7 mAbs to label pectin. JIM5
binds to non-methylesterified or sparsely methylesterified
homogalacturonans, while JIM7 binds to relatively heavily
methylesterified homogalacturonans (Knox et al, 1990;
Willats et al, 2000; Clausen et al, 2003; Verhertbruggen et
al, 2009). Neither JIM5 nor JIM7 labeling was affected in
tex2 compared with wild type (Figure 8, C and |, D and ).
JIM5 labeling was present specifically in primexine (Figure 8,
C and I), while JIM7 labeling was also found in the area cor-
responding to the primary cell wall outside the callose wall
(the remnant of the wall surrounding the MMC), as well as
in the walls of other anther cell layers (Figure 8, D and )).

Another type of polysaccharides predicted to exist in pri-
mexine is the AGPs, a diverse class of surface proteoglycans
(Majewska-Sawka and Rodriguez-Garcia, 2006; Suzuki et al,
2017). Multiple antibodies were created that can bind to the
polysaccharide epitopes of AGPs (Knox et al, 1997; Pennell
et al, 1991; Yates et al, 1996; Pattathil et al, 2010). To look
at the arabinogalactan distribution in the wild-type and tex2
primexines, we tested the JIM4, JIM8, JIM13, JIM15, JIM17,
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JIM20, and MAC207 mAbs. In wild-type tetrads, JIM8, JIM15,
JIM20, and JIM13 labeling was detected mainly in the pri-
mary maternal cell wall surrounding each tetrad, and not
around individual microspores in a tetrad (Figure 8, E and F
and Supplemental Figures S13, C and E, S14, A and Q).
Similar patterns were observed in tex2 with JIM20 and JIM13
mAbs (Supplemental Figure S13, | and K). In contrast, the
JIM8 and JIM15 signals in tex2 were consistently reduced in
the primary maternal cell wall, but instead appeared around
individual microspores, at the position corresponding to pri-
mexine (Figure 8, K and L and Supplemental Figure S14, B
and D). No JIM4, JIM17, or MAC207 labeling was found in
either the wild-type or tex2 tetrads (Supplemental Figure
S13, A, B, D and G, H, J). Taken together, the immunolabel-
ing results indicate that the arabinogalactan epitopes recog-
nized by JIM8 and JIM15 accumulate at higher-than-normal
levels in the tex2 primexine and at reduced levels in the tex2
primary maternal wall, whereas the distribution of xylan and
pectin is not affected by the tex2 mutation.

A strong genetic interaction exists between

TEX2 and some of the carbohydrate-related
exine-patterning genes

Since several genes required for normal exine patterning and
encoding enzymes which might be involved in carbohydrate
metabolism were recently identified (Dobritsa et al, 2011;
Yang et al, 2013; Li et al, 2017; Suzuki et al, 2017), we
tested their genetic interactions with TEX2 (Figure 9). The
double mutants of tex2 with spg2/irx9l and irx14l, which af-
fect glycosyl transferases involved in xylan biosynthesis, dis-
played a dramatic loss in pollen viability, similar to the
effect of mutations in the sporopollenin-related genes
(Figure 9, A and B, compare with anthers from single carbo-
hydrate-related exine mutants shown as insets and in
Supplemental Figure S15). We also observed a similar effect
in the double mutant between tex2 and the spg3 mutation,
which affects the APY7 gene encoding an apyrase (Dobritsa
et al, 2017; Yang et al, 2013) that might also be involved in
the biosynthesis of complex carbohydrates (Figure 9, C and
Supplemental Figure S15). Yet, unlike the mutations in the
sporopollenin-related genes, the mutations in the carbohy-
drate-related genes did not suppress the accumulation of
the abnormal inclusions in the tex2 anthers (Figure 9, A—C
and Supplemental Figure S16), confirming that the loss of
pollen does not automatically lead to a failure to accumu-
late inclusions, as well as indirectly supporting the notion
that inclusions likely represent the abnormal build-up of
sporopollenin-like molecules, which should not be affected
by the mutations used here.

Finally, to further explore the connection between TEX2
and arabinogalactans, we also created a double mutant be-
tween tex2 and the mutant that affects the exine patterning
gene UPEX1/KNS4, which encodes a 3-1,3-galactosyl transfer-
ase predicted to be involved in the formation of arabinoga-
lactans on the microspore surface (Dobritsa et al, 2017;
Suzuki et al, 2017). This combination of mutations did not
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Figure 8 Distribution of several cell wall polysaccharides in tetrads. A-L, Confocal images of anther cross-sections containing tetrads of wild type
(A-F) and tex2 (G-L). Anthers were embedded in LR White resin and sections were immunolabeled with the indicated antibodies. Alexa Fluor
488 antibody was used as the secondary antibody for polysaccharide immunolabeling (green). The sections were also stained with Calcofluor
white and imaged separately (white), then merged with immunolabeling images. Scale bars = 10 pum.
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Figure 9 Genetic interactions were observed between TEX2 and several carbohydrate-related exine-patterning genes. A-D, Alexander staining of
anthers from the indicated double mutants. The insets show anthers from the corresponding single mutants of the carbohydrate-related exine-
patterning genes (larger versions of these images are available in Supplemental Figure $16). Pollen lethality was observed in the double mutants of
tex2 spg2 (A), tex2 irx14l (B), and tex2 spg3 (C), suggesting a strong genetic interaction between TEX2 and these genes. tex2 abnormal inclusions
are indicated by white arrowheads. Pollen viability was not affected in tex2 upex1, but abnormal indusions (white arrowheads) looked smaller
than in tex2 and other double mutants. E, Light micrograph of tex2 upex1 anther mounted in glycerol. Abnormal inclusions (white arrowheads)
were identified as brown granules among pollen grains in tex2 upex1 anthers after stage 12. The inset shows inclusions at higher magnification. F,
Confocal image of tex2 upex1 abnormal indusions (white arrowheads) stained with auramine O. G and H, Light micrographs of pollen grains
(black arrowheads) and inclusions (white arrowheads) from dehiscent anthers of tex2 (G) and tex2 upex1 (H). I, Box plots showing the size meas-
urements of pollen grains and inclusions from tex2 and tex2 upex1. The top and bottom of the box represents the 25 and 75 percentiles. The line
in the middle of the box indicates the median. The top and bottom bars represent the maximum and minimum. Asterisks indicate significant dif-
ferences of the incusion size between tex2 and tex2 upex1 mutants based on Student’s t test (**P < 0.01; ns, not significant). Scale bars = 50 pm

in (A—E), 25 pm in the inset in (E), and 10 pm in (F-H).

affect pollen viability (Figure 9, D), demonstrating that TEX2
does not genetically interact with UPEXT/KNS4 in the same
way it does with the other carbohydrate-related genes stud-
ied here. We also examined exine in tex2 upex1 with aur-
amine O staining. In this double mutant, exine appeared to
be more severely disrupted than in either of the single
mutants (Supplemental Figure S17), although not to the
same extent as in tex2 laps.

Interestingly, although the mutation in UPEX1/KNS4 did
not completely suppress the accumulation of the tex2 inclu-
sions, the inclusions became noticeably smaller in the dou-
ble mutant compared with the tex2 mutant (Figure 9, E-I).
Given that tex2 and upex1/kns4 have potentially opposite
effeccts on the accumulation of arabinogalactans in

primexine, this might suggest that the reduction of these
compounds in primexine or elsewhere due to the loss of
UPEX1/KNS4 may partially rescue the accumulation of spo-
ropollenin-like products as abnormal inclusions in tex2.

To examine how the single upex1/kns4 mutation and the
tex2 upex1/kns4 double mutations affect the formation and
distribution of arabinogalactans in the developing tetrads,
we stained the sections of tetrad-stage anthers from the cor-
responding mutants with JIM8 and JIM15 antibodies.
Compared with the signals in wild-type and tex2 anthers in-
cluded as controls on the same slides (Figure 10, A, B, E, and
F and Supplemental Figure S14, E, F, |, and ), the signals in
both upex1/kns4 and tex2 upex1/kns4 were much weaker, in
agreement with the reduction of arabinogalactans in the
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Figure 10 Distribution of AGPs in tetrads of upex1 and tex2 upex1. A-H, Confocal images of anther cross-sections containing tetrads of wild type
(A and E), tex2 (B and F), upex1 (C and G), and tex2 upex1 (D and H). Anthers were embedded in LR White resin and sections were immunola-
beled with the indicated antibodies. Alexa Fluor 488 antibody was used as the secondary antibody for the AGP signal observation (green). The
sections were also stained with Calcofluor white and imaged separately (white), then merged with immunolabeling images. Scale bars = 10 pm.

See Supplemental Figure S14 for enlarged versions of tetrads shown here.

absence of the UPEX1/KNS4 function (Figure 10, C, D, G,
and H and Supplemental Figure $13, G, H, K, and L).
Notably, however, when the arabinogalactan signals were
compared between the last two genotypes, the signal in the
tex2 upex1/kns4 primexine was consistently stronger than
the signal in the upex1/kns4 primexine (Figure 10, B, D, F,
and H and Supplemental Figure S14, E-L), again providing
evidence that the loss of TEX2 increases the accumulation of
arabinogalactans in primexine at the tetrad stage.

Discussion

TEX2 is required for proper primexine formation

Primexine, the ephemeral and poorly characterized matrix
that briefly occupies the ~100-nm space between the cal-
lose wall and the plasma membrane of developing

microspores, is believed to play an important role in the for-
mation of pollen exine. In this study, we provided a detailed
view of pollen wall development in tex2, an Arabidopsis mu-
tant whose defects in exine formation appear to stem from
the abnormal formation of primexine. By imaging pollen
wall structures in tex2 and wild type with high resolution at
specific ime points over the course of pollen development,
we obtained a comprehensive view showing how sporopol-
lenin in tex2 fails to be deposited on the surface of develop-
ing microspores for assembly into exine.

The tetrad stage is known for its fundamental role in pol-
len wall development: multiple events happen during that
stage and several structures are rapidly sequentially built
on the microspore surface (Ariizumi and Toriyama, 2011;
Wang and Dobritsa, 2018). By capturing the views of the
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wall structures with TEM at different time points of the tet-
rad stage, we were able to walk through the timeline of
events happening underneath the callose wall in wild type
and tex2. In tex2, although the plasma membrane undula-
tion happens normally and primexine develops, this primex-
ine appears darker and coarser compared with its wild-type
counterpart. Recently, it has been proposed that compo-
nents of primexine might undergo phase separation to
create conditions necessary for the formation of exine struc-
tures (Radja et al, 2019; Gabarayeva et al,, 2020; Gabarayeva
and Grigorjeva, 2021). Intriguingly, the tex2 primexine looks
much more homogenous than the wild-type primexine, sug-
gesting phase separation of primexine components might
not be occurring properly in tex2. The defects in formation
of primexine in tex2, in turn, appear to preclude the forma-
tion of the earliest elements of the future exine pattern, pro-
baculae and protectum. With no primary exine structures,
the accumulation of sporopollenin at the microspore surface
in the post-tetrad period is largely prevented, resulting in
the thin exine, characteristic of the tex2 mature pollen. We
have observed some unassembled sporopollenin aggregating
into small granules that fail to anchor at the microspore sur-
face and instead float around the developing microspores.
These findings suggest that changes in tex2 primexine dis-
rupt its ability to provide a proper environment for the sub-
sequent steps in exine formation.

Primexine carbohydrate composition is affected
in tex2
Our detailed analysis of primexine development in tex2,
combined with the potential carbohydrate-related function
of the TEX2 protein, suggests a possible change in the poly-
saccharide composition in the tex2 primexine. Primexine has
long been thought to contain polysaccharides. Yet, because
primexine is produced in tiny amounts and present only for
a short time, its composition has been very challenging to
study. Immunohistochemistry is currently one of the best
methods for characterizing cell wall components in situ
within plant tissues (Pattathil et al, 2010; Ruprecht et al,
2017). In this study, we used immunolabeling with plant cell
wall glycan-directed mAbs to test the distribution of cell
wall glycans in primexine, with a focus on the tetrad stage.
Using LM10 and LM11 mAbs, we found abundant xylan
in both wild-type and tex2 primexines at the tetrad stage.
This timing is earlier than in a previous study, which sug-
gested that xylan does not appear in primexine until the
free microspore stage (Li et al, 2017). Similarly, we observed
the labeling for both sparsely methylesterified pectin (with
JIM5 mAb) and more heavily methylesterified pectin (with
JIM7 mADb) in primexines of wild type and tex2 during tetrad
development. Again, this finding pushes the time when
these compounds first accumulate in primexine to an earlier
point than previously appreciated (Suzuki et al, 2017).
Better understanding of the advent of different compounds
in tetrad-stage primexine is crucial, since by the time micro-
spores are released from tetrads, they already contain the
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primary exine structures. No difference between wild type
and tex2 was detected for xylan and pectin distribution in
primexine or the timing of their first appearance.

For arabinogalactans, we used multiple mAbs. Among
those that produced signal in tetrads, the staining generated
by JIMS8, JIM13, JIM15, and JIM20 in the wild-type tetrads
was concentrated in the area that corresponds to the pri-
mary cell wall of the original mother cell and not in the pri-
mexine. The same labeling pattern was observed with JIM13
and JIM20 in tex2. However, the JIM8 and JIM15 labeling
patterns differed in tex2 from the wild type: in tex2, the epit-
opes recognized by these two mAbs decreased significantly
in the area of the primary cell wall around the mutant tet-
rads, but instead appeared around individual microspores,
indicating that arabinogalactans recognized by these anti-
bodies accumulated in the tex2 primexine. The simultaneous
decrease of the JIM8/JIM15 signal in the primary cell wall
could indicate that the compounds recognized by these
mADbs in this region represent materials produced in the ta-
petum, which are in the process of passing through the cell
wall layers surrounding tetrads on their way to the micro-
spore surface. If the loss of TEX2 compromises those exter-
nal layers, this might allow these compounds an easier
access to the primexine area, resulting in their increased ac-
cumulation there. The exact epitopes recognized by )JIM8
and JIM15 in AGPs are unknown, but these mAbs have
been previously placed in the same anti-AG clade, AG-3
(out of four total), based on their similar binding specificity
to a panel of carbohydrates in ELISA (Pattathil et al., 2010).
In contrast, JIM13 and JIM20 have been placed, respectively,
in two other clades, AG-4 and AG-1 (Pattathil et al, 2010).
There is some evidence that JIM8 may recognize residues in
the galactan backbone, perhaps connected to arabinose or
rhamnose (Pennell et al, 1991), whereas the JIM15 epitope
might include glucuronic acid (Yates et al, 1996). AGPs are
believed to be some of the most complex macropolymers in
plant cells due to their strikingly high structural diversity
(Majewska-Sawka and Rodriguez-Garcia, 2006; Ellis et al,
2010; Knoch et al, 2014), and have been previously shown,
with the help of the upex1/kns4 mutant, to be components
of the developing pollen surface (Suzuki et al, 2017). Our
results suggest that the increased presence of AGPs in tex2
primexine may affect its layout and prevent the formation
of probaculae and protectum.

Differences between tex2 and other primexine
mutants

Several mutants with defects in primexine formation (dex1,
nefl, nerdl, npu, rpgl) have been previously identified in
Arabidopsis (Paxson-Sowders et al, 2001; Ariizumi et al,
2004; Guan et al, 2008; Chang et al., 2012; Xu et al,, 2020). It
is noteworthy that unlike tex2, which, despite its very thin
exine, still produces viable and fertile pollen, all these other
mutants are pollen-lethal, with their microspores degrading
soon after the release from tetrads. All the above mentioned
primexine mutants also exhibit problems with the plasma
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membrane undulation. Yet, in tex2, the membrane undu-
lates normally, which shows that defects in the primexine
formation and plasma membrane undulation can be sepa-
rated. A particularly striking difference between the other
primexine-deficient mutants and tex2 is that the former
all showed large (~1-3 pum) aggregates of sporopollenin
near the surface of free microspores and in the anther
locule (Paxson-Sowders et al., 1997, 2001; Ariizumi et al.,
2004; Guan et al, 2008; Chang et al, 2012; Xu et al,
2020). In contrast, only small globules of sporopollenin
(~100 nm) were found floating around the free micro-
spores in tex2, while very large inclusions of sporopol-
lenin-like material were sequestered inside the tapetal
cells. This suggests that TEX2 may be required not only
for formation of primexine, but also for sporopollenin
transport out of tapetum. tex2 also has noticeable differ-
ences from spg2/irx9 and upex1/kns4, the two mutants
with abnormal primexine composition and with defects,
respectively, in the formation of xylan and AGPs (Li et al,
2017; Suzuki et al, 2017). Like tex2, both these mutants
have viable pollen. Their defects, however, appear to be
milder than in tex2, as they are capable of forming proba-
culae and protectum and assembling sporopollenin into
exine elements (Suzuki et al., 2008, 2017; Dobritsa et al.,
2017; Li et al, 2017), and, importantly, they do not accu-
mulate tapetal inclusions.

Accumulation of tex2 inclusions requires normal
sporopollenin biosynthesis

Tapetal inclusions represent the most prominent defect in
the tex2 anthers. Interestingly, such inclusions had not been
reported so far in other mutants with deficient pollen wall
development. In tex2, the inclusions first appear in tapetal
cells when microspores are released from tetrads. After tape-
tal degeneration, the tex2 inclusions remain in the anther
locules and, during anther dehiscence, they are released,
along with pollen grains, to the anther surface. Various tests
that we performed on the tex2 inclusions revealed their
similarity to exine. Thus, it is likely that the tex2 inclusions
consist of a sporopollenin-like material. There are, how-
ever, differences in the autofluorescence spectra between
the tex2 inclusions and exine, suggesting that the two
materials, while similar, are not identical. Since inclusions
accumulate before the mature exine develops, it is possible
that inclusions are made of sporopollenin precursors/im-
mature sporopollenin. Also, sporopollenin assembly into
tapetal inclusions might differ from the way it assembles
and polarizes on the pollen surface, potentially leading to
structural differences that may account for distinct auto-
fluorescence spectra.

The sporopollenin biosynthesis pathway is fairly well
established, with multiple genes already identified and char-
acterized. Most of these genes are expressed specifically in
tapetum, indicating that biosynthesis of exine components
starts in tapetal cells, and their expression peaks during tet-
rad development (Lallemand et al, 2013; Quilichini et al,
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2015 Wang et al,, 2018). The tex2 inclusions first appear in
the tapetum immediately after the tetrad stage, suggesting a
connection between sporopollenin synthesis and inclusion
accumulation. This connection was confirmed by the double
mutants between tex2 and mutations disrupting the sporo-
pollenin pathway, in which inclusions disappeared, demon-
strating that accumulation of the tex2 inclusions requires
the intact sporopollenin biosynthesis.

A connection exists between tex2 inclusions and
sporopollenin transport

A particularly intriguing finding is that the accumulation
of tex2 inclusions is also suppressed by the loss of the
ABCG26 function. After the sporopollenin precursors are
synthesized in tapetum, they need to be secreted into
locules, delivered to developing microspores, and assem-
bled into exine on the microspore surfaces. Transport of
sporopollenin precursors out of the tapetum is poorly un-
derstood, but ABCG26, a plasma membrane-localized ABC
transporter, is considered a major transporter for the poly-
ketide precursors of sporopollenin (Quilichini et al.,, 2010,
2014b; Choi et al, 2011; Dou et al, 2011). In the abcg26
mutant, small autofluorescent inclusions relying on the
sporopollenin polyketide biosynthesis pathway accumulate
in the vacuoles of tapetal cells (Quilichini et al, 2014b).
The abcg26 inclusions are different from tex2 inclusions
and do not require functional TEX2. Our findings that the
tex2 inclusions depend on the activity of ABCG26, but not
vice versa, suggest that the step in exine formation that
requires TEX2 is downstream of the step involving
ABCG26. The TEX2-dependent step could be the sporo-
pollenin assembly on the young microspore surface, for
which formation of normal primexine likely serves as a
prerequisite. The location of the tex2 inclusions, however,
presents an interesting conundrum: if the function of
ABCG26 is indeed to transport polyketide sporopollenin
precursors out of tapetum, then the accumulation of the
ABCG26-dependent inclusions within the tex2 tapetal cells
suggests that the modified sporopollenin precursors travel
back into tapetum. Quilichini et al. (2014b) proposed that
the products of the polyketide biosynthesis pathway
exported from tapetum by ABCG26 combine with hydrox-
ycinnamoyl spermidines in the anther locule prior to being
incorporated into developing exine. Thus, it could be that
the tex2 inclusions represent the hydroxycinnamoyl sper-
midine-modified version of the ABCG26-transported poly-
ketides. However, whether the return of these compounds
into tapetum represents a normal step in the sporopol-
lenin biosynthesis or is something that happens in tex2 be-
cause these compounds fail to assemble into exine will
require further investigation. Yet, as mentioned earlier, the
unassembled sporopollenin in other primexine mutants
remains in the locule, not in tapetum (Paxson-Sowders et
al, 1997, 2001; Ariizumi et al, 2004; Guan et al, 2008;
Chang et al,, 2012; Xu et al.,, 2020). This suggests that TEX2
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is required not only for the assembly of sporopollenin but
also for its export from tapetum.

tex2 inclusions and synthetic pollen lethality in
double mutants can provide insights into
interactions between genes and pathways involved
in exine formation

The analysis of double mutants between tex2 and sporopol-
lenin biosynthesis genes has provided some other interesting
insights. One of them concerns several sporopollenin biosyn-
thesis genes (CYP703A2, CYP704B1, MS2, and LAP6), muta-
tions in which affect exine development but not pollen
viability (Morant et al, 2007; Dobritsa et al,, 2009, 2010; Kim
et al, 2010; Chen et al, 2011). When combined with tex2,
the resulting double mutants develop synthetic pollen le-
thality, indicating strong genetic interactions between these
sporopollenin biosynthesis genes and TEX2 and suggesting
that TEX2 and the products of the sporopollenin biosynthe-
sis genes likely function in two separate genetic pathways
that influence pollen viability.

Secondly, two of the sporopollenin biosynthesis-related
genes, TKPR2 and LAPS, behaved very differently from the
other genes when their mutations were combined with tex2.
Loss of TKPR2 and LAP5 functions failed to suppress the
tex2 inclusions or cause pollen lethality. The case of TKPR2
is perhaps not surprising, as it is likely to be a minor player
in the exine formation (Grienenberger et al, 2010;
Lallemand et al, 2013). Both TKPR2 and another protein
with the similar in vitro tetraketide pyrone reductase activ-
ity, TKPR1, are co-expressed in tapetum, and, for this reason,
are sometimes placed at the same position in the models of
the sporopollenin biosynthesis pathway (Grienenberger et
al, 2010; Quilichini et al, 2015; Shi et al, 2015). However,
unlike TKPR1, which is associated with the ER and appears
to be a member of the polyketide biosynthetic metabolon,
TKPR2 is primarily localized to the cytosol and does not in-
teract with the metabolon components (Grienenberger et
al, 2010; Lallemand et al, 2013). Moreover, while tkpr1 is
pollen-lethal, the tkpr2 defects are much milder, with plants
producing viable pollen with only subtle changes in exine
pattern (Grienenberger et al, 2010). It was previously sug-
gested that TKPR1 and TKPR2 likely have different in vivo
functions in pollen development (Grienenberger et al,, 2010;
Lallemand et al, 2013), and our data on genetic interactions
of TKPR2 and TKPR1 with TEX2 support this hypothesis.

In contrast, the case of LAP5 is more unexpected. LAP5/
PKSB and its homolog LAP6/PKSA are highly co-expressed in
tapetal cells and both encode ER-localized polyketide syn-
thases (Dobritsa et al, 2010; Kim et al, 2010). As LAP5 and
LAP6 have identical in vitro functions, both interact with
ACOS5 and TKPR1, and their combined mutations synergis-
tically disrupt pollen viability, they were proposed to have
redundant functions in the potential ER-localized sporopol-
lenin metabolon and occupy the same position in the spo-
ropollenin pathway, despite some reported differences in
their gene expression profiles and single-mutant exine
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phenotypes (Dobritsa et al,, 2010; Grienenberger et al, 2010;
Kim et al, 2010; Lallemand et al, 2013; Quilichini et al.,
2015). In this study, we showed that, in its genetic interac-
tions with TEX2, LAP5 behaves very differently from LAP6.
Unlike lap6, lap5 does not suppress formation of tex2 inclu-
sions, nor causes pollen lethality in the double mutant.
Furthermore, anthers in the lap5 single mutant, but not in
lap6, themselves accumulate tex2-like inclusions, indicating
that the role of LAP5 in exine development is distinct from
that of LAP6. LAP5 may function downstream of the other
components of the sporopollenin pathway, or, like TEX2, it
could be involved in other pathways required for exine
development.

What is the function of TEX2?

TEX2 is a conserved plant protein that belongs to the family
of NSTs (Dobritsa et al, 2011; Niemann et al, 2015
Niemann and Werner, 2015). These proteins transport nu-
cleotide-charged monosaccharides from the cytosol into the
ER and Golgi lumens where the sugar moieties become in-
corporated into polysaccharides, glycoproteins, and glycoli-
pids (Rautengarten et al, 2014; Orellana et al, 2016).
Therefore, TEX2, localized to the ER, is also expected to play
a similar role, importing some sugar(s) into that compart-
ment. Yet, which substrates are transported by TEX2 and
how they are used in the ER is still unclear. The transporting
activity of TEX2 has been previously studied using the yeast
microsomal system, and it was found that TEX2 has some
ability to transport the nucleotide-sugars UDP-GalNAc and
UDP-GIcNAc (Niemann et al, 2015; Ebert et al, 2018).
Although GalNAc is commonly used for mucin-type O-gly-
cosylation in insects and mammals (Brockhausen et al,
2009; Tran and Ten Hagen, 2013), its role in plants is un-
known (Strasser, 2016). Yet GlcNAc is incorporated—inside
Golgi lumen—into N- and O-linked glycoproteins and into
glycolipids (Strasser et al, 2005, 2016; Ishikawa et al, 2018).
No glycosylation reactions involving GIcNAc in plants are
presently known to occur in the ER lumen. Another
Arabidopsis NST, UGNT1, was identified recently as a much
more potent UDP-GIcNAc transporter compared with TEX2
(Ebert et al, 2018). Also, its subcellular localization (Golgi)
and mutant phenotypes (significant loss of proteins and lip-
ids with GlcNAc-containing glycosyl modifications) fit very
well with the processes involving GIcNAc (Ebert et al.,, 2018).
This provides support to the notion that UGNT1, and not
TEX2, is the major transporter for UDP-GIcNAc in
Arabidopsis. In this study, we created chimeric proteins of
TEX2, with its transporting core replaced by that of UGNT1.
Neither the chimeric proteins nor the intact UGNT1 guided
by the TEX2 promoter were able to rescue the tex2 pollen
phenotype, in agreement with the hypothesis that the tex2
defects are not due to the abnormal transport of UDP-
GlcNAc.

Our finding that expression of TEX2 from the tapetum-
specific A9 promoter is sufficient to rescue the tex2 exine
defects indicates that tapetum—and not the developing
pollen where TEX2 is also expressed—is the site where TEX2
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needs to be active to ensure proper exine development.
Whether TEX2 from tapetum is involved in the primexine
formation directly or indirectly is not clear. Although
primexine develops underneath the layers of callose wall
and the primary mother cell wall and was previously be-
lieved to be synthesized by the developing pollen, there
is some recent evidence suggesting that primexine com-
ponents might be coming from tapetum (Li et al, 2017).
In that sense, the expected involvement of TEX2 in nu-
cleotide-sugar transport might be directly relevant to the
formation of polysaccharidic components of primexine.
On the other hand, TEX2 was also proposed to play a
role in the ER quality control (ERQC), a system that
monitors proper protein folding in the secretory pathway
(Niemann et al, 2015, Niemann and Werner, 2015).
While the participation of TEX2 in ERQC has not yet
been thoroughly investigated, if it functions in the same
process in tapetum, then its involvement in exine forma-
tion is likely to be indirect, facilitated through some
other protein(s) whose folding, stability, or activity are
regulated by glycosylation.

Materials and methods

Plant materials and growth conditions

The Arabidopsis (A. thaliana) Col-0 ecotype served as the
wild-type control. The T-DNA insertion alleles tex2-3
(SALK_112086) and tex2-2 (SALK_001259) were obtained
from the Arabidopsis Biological Resource Center (ABRC,
Columbus, OH). All the experiments were performed with
tex2-3, unless otherwise noted. Seeds of the rock1-1 allele
of TEX2 expressing Prock::ROCK1-GFP™ (Niemann et al,
2015) were kindly provided by Dr. Tomas Werner (Freie
Universitit, Berlin). The Prock:ROCK1-GFP™ transgene (re-
ferred here to as Prpxo:TEX2-GFP™) was introduced into
tex2-3 by crossing. The T-DNA insertional mutants used
for the analysis of tex2 genetic interactions were obtained
from ABRC. The homozygous insertion lines of
SALK_119582 (cyp703a2), SAIL_1149_B03 (cyp704b1),
SALK_079287 (lap6), GK_089C04/GK_454C04  (laps),
SAIL_75_E01 (ms2), SM3_37225 (acos5), SAIL_837_DO1
(tkpr1), SALK_129453 (tkpr2), SALK_ 062317 (abcg26),
GK_148H04 (nef1), SALK_124009 (spg3/apy7),
SALK_037323 (spg2/irx9l), SALK_066961 (irx14l), and
SALK_091466 (upex1/kns4) were identified by PCR with
gene-specific and T-DNA left-border (LB)-specific primers
(Supplemental Table S1). dex1 [a T-DNA insertion allele in
the Ws-2 background from the DuPont collection
(Paxson-Sowders et al, 2001)] was kindly provided by Dr.
Heather Owen (University of Wisconsin-Milwaukee). All
plants were grown in growth chambers at 22°C
under 16-h light/8-h dark cycle at the OSU Biotechnology
greenhouse facility. Pollen survival in tex2 could be sensi-
tive to growth conditions (soil and light): Pro-Mix BRK W/
Mycorrhizae  potting  mix  (#1020400, Hummert
International, St. Louis, MO) supplemented with Ultrasol
Multi-purpose Plus fertilizer, and F96T12 fluorescent lamps
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and 60-W incandescent bulbs providing the 120-150 pumol

m~ % s~ white light produced good results.

Confocal microscopy
Auramine O staining was performed as previously described
(Reeder et al., 2016). Mature pollen grains were placed on a
slide and stained with a drop of 0.001% (w/v) Auramine O
solution (prepared from the stock solution of 0.1% (w/v)
Auramine O in 50 mM Tris—HCl, pH 7.5). The rehydrated
and stained pollen grains were examined with a Nikon A1+
laser scanning confocal microscope (100X objective,
NA = 1.45). Exine was excited by the 488-nm laser and the
signal was collected at 500-550 nm. In these and all other
confocal imaging experiments, the parameters of laser power
and gain were set up, respectively, at 5-25% and 75-140.
The exact settings were chosen on a case-by-case basis to
ensure that the signal was easily visible but not saturated.
At least 50 pollen grains from a minimum of three indepen-
dent plants were imaged in each case, with similar results.
To image the TEX2-GFP™ expression in anthers, anthers
at different developmental stages were dissected from flower
buds of the transgenic plants, mounted in Vectashield anti-
fade solution (Vector Labs), and imaged with a Nikon A1+
laser scanning confocal microscope (40X  objective,
NA =1.3; 100x objective, NA =1.45). GFP was excited by
the 488-nm laser and the signal was collected at 500-550
nm. Chlorophyll autofluorescence was excited by the 640-
nm laser and the signal was collected at 663-738 nm.
Experiments were repeated three times, with similar results.
To examine abcg26 inclusions, the anthers with free
microspores were collected, immersed in distilled water on a
slide with the adaxial side facing up, covered with a #1.5
cover slip and sealed with nail polish. The anthers were ex-
amined with a Nikon A1+ laser scanning confocal micro-
scope (100x objective, NA =1.45). To identify the tapetal
layer, the epidermal and endothecial layers were first identi-
fied in the brightfield channel; tapetum is the layer under-
neath. To determine the tapetal focus, chlorophyll
autofluorescence from the endothecium [excitation at
640 nm (15% laser power), emission at 663-738 nm] was
examined simultaneously with the tapetal intrinsic fluores-
cence, as tapetal cells lack chloroplasts. The tapetal intrinsic
fluorescence was excited with the 405-nm laser (25% laser
power) and the signal was collected at 500-550 nm.
Experiments were repeated three times, with similar results.

Brightfield imaging, Alexander staining, and
acetolysis

To image pollen and abnormal inclusions with brightfield
microscopy, mature anthers were dissected from the oldest
unopened flower buds and mounted in 100% glycerol. For
Alexander staining, the same-stage anthers were mounted in
one drop of the Alexander solution, prepared as previously
described (Alexander, 1969). A coverslip was placed on top
and samples were sealed with nail polish. Staining was per-
formed at 50°C for 5 h. At least 30 anthers collected from a
minimum of three plants were imaged for each genotype,
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with similar results. Acetolysis experiments were performed
on anthers from opened flowers as previously described
(Dobritsa et al, 2009). Samples were imaged with Nikon
Eclipse E600 (20X objective, NA = 0.5). To measure the sizes
of pollen grains and inclusions, they were scraped from de-
hiscent anthers, put on a slide in a drop of 100% glycerol,
covered with a coverslip, and sealed with nail polish.
Samples from six plants per genotype were imaged with
Nikon Eclipse E600 (100%x objective, NA = 1.3), as shown in
Figure 9, G and H. The area measurements for inclusions
and pollen grains were performed with Image).

Light microscopy and TEM of anther sections

To examine anther and pollen cross sections, the whole
main inflorescences from four plants for each genotype
were fixed in 2.5% (v/v) glutaraldehyde, 1% (v/v) Triton X-
100, 0.1 M HEPES, pH 7.2 at room temperature overnight,
followed by overnight post-fixation with 1% (v/v) osmium
tetroxide. The samples were dehydrated by using a graded
series of 10% increments of acetone, with a minimum of 1 h
between changes. Acetone was then replaced with Spurr’s
resin by using a graded series of 20% increments of resin,
with a minimum of 3 h between changes. The resin-infil-
trated flower buds were then separated, labeled according
to their order in the inflorescence, and individually embed-
ded in the Spurr’s resin. For light microscopy, 0.5-um anther
cross sections were cut using an Ultracut E ultramicrotome
(Reichert-Jung). The sections were stained with 1% (w/v)
Toluidine Blue O and imaged with a Nikon Eclipse E600
(20x objective, NA =0.5). For TEM, silver sections (70 nm)
were cut, stained with 1% (w/v) uranyl acetate followed by
Reynold’s lead citrate. Sections were imaged using a FEI
Tecnai G2 Spirit TEM operating at 80 kV at the OSU
Campus Microscopy and Imaging Facility (CMIF).

Scanning electron microscopy

Dehiscent anthers and dried pollen grains were collected
from opened flowers and attached to the SEM stubs (Ted
Pella) by using a double-sided carbon tape (Ted Pella).
Samples were coated with gold using a Pelco Sputter Coater
and imaged with a FEI Quanta 200 SEM at the OSU Center
for Electron Microscopy and Analysis (CEMAS). Experiments
were repeated twice, with similar results.

Spectral analysis of autofluorescence

Mature pollen grains were collected from dehiscent anthers
and mounted in 100% glycerol. Samples were first illumi-
nated with the 488-nm laser to adjust the focus on the sur-
face of exine or inclusions. The spectral analysis was
performed using a Nikon A1+ laser scanning confocal mi-
croscope (100x objective, NA = 1.45) with the 405-nm laser
excitation (50% laser power) and collected with a spectral
detector (n =20 for both pollen grains and inclusions). The
set of spectral images was recorded in sequential band-
widths of 10 nm, spanning the wavelength range between
410 and 620 nm. The signal intensities for exine and inclu-
sions were normalized, respectively, to the intensities of their
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430-nm and 460-nm peaks and mean and SE values were
calculated.

TEX2 transient expression in N. benthamiana leaves

To create the P35 TEX2-YFP construct, the TEX2 gene with-
out the stop codon was amplified from the Col-0 genomic
DNA with primers 15 and 16 (all primers used for making
constructs are listed in Supplemental Table S2). In-Fusion
cloning (Takara) was used to place this fragment along with
the 2 x 35S promoter (amplified from pCAMBIA1380) into
the Agel and Ncol sites of the T-DNA vector pGR111
(Dobritsa et al, 2010) upstream of YFP. To create the
P35s:YFP-TEX2 construct, the YFP in pGR111 was replaced
with YFP without the stop codon. The genomic fragment
containing the whole coding region of TEX2 was amplified
from the Col-0 genomic DNA with primers 3 and 4. The
fragment was placed via In-Fusion cloning downstream of
the 2 x 35S promoter and YFP into the Spel site of the
modified pGR111. ER-rk and Golgi-rk (Nelson et al, 2007)
were used, respectively, as markers for ER and Golgi localiza-
tion. Constructs were individually transformed into the
Agrobacterium tumefaciens strain  GV3101. Agrobacteria
were collected and resuspended in the infiltration buffer (10
mM MgCl,, 10 mM MES, 150 M acetosyringone) at the fi-
nal concentration of ODgy, = 0.1. Suspensions containing
the TEX2 constructs, the localization markers, and the RNA
silencing suppressor P19 were combined and co-infiltrated
into young N. benthamiana leaves and grown for 2-3 d in
light. Epidermal cells were imaged using a Nikon A1+ con-
focal microscope (100x objective, NA=1.45). YFP and
mCherry were excited, respectively, by the 514-nm and 561-
nm lasers, and the signals were collected simultaneously at
554 nm (YFP) and 580-630 nm (mCherry). Experiments
were repeated three times, with similar results.

Immunofluorescence labeling

Whole main inflorescences from seven to eight plants per
genotype were fixed in 2.5% (v/v) glutaraldehyde, 1% (v/v)
Triton X-100, 0.1 M HEPES, pH 7.2 at room temperature
overnight. Dehydration was then performed by using a
graded series of 10% increments of ethanol, with a mini-
mum of 1 h between changes. The ethanol was replaced
with LR White resin (hard grade; Ted Pella) by using a
graded series of 20% increments of resin, with a minimum
of 3 h between changes. The resin-infiltrated inflorescences
were separated into individual flower buds, which were la-
beled according to their order in the inflorescence.
Individual buds were then embedded into LR White resin in
gelatin capsules. For immunofluorescence labeling, 0.4-um-
thick sections were cut by using an Ultracut E ultramicro-
tome (Reichert-Jung). Sections were put on the 21-well
Teflon-coated slide (EMS) and blocked with 3% (w/v) non-
fat milk in 1x phosphate-buffered saline (PBS), pH 7.4 at
room temperature for 1 h. Primary antibodies were diluted
in the blocking solution and sections were incubated with
antibodies for 4 h at room temperature, after which they
were washed 10 times in 1x PBS. The rat mAbs LM10 and
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LM11 (Megazyme) were used at 1:100 dilution. The rat
mADbs JIM4, JIM5, JIM7, JIM8, JIM13, JIM15, JIM17, JIM20, and
MAC207 (CarboSource Service) were used at 1:40 dilution.
Secondary antibody (goat anti-rat-Alexa 488, Thermo Fisher)
was diluted 1:100 in the blocking solution, and sections
were incubated with the secondary antibody for 2 h at
room temperature. After washing them 10 times with 1x
PBS, the sections were mounted in Vectashield antifade so-
lution (Vector Labs) containing 0.02% (w/v) Calcofluor
White. Sections were examined with Nikon A1+ confocal
microscope (100x objective, NA =1.45). Alexa 488 and
Calcofluor White were sequentially excited by the 488-nm
and 405-nm lasers, and signals were collected separately at
500-550 nm (Alexa 488) and 450 nm (Calcofluor White). To
compare labeling strength of JIM8 and JIM15 in different
mutants, all images for the same antibody were captured
with the same acquisition settings. All experiments were re-
peated at least twice, with similar results.

Transgenic constructs and plant transformation

To create the P, TEX2 construct, the A9 promoter and the
TEX2 gene were amplified from the Col-0 genomic DNA
with primer pairs 1/2, and 3/4, respectively. The fragments
were then combined with the help of the In-Fusion HD
Cloning Kit (Takara) in the pGR111 vector from which the
YFP gene was removed. To create the Prx:UGNTI,
PrexUGNTTACTEX2S, and  Prpo: TEX2N-UGNT1ANAC TEX2C
constructs, the genomic fragment containing the TEX2 pro-
moter (1,830 bp) was amplified with the primers 5 and 6.
The topology of the TEX2 and UGNT1 proteins (positions
of the N-terminal regions, C-terminal regions, and trans-
membrane regions) was predicted with the help of the
Protein Homology/analogy Recognition Engine V 2.0 (Phyre’;
Kelley et al, 2015) and the Plant Membrane Protein
Database ARAMEMNON (Schwacke et al, 2003). The
UGNT1 coding sequence (CDS) was amplified with primers
7 and 8 from Col-0 cDNA. To swap the UGNT1 C-terminal
tail with that of TEX2 (UGNTTAC-TEXZC construct), the cor-
responding fragments of UGNT1 A€ and TEX2€ were ampli-
fied with the primers 7, 9, 10, and 11. To replace both the
N-terminal and the C-terminal tails of UGNT1 with the cor-
responding tails of TEX2 (TEX2V-UGNT1*NACTEX2C con-
struct), PCR amplification with primers 11-14 from the
UGNTTAS-TEX2® construct was performed. The fragments
were then placed through the In-Fusion cloning into the
Agel site in pGR111 from which the YFP gene was removed.
The constructs were verified by sequencing and transformed
into the A. tumefaciens strain GV3101. tex2-3 plants were
transformed via the floral dip (Clough and Bent, 1998) and
transgenic plants were selected with the BASTA herbicide.
At least eight T, plants were obtained and analyzed for each
construct, with similar results.

Accession numbers

The Arabidopsis Genome Initiative accession numbers for
the genes used in this study are the following: At5g65000
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(TEX2/ROCKT),  At1g01280  (CYP703A2),  At1g69500
(CYP704B1), At1g02050 (LAP6/PKSA), At4g34850 (LAP5/
PKSB), At3g11980 (MS2), At1g62940 (ACOSS5), At4g35420
(TKPRT), At1g68540 (TKPR2), At3g13220 (ABCG26),
At3g09090 (DEX1), At5g13390 (NEF1), At4g19180 (SPG3/
APY7), At1g27600 (SPG2/IRX9L), At5g67230 (IRX14L),
At4g32272 (UGNTT), and At1g33430 (UPEX1/KNS4).

Supplemental data

Supplemental Table S1. Primers used for genotyping
Supplemental Table S2. Primers used for cloning
Supplemental Figure S1. Diagram of the TEX2 gene struc-

ture with the positions of the three mutations used in this

study.

Supplemental Figure S2. Larger versions of images shown
as insets in Figure 1.

Supplemental Figure S3. TEM images of the abnormal
inclusions in tex2 anthers.

Supplemental Figure S4. Abnormal inclusions in the
tex2-2 allele.

Supplemental Figure S5. The larger versions of images of
anthers from sporopollenin-related single mutants shown as
insets in Figure 5.

Supplemental Figure S6. The accumulation of abnormal
inclusions in tex2 was suppressed by mutations in sporopol-
lenin biosynthesis- or transport-related genes.

Supplemental Figure S7. The accumulation of tex2 inclu-
sions was not affected in tex2 dex1 and tex2 nefl.

Supplemental Figure S8. Abnormal inclusions in lap5
and lap5 tex2 mutants involving a second allele of lap5
(GK_454C04).

Supplemental Figure S9. Like tex2, lap5 produces pollen
with abnormally thin exine, while the double tex2 lap5 mu-
tant has more severe exine defects than either of the single
mutants.

Supplemental Figure S10. The abnormal exine pheno-
type in the rockl-1 allele of TEX2 is rescued by the
PTEXZ::TEXZ-GFPi"t transgenic construct.

Supplemental Figure S11. TEX2 is localized to the ER, al-
though its subcellular localization can be affected by the po-
sition of the fluorescent protein tag.

Supplemental Figure S12. Schematic structures of TEX2,
UGNT1, and two chimeric proteins.

Supplemental Figure S13. Staining of anthers at the tet-
rad stage of development with additional antibodies against
AGPs.

Supplemental Figure S14. Enlarged views of tetrad-stage
microspores stained for AGPs with JIM8 and JIM15 antibod-
ies and presented in Figures 8, 10.

Supplemental Figure S15. Larger versions of images of
anthers from single mutants of the carbohydrate-related ex-
ine-patterning genes shown as insets in Figure 9.

Supplemental Figure S16. Pollen grain development is
disrupted in the tex2 spg3 double mutant, but the abnormal
inclusions are not suppressed.
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Supplemental Figure S17. The double tex2 upex1 mutant
has more severe exine defects than either of the single
mutants.
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