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Abstract
Formation of pollen wall exine is preceded by the development of several transient layers of extracellular materials
deposited on the surface of developing pollen grains. One such layer is primexine (PE), a thin, ephemeral structure that is
present only for a short period of time and is difficult to visualize and study. Recent genetic studies suggested that PE is a
key factor in the formation of exine, making it critical to understand its composition and the dynamics of its formation. In
this study, we used high-pressure frozen/freeze-substituted samples of developing Arabidopsis (Arabidopsis thaliana) pollen
for a detailed transmission electron microscopy analysis of the PE ultrastructure throughout the tetrad stage of pollen
development. We also analyzed anthers from wild-type Arabidopsis and three mutants defective in PE formation by
immunofluorescence, carefully tracing several carbohydrate epitopes in PE and nearby anther tissues during the tetrad and
the early free-microspore stages. Our analyses revealed likely sites where these carbohydrates are produced and showed
that the distribution of these carbohydrates in PE changes significantly during the tetrad stage. We also identified tools for
staging tetrads and demonstrate that components of PE undergo changes resembling phase separation. Our results indicate
that PE behaves like a much more dynamic structure than has been previously appreciated and clearly show that
Arabidopsis PE creates a scaffolding pattern for formation of reticulate exine.

Introduction
Pollen grains are protected by a complex, multi-layered pol-
len wall. Exine, the outer layer of the pollen wall, is particu-
larly remarkable. It is composed of an unusual biopolymer,
sporopollenin, assembling on the pollen surface into intri-
cate, and diverse species-specific patterns (Ariizumi and
Toriyama, 2011). Unlike other plant cell walls, produced by
the cells they will eventually cover, exine is formed through
an unusual partnership between microspores (cells of male
reproductive lineage developing into pollen grains) and the

nearby sporophytic layer of tapetum (Ariizumi and
Toriyama, 2011; Wang and Dobritsa, 2018). Tapetum synthe-
sizes most sporopollenin precursors and possibly other com-
ponents required for exine formation, which are then
transported to the surface of microspores to assemble into
exine or create conditions for its assembly. Microspores
likely also produce some materials for exine formation, al-
though their role in this process is less clear.

The general order of events during the exine formation is
well defined (Heslop-Harrison, 1968; Owen and Makaroff,
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1995; Ariizumi and Toriyama, 2011; Quilichini et al., 2014).
The process begins at the tetrad stage of pollen develop-
ment when clusters of four sister microspores generated via
meiosis by the microspore mother cell (MMC) are tempo-
rarily kept together under the protective layers of the callose
wall (CW) and the MMC primary cell wall overlying the
CW. During the tetrad stage, the plasma membrane (PM) of
each microspore starts separating from the CW, forming
undulations. Around the same time, a thin layer of extracel-
lular matrix, known as primexine (PE), forms between the
microspore PM and the CW. PE is thought to serve as a
scaffold for the formation of the incipient exine elements,
probaculae, and protectum, which appear within the PE ma-
trix at the late tetrad stage and may contain early sporopol-
lenin (Heslop-Harrison, 1968). At the end of the tetrad
stage, the CW is dissolved and free unicellular microspores
are released into the anther locule. During the free-
microspore stage, PE gradually disappears, while the thin
probaculae and protectum become, respectively, trans-
formed into more massive column-like baculae and roof-like
tectum, the sporopollenin-based elements of the mature
exine.

Although this sequence of events seems to be fairly con-
sistent across species (Blackmore et al., 2007; Ariizumi and
Toriyama, 2011; Shi et al., 2015; Wang and Dobritsa, 2018;
Gabarayeva and Grigorjeva, 2021), the contribution of PE to
this process remains unclear. Genetic studies in Arabidopsis
(Arabidopsis thaliana) and rice (Oryza sativa) confirm the
importance of PE to exine development. In multiple
mutants of these species, PE defects are strongly associated
with the inability to form normal exine and, often, with pol-
len lethality (Paxson-Sowders et al., 2001; Ariizumi et al.,
2004; Guan et al., 2008; Chang et al., 2012; Li et al., 2020;
Mondol et al., 2020; Xu et al., 2020). Yet, there is little direct
evidence to support the hypothesis that PE acts as an exine
scaffold.

Given the importance of PE to the formation of exine, it
is critical to understand its structure and composition. Yet,
PE has been challenging to characterize. The tetrad stage is
one of the briefest in pollen development and, correspond-
ingly, hard to identify and capture: only one or two floral
buds in a typical Arabidopsis inflorescence have microspores
at this stage. Thus, there are no transcriptomic/proteomic
studies of this stage. Biochemical analysis of PE is also a chal-
lenge, due to scarcity of material and its inaccessible posi-
tion under other extracellular layers. In addition, occupying
a narrow space of �100 nm between the microspore PM
and the CW, PE is hard to visualize. While high-resolution
transmission electron microscopy (TEM) has been used as
the primary approach to see PE, the relatively low electron
density of this structure, the challenge of obtaining pollen at
this stage, and the fact that TEM—especially in chemically
fixed samples—is often prone to artifacts, make it difficult
to carefully observe PE throughout the duration of the
tetrad stage and compare results obtained by different
groups. With few exceptions (e.g. Fitzgerald and Knox, 1995;

Paxson-Sowders et al., 2001; Quilichini et al., 2014;
Gabarayeva and Grigorjeva, 2021), most publications on ex-
ine formation have resorted to providing a single image of
PE-containing tetrad-stage microspores, potentially missing
brief but critical events occurring at this stage or inadver-
tently comparing samples collected at different developmen-
tal moments.

Despite these challenges, some ideas about PE have
emerged. While its exact composition is unknown, PE is
thought to contain polymeric carbohydrates, such as cellu-
lose and pectin (Heslop-Harrison, 1968; Rhee and Somerville,
1998; Majewska-Sawka and Rodriguez-Garcia, 2006). Recent
studies of Arabidopsis mutants have suggested that xylan
and arabinogalactans might also serve as components of PE
(Li et al., 2017; Suzuki et al., 2017). Biophysical modeling of
exine patterning and attempts to recapitulate exine forma-
tion in vitro suggested that, to create proper conditions for
exine patterning, components of PE may undergo phase
separation (Radja et al., 2019; Gabarayeva and Grigorjeva,
2021). TEM studies of PE in chemically fixed samples from
purple passionflower (Passiflora incarnata) and Carolina all-
spice (Calycanthus floridus) were consistent with phase sepa-
ration (Radja et al., 2019; Gabarayeva and Grigorjeva, 2021),
although the details of this process and its universality
remained unclear.

Here, we present a systematic analysis of PE throughout
the tetrad stage of development, reconstructing the se-
quence of events associated with this transient layer in
Arabidopsis, the primary model organism for molecular-
genetic studies of exine formation. Our goals were (1) to de-
termine if PE undergoes changes in its structure and compo-
sition as the tetrad-stage progresses, including changes
indicative of phase separation and (2) to define characteris-
tic components that can serve as temporal landmarks for
different substages of the tetrad stage. To this end, we per-
formed TEM analysis of PE in high-pressure frozen/freeze-
substituted samples and used immunofluorescence micros-
copy to carefully trace several carbohydrate epitopes in PE
and surrounding tissues during the tetrad stage of pollen de-
velopment in wild-type and several PE mutants. Our study
revealed a much more dynamic picture of PE than previ-
ously appreciated and identified temporal landmarks and
probes that will be useful for future analyses of this
structure.

Results and discussion

TEM analysis of microspores at the tetrad stage
reveals distinct changes in the PE ultrastructure
To better understand the events happening in PE, we fo-
cused specifically on the tetrad stage of Arabidopsis pollen
development and examined the ultrastructure of PE
throughout this stage using TEM. To preserve this delicate
layer and avoid artifacts commonly associated with chemical
fixation, we prepared samples using rapid high-pressure
freezing followed by freeze substitution. TEM was done on
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Columbia-0 (Col-0), inaperturate pollen1 (inp1-1), and large
and square pollen6 (lsq6) plants, which, while differing in
pollen aperture patterns, have identical reticulate exine pat-
terns (Dobritsa et al., 2011). Exine and PE are thicker in tet-
raploid lsq6 than in the other two diploid genotypes,
making its PE easier to visualize, yet no differences in the
process of PE formation were noticed between the three
genotypes. In total, tetrads from 44 anthers were examined
(8 wild-type Col-0, 13 lsq6, and 23 inp1), spanning the dura-
tion of the tetrad stage and, when combined, allowing us to
reconstruct the order of events within the PE layer.

At the early tetrad stage, microspore PM was in direct
contact with the CW and only a few small tufts of PE
appeared at regular intervals between the PM and the CW
(Figure 1A; see also Figure 1J for the interpretation of all
TEM images). When a thin PE layer became visible between
the PM and the CW, it initially had homogeneous structure
and uniform, light-gray, electron density (Figure 1B). No PM
undulations were visible at that point. Later, PE became less
homogeneous, with regions of higher electron density
appearing within it. Although, at first, these regions were
barely visible (Figure 1C), they became much more promi-
nent in (presumably) slightly older microspores, with PE de-
veloping a clear periodic pattern of lighter and darker
regions (Figure 1D). Eventually, the microspore PM devel-
oped an undulating pattern, with the prominent dark
regions of PE overlying the troughs of the PM and likely
pushing the PM inward (Figure 1E). These regions seem
equivalent to the so-called “spacers” noticed in some earlier
studies of PE (Fitzgerald and Knox, 1995; Quilichini et al.,
2014). This was followed by the apparent unmixing of two
phases in PE (Figure 1F) and, eventually, the appearance of
electron-dense probaculae and protectum, predecessors of
the future exine elements (Figure 1G). In all cases where
probaculae/protectum were not fully formed, the protectum
appeared more developed than the probaculae, suggesting
that the growth of these structures occurs from the top of
PE toward the PM. Finally, in microspores with well-
developed probaculae and protectum, PE displayed clear
signs of periodic phase separation, with two phases of differ-
ent electron density visible in this layer (Figure 1H;
Supplemental Figure S1). We refer to this stage as the
“Golden Gate” stage, as the arrangement of probaculae and
the two PE phases resembles the silhouette of the epony-
mous bridge. At this stage, positions of probaculae/protec-
tum coincided with the more electron-dense phase of PE
(resembling, respectively, the towers and the main cables of
the bridge), while the less electron-dense phase occupied
the regions between the incipient exine elements (Figure 1,
H and J; Supplemental Figure S1). While the “Golden Gate”
pattern of phase separation was most easily seen in the
thicker PE of diploid lsq6 microspores (Figure 1H), it was
also observed in haploid microspores of inp1-1
(Supplemental Figure S1, A–D), as well as in haploid micro-
spores of another wild-type accession, Wassilewskija (Ws),
whose samples were prepared similarly yet separately

(Supplemental Figure S1E). A tangential section through an
inp1-1 microspore at this stage clearly demonstrated that PE
itself becomes organized into a mesh-like pattern, matching
the reticulate exine pattern in mature Arabidopsis pollen
(Figure 1I). This shows that the arrangement of the two
phases of PE can indeed create a scaffold for the developing
exine elements.

Xylan content in PE and in nearby cells changes
dynamically during the tetrad stage
Our TEM analysis shows that PE undergoes clear changes in
its ultrastructure as the tetrad stage progresses. This is likely
due to changes in its chemical content, making it important
to understand how the composition of PE changes through-
out the tetrad stage. To answer this question, we prepared
sections of 12 tetrad-containing buds collected from 7 wild-
type Arabidopsis plants and stained them with monoclonal
antibodies (mAbs) against several carbohydrates previously
proposed as possible PE components. We also stained all sec-
tions with Calcofluor White, which stains cellulose and callose
(Bidhendi et al., 2020), allowing us to see the CW around the
developing pollen and cell walls of other anther layers (except
for tapetum, whose walls lack cellulose at that point). Since,
in Arabidopsis, pollen development in different anthers of the
same bud and even different locules of the same anther is
not perfectly synchronous, we assessed these 12 buds for the
presence of pollen stages other than tetrads (Supplemental
Figure S2). This allowed us to assign tetrads from each bud to
the “early,” “middle,” or “late” substages (Supplemental Table
S1). For example, tetrads from a bud that also contained
MMCs would be at a younger stage than tetrads from a
tetrads-only bud, which, in turn, would be younger than tet-
rads from a bud that also contained released microspores.

Recent genetic analysis in Arabidopsis suggested that xylan
could be one of the components of PE, although that study
suggested it is not present until after tetrad dissolution (Li
et al., 2017). To investigate xylan content in PE, we used the
LM11 and LM10 mAbs (McCartney et al., 2005) and found
that the xylan epitopes they recognize were clearly present
in PE during the tetrad stage (Figure 2; Supplemental Figures
S3 and S4). Besides microspores (and tapetum in the case of
LM11—see below), no other anther cell layers were stained
with these antibodies.

LM11 revealed a particularly dynamic pattern of changes
in xylan in PE and in surrounding cells (Figure 2;
Supplemental Figure S3). In early tetrads, punctate LM11 sig-
nal was present both on the microspore surface (i.e. at the
position of PE) and inside the microspores, suggesting that
at this stage microspores produce xylan for PE. In middle-
and late-stage tetrads, LM11 signal in PE became continu-
ous, while the signal inside microspores disappeared. At the
late stage, puncta of LM11 signal also appeared in the an-
ther locules, and later, at the tetrad-dissolution and early
free-microspore stages, massive amounts of LM11 epitopes
were present both inside the locules and in tapetum,
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Figure 1 PE formation during the tetrad stage leads to phase separation and creates reticulate scaffold for incipient exine elements. A–I,
Transmission electron micrographs of sections through microspores at different points during the tetrad stage of development. White arrowheads
indicate light regions of PE. Black arrowheads indicate dark regions of PE. Black arrows indicate developing probaculae/protectum. Images (B–F)
are from Col-0; images (A), (G), and (I) are from inp1; image (H) is from lsq6. Scale bars = 250 nm in (A–H) and 1 mm in (I). A, At the early tetrad
stage, microspore PM directly opposes the CW and only a few tufts of PE appear between the PM and the CW. B, A thin layer of PE develops be-
tween the PM and the CW. C, Periodic light and dark regions appear within the PE. D, The separation of PE into light and dark regions becomes
obvious. E, PM undulates under the PE, with darker regions of PE corresponding to the troughs in PM. F, Phase separation within PE creates me-
nisci of light phase separated from the dark phase. G, Incipient exine elements (protectum, in particular) start forming within the dark-phase
regions. H, The “Golden Gate” stage, with clear light and dark phases of the PE and with protectum and probaculae forming within the dark-phase
regions. This image is from a diploid lsq6 microspore that has thicker PE than haploid microspores, making the structural details more visible.
Similar structures were also observed in haploid microspores at the same stage (see Supplemental Figure S1). I, A tangential cross section through
a microspore at the “Golden Gate” stage showing clear reticulate pattern of PE. J, A schematic summary of events happening at the microspore
periphery during the tetrad stage of development, with the two PE phases represented by the light and dark shades of pink and probaculae/pro-
tectum shown in black.
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suggesting that toward the end of the tetrad stage the site
of xylan production switches from microspores to tapetum.

The xylan epitope recognized by LM10 was also present in
PE, although the LM10 signal was consistently weaker than
the LM11 signal (Supplemental Figure S4). The LM10 epi-
tope showed only a punctate pattern throughout the tetrad
stage, never forming a continuous signal in PE. This indicates
that the xylan epitopes recognized by the two antibodies
likely differ in their placement within the PE. While both
mAbs can bind the unsubstituted xylan backbone, LM11
also binds strongly to more substituted xylans, such as

arabinoxylan (McCartney et al., 2005), suggesting that most
of the xylan in PE is likely substituted.

Dynamic changes during the tetrad stage also occur
in pectins in PE and surrounding tissues
In addition to xylan, pectin was also reported in PE (Rhee
and Somerville, 1998; Aouali et al., 2001; Majewska-Sawka
and Rodriguez-Garcia, 2006). We, therefore, used the JIM7
and JIM5 mAbs, recognizing, respectively, pectin homogalac-
turonans with high (HME) and low (LME) degrees of meth-
ylesterification (Clausen et al., 2003). The two antibodies

Figure 2 Distribution of the LM11 xylan epitope in wild-type anthers changes dynamically during the tetrad stage of pollen development. A,
Images from representative buds at different substages of the tetrad stage and soon after the tetrad dissolution. See Supplemental Figure S3 for
images from all 12 buds. Green, LM11 signal; magenta, Calcofluor White signal. Signal in PE is indicated by white arrowheads. Tapetum is indicated
by asterisks. Scale bars = 10 mm. B, A diagram of changes in the distribution of the LM11 epitope in tetrad-stage anthers.
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revealed somewhat different but, in both cases, dynamic
changes in the content of their respective epitopes in the
anther tissues.

At the early tetrad stage, JIM7 stained cell walls in all an-
ther layers, including tapetum and the primary cell wall sur-
rounding tetrads (the remnant of the MMC cell wall)
(Figure 3; Supplemental Figure S5). Yet, there was no JIM7 sig-
nal on the surface of microspores, indicating that there is no
HME pectin in early tetrad PE. In middle-stage tetrads, how-
ever, some punctate JIM7 signal appeared inside microspores
and a continuous signal emerged in the PE. After appearing
in PE at the middle-tetrad stage, the JIM7 signal remained
there for the duration of the tetrad stage and after micro-
spore release. Notably, at the late tetrad stage, the JIM7 signal
disappeared from two sites—the tapetal cell walls and tetrad
primary cell walls (Figure 3; Supplemental Figure S5). This
likely removes some barriers surrounding tapetum and tet-
rads in preparation for active tapetal secretion and massive
sporopollenin deposition. The characteristic dynamics of
changes in the JIM7 pattern in tapetum, PE, and the primary
cell wall of tetrads suggest that JIM7 would provide an excel-
lent probe for staging tetrads.

Unlike JIM7, JIM5 showed very little reactivity in early
tetrad-stage anthers (Figure 4; Supplemental Figure S6). The
only signal at this stage was exclusively in the cells of the an-
ther middle layer facing the neighboring locules. However, at
the middle-tetrad stage, a punctate JIM5 signal appeared in
the PE and inside the microspores (Figure 4; Supplemental
Figure S6), indicating both HME and LME pectins accumulate
at this stage in the PE. The use of JIM5 and JIM7 on the
same locules allowed us to conclude that the JIM5 signal
appears in PE slightly later than the JIM7 signal. This is consis-
tent with pectin, initially synthesized in an HME form
(Mohnen, 2008), undergoing de-esterification in PE by pectin
methylesterases. At the late tetrad stage, the initially weak
punctate JIM5 signal in PE was replaced by a strong and con-
tinuous signal, which remained there through the tetrad dis-
solution and the early free-microspore stage (Figure 4;
Supplemental Figure S6). Additionally, JIM5-positive puncta
appeared at the late stage inside the tapetal cells. Thus, the
LME pectin becomes a prominent feature of PE at later
stages. Since such compositional changes can increase pectin’s
ability to undergo cleavage (Willats et al., 2001), this might in-
dicate softening of PE. However, in some systems, the de-
methylesterified pectins can, via cross-linking with Ca2 + ions,
increase cell wall stiffness (Willats et al., 2001). Further investi-
gations will be required to probe exactly how properties of
PE are affected by pectin de-methylesterification at the end
of the tetrad stage.

No detectable arabinogalactan moieties are present
in PE of tetrad-stage microspores
We also used the JIM8 and JIM15 mAbs (Pattathil et al.,
2010) on tetrad-containing anthers to investigate the pres-
ence of arabinogalactans, also proposed to be a part of PE
(Suzuki et al., 2017). Both antibodies produced strong signals

in the primary cell walls of tetrads at the early- and middle-
tetrad stages; this signal disappeared at the late-tetrad stage.
However, in PE, no convincing signal was observed at any
stage (Supplemental Figures S7 and S8). Other anti-
arabinogalactan mAbs (JIM4, JIM13, JIM17, JIM20, and
MAC207), tested on a more limited number of buds, also
failed to produce signals in the PE of the tetrad-stage
microspores.

Immunofluorescence analysis of PE composition in
three PE mutants
After establishing how xylan and the two types of pectin
change in wild-type anthers, we used the LM11, JIM5, and
JIM7 mAbs to investigate the PE composition of three
mutants previously suspected to have abnormal PE
formation.

The first was a double mutant with the defects in
SPONGY2/IRREGULAR XYLEM9-LIKE (SPG2/IRX9L) and
IRX14L, predicted to encode glycosyl transferases required
for the elongation of the b-1-4-xylan backbone. Single muta-
tions in these genes lead to abnormalities in exine pattern-
ing (Dobritsa et al., 2011; Li et al., 2017), and earlier analysis
of PE in the spg2 mutant hinted at a defect in xylan content
(Li et al., 2017).

We used LM11 on sections of four spg2 irx9l buds with
tetrads at approximate early-to-middle and middle stages
(Supplemental Figure S9; Supplemental Table S2). Although
at the middle stage of development wild-type tetrads show
clear continuous LM11 signal in PE (Figure 2), tetrads from
all four spg2 irx14l buds showed only punctate staining
(Figure 5A), demonstrating that xylan does not accumulate
in the spg2 irx14l PE normally. Similarly, no pectin signal was
found in the spg2 irx14l PE with either JIM7 or JIM5 mAbs
(Supplemental Figure S10). This result underscored the im-
portance of proper tetrad staging. The oldest tetrads in this
case came from the tetrad-only buds which still showed the
JIM7 signal in their tapetal walls and the primary cell walls
of tetrads (Supplemental Figure S10), indicating they have
not yet reached the late-tetrad stage and could have been
too young to produce a clear JIM5 signal in PE. Still, they
should have been at the appropriate stage for the JIM7 PE
signal. The absence of this signal indicates pectin deposition
is likely also affected in the spg2 irx14l PE.

We also assessed PE composition in no PM undulation
(npu) and ruptured pollen grain1 (rpg1) mutants. In both
mutants, defects in exine deposition and associated pollen
lethality were hypothesized to be caused by defects in PE,
but the roles of these genes in exine formation remain
unclear. In npu, PE was reported absent (Chang et al., 2012),
while rpg1 was described as having irregular PE, although no
additional details about its defects were provided (Guan et
al., 2008). For npu, we obtained tetrads from four buds from
middle to late stages of development and for rpg1, tetrads
from three buds at the early, middle-to-late, and late stages
(Supplemental Figures S11 and S12; Supplemental Table S2).
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Consistent with the previously proposed lack of PE, npu
tetrads exhibited significant defects in the antibody staining
of PE (Figure 5, B–D). When stained with LM11, even
though the npu PE displayed a punctate signal characteristic
of the early tetrads, it failed to develop the continuous sig-
nal expected of the later stages analyzed here (Figure 5B). In
addition, no pectin signal appeared in the npu PE at any
stage with either JIM7 or JIM5 (Figure 5, C and D). Thus, the

npu tetrads fail to deposit xylan and both types of pectin
on the microspore surface, confirming substantial defects in
PE formation in this mutant. Except for PE, the characteristic
JIM7 patterns were normal in the npu cell walls and
changed consistently with the age of tetrads (Figure 5C),
confirming that the JIM7 pattern can serve as a reliable indi-
cator of the tetrad substages and demonstrating the specif-
icity in the loss of the PE signal in npu. On some occasions,

Figure 3 Distribution of the JIM7 highly methylesterified pectin epitope in wild-type anthers changes dynamically during the tetrad stage of pollen
development. A, Images from representative buds at different substages of the tetrad stage and soon after the tetrad dissolution. See
Supplemental Figure S5 for images from all 12 buds. Green, JIM7 signal; magenta, Calcofluor White signal. Signal in PE is indicated by white arrow-
heads. Signal in the primary cell wall is indicated by white arrows. Tapetum is indicated by asterisks. Scale bars = 10 mm. B, A diagram of changes
in the distribution of the JIM7 epitope in tetrad-stage anthers.
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JIM5 produced strong signal in the primary cell walls of the
npu tetrads (Figure 5D, bud b3). As such signal was never
observed in this layer in wild-type tetrads, it is possible that
the primary cell wall of the npu tetrads also has differences
in its pectin composition.

In contrast to npu, rpg1 PE appeared to have minor
defects, if any, in its xylan and pectin composition
(Supplemental Figure S13). The LM11 and JIM7 signals were
normal in the rpg1 tetrads, whereas the JIM5 signal, al-
though slow to develop (as late-stage rpg1 tetrads still failed
to produce a clear signal), appeared normal in released
microspores.

Conclusions
Altogether, our results demonstrate that PE in develop-
ing Arabidopsis microspores behaves as a highly dynamic
layer that changes its xylan and pectin composition and
modifies its ultrastructure throughout the tetrad stage
of development, ultimately creating distinct phases of
higher and lower electron density. At the late tetrad
stage, these phases become organized in a pattern that
provides a scaffold for the development of exine ele-
ments, allowing them to assemble into a reticulate pat-
tern. Our findings also suggest that, in the future, care
should be taken when comparing different samples to

Figure 4 Distribution of JIM5 low-methylesterified pectin epitope in wild-type anthers changes dynamically during the tetrad stage of pollen de-
velopment. A, Images from representative buds at different substages of the tetrad stage and soon after the tetrad dissolution. See Supplemental
Figure S6 for images from all 12 buds. Green, JIM5 signal; magenta, Calcofluor White signal. Signal in PE is indicated by white arrowheads.
Tapetum is indicated by asterisks. Scale bars = 10 mm. B, A diagram of changes in the distribution of the JIM5 epitope in tetrad-stage anthers.
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properly stage tetrads and that JIM7 provides a conve-
nient staging tool.

Materials and methods

Plant material and growth conditions
Arabidopsis (A. thaliana) plants of the following genotypes
were used: wild-type Col-0, inp1-1 (Dobritsa et al., 2011),
lsq6 (Dobritsa et al., 2011), double mutant spg2/irx9l
(SALK_037323) irx14l (SALK_066961), npu-2 (Salk_062174),
and rpg1-1 (Salk_142803). Plants were grown at 22�C under
the 16-h light/8-h dark cycle in growth chambers at the

OSU Biotechnology greenhouse with F96T12 fluorescent
lamps and 60-W incandescent bulbs providing the 120–
150lmol m–2 s–1 white light, or at UW-Milwaukee in a
Percival AR66L Arabidopsis chamber with FO17/741 Eco
fluorescent lamps and 25-W incandescent bulbs providing
100–125lmol m–2 s–1 white light.

High-pressure freezing and freeze substitution
On days when high-pressure freezing was performed, plants
were removed from the growth chamber at UW-Milwaukee
and placed into a Rubbermaid chest cooler (Model 1848).

Figure 5 Distribution of the LM11 xylan, JIM7 highly methylesterified pectin, and JIM5 low-methylesterified pectin epitopes in tetrad-containing
anthers of spg2 irx14l and npu mutants. Green, signals from indicated anti-carbohydrate antibodies; magenta, Calcofluor White signal. Signal in PE
is indicated by white arrowheads. Signal in the primary cell wall is indicated by white arrows. Tapetum is indicated by asterisks. Scale bars = 10
mm. Compare with wild-type anthers in Figures 2–4.
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To maintain humidity, pot-holding trays were placed onto a
layer of wet cellulose sponges, then transported to
University of Wisconsin-Madison by car (�1.5–h trip).
Flower buds of appropriate sizes were dissected under ster-
eomicroscopes in drops of 0.1 M sucrose. A single anther
was removed from each bud, placed onto a microscope slide
in a drop of sucrose solution, squashed under a coverslip,
and examined with a compound microscope. When tetrads
were present, the rest of the bud was placed into the de-
pression of a Pelco Type B freezer hat (Ted Pella, 39201)
pre-coated with 3% (w/v) lecithin in chloroform and con-
taining 0.1 M sucrose (Kiss and Staehelin, 1995). A freezer
hat (planchet) with multiple buds was placed into the sam-
ple holder of a high-pressure freezer (ABRA Fluid AG Model
HPM 010), and a second Type B hat was placed on top of
it, flat side down. Planchets were frozen with the high-
pressure freezer, then removed from the sample holder un-
der liquid nitrogen (LN2), placed into cryovials in LN2,
snapped into canes, transferred into a Taylor Wharton CP
30 cryogenic shipper, and transported to UW-Milwaukee.

Frozen material was freeze-substituted in 2% (w/v) OsO4

in acetone using a Leica AFS. Cryovials with freeze-
substitution medium were frozen in LN2 and placed into
the chamber of the cooled AFS. Planchets with frozen mate-
rial were placed on top of the solid freeze-substitution me-
dia, cryovials were sealed, and the first program was started
(T1 = –100�C, 1 h; S1 = + 5�C, 2 h; T2 = –90�C, 168 h;
S2 = + 5�C, 14 h; T3 = –20�C, 4 h), followed by the second
program (T1 = –20�C, 0.1 h; S1 = + 4�C, 6 h; T2 = 4�C, 2 h;
S2 = + 8�C, 0.5 h; T3 = 8�C, 1 h). The cryovials were then re-
moved and kept at room temperature for 2 h, and the solu-
tion in cryovials was replaced with anhydrous acetone (five
changes, 5 min each). Contents of cryovials with the same
genotype were pooled into a glass dish, and individual
anthers were transferred with Pasteur pipet under a stereo-
microscope into a 1-dram glass shell vial containing anhy-
drous acetone. Anthers were then infiltrated with modified
Spurr’s resin in anhydrous acetone (Holdorf et al., 2012)
without accelerator, according to the schedule adapted
from (Kang, 2010): 5% (v/v) resin, overnight; 10% (v/v) resin,
4 h; 20% (v/v) resin, 4 h; 40% (v/v) resin, minimum of 4 h;
60% (v/v) resin, minimum of 4 h; 80% (v/v) resin, minimum
of 4 h; 100% resin, 48 h. Several changes were then made ev-
ery 24 h into 100% resin with accelerator, prepared fresh ev-
ery day. Following infiltration, individual anthers were placed
into 21-cavity EM embedding molds (Ted Pella, #10505), ori-
ented for cross-sectioning, and polymerized for 48 h at 60�C.

TEM
Pale gold sections were cut using a Reichert-Jung Ultracut E
ultramicrotome, placed onto 200 or 400 mesh copper grids,
stained with 2% (w/v) uranyl acetate in 70% (v/v) methanol,
followed by Reynold’s Lead Citrate. Sections were examined
with a Hitachi H-600 transmission electron microscope oper-
ating at 75 kV. Images were captured with Kodak 4489 film,
developed, and scanned at 2,000 dpi using an Epson
Perfection V750 Pro scanner to obtain digital images.

Tetrads from 44 anthers were examined (8 wild-type Col-0,
13 lsq6, and 23 inp1).

Immunofluorescence labeling
Main inflorescences of Arabidopsis 1 week after bolting were
fixed in 2.5% (v/v) glutaraldehyde, 1% (v/v) Triton X-100, 0.1
M HEPES, pH 7.2, and flower buds from each inflorescence
were individually embedded in LR White resin (Hard grade;
Ted Pella). The inflorescence fixation, bud embedding, sec-
tioning, immunofluorescent labeling, and imaging were per-
formed as previously described (Wang and Dobritsa, 2021).
Tetrad-containing buds were first identified with brightfield
microscopy on toluidine blue-stained cross-sections and
confirmed by Calcofluor White (0.02% (w/v)) staining and
confocal microscopy. The rat LM10 and LM11 mAbs
(Megazyme, Bray, Ireland) were used at 1:100 dilution. The
rat JIM4, JIM5, JIM7, JIM8, JIM13, JIM15, JIM17, JIM20, and
MAC207 mAbs (CarboSource Service, Athens, GA, USA)
were used at 1:40 dilution. The secondary antibody (goat
anti-rat-Alexa 488; Thermo Fisher, Waltham, MA, USA) was
used at 1:100 dilution. Sections were examined with Nikon
A1 + confocal microscope (100� objective, NA = 1.45).
Alexa 488 and Calcofluor White were sequentially excited by
the 488 and 405 nm lasers, and signals were collected sepa-
rately at 500–550 nm (Alexa 488) and 450 nm (Calcofluor
White). The parameters of laser power and high voltage
(gain) were set up, respectively, at 10% and 140 for LM10;
5%–10% and 85–120 for LM11; 10% and 120 for JIM5; 10%
and 90 for JIM7; 10% and 125 for JIM8; 10% and 120–125
for JIM15, and 10% and 80–90 for Calcofluor White.
Experiments were repeated 3 times, with similar results.

Accession numbers
The Arabidopsis Genome Initiative accession numbers for
the genes used in this study are the following: At1g27600
(SPG2/IRX9L), At5g67230 (IRX14L), At3g51610 (NPU), and
At5g40260 (RPG1).

Supplemental data
The following materials are available in the online version of
this article.
Supplemental Table S1. Assignment of tetrads from 12

wild-type buds used for immunofluorescence analysis to
early, middle, or late substages
Supplemental Table S2. Assignment of tetrads from mu-

tant buds used for immunofluorescence analysis to early,
middle, or late substages
Supplemental Figure S1. Additional TEM images of

tetrad-stage microspores at the “Golden Gate” stage of PE
development.
Supplemental Figure S2. Sections of the 12 wild-type

buds stained with Calcofluor White used for the tetrad sub-
stage assignment.
Supplemental Figure S3. Distribution of the LM11 xylan

epitope in tetrad-containing anthers from all 12 wild-type
buds.
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Supplemental Figure S4. Distribution of the LM10 xylan
epitope in tetrad-containing anthers from all 12 wild-type
buds.
Supplemental Figure S5. Distribution of the JIM7 highly-

methylesterified pectin epitope in tetrad-containing anthers
from all 12 wild-type buds.
Supplemental Figure S6. Distribution of the JIM5 low-

methylesterified pectin epitope in tetrad-containing anthers
from all 12 wild-type buds.
Supplemental Figure S7. Distribution of the JIM8 arabi-

nogalactan epitope in tetrad-containing anthers from wild-
type buds.
Supplemental Figure S8. Distribution of the JIM15 arabi-

nogalactan epitope in tetrad-containing anthers from wild-
type buds.
Supplemental Figure S9. Sections of four spg2 irx14l buds

stained with Calcofluor White used for the tetrad substage
assignment.
Supplemental Figure S10. Distribution of the JIM7 highly

methylesterified pectin and JIM5 low-methylesterified pectin
epitopes in tetrad-containing spg2 irx14l double mutant
anthers.
Supplemental Figure S11. Sections of four npu buds

stained with Calcofluor White used for the tetrad substage
assignment.
Supplemental Figure S12. Sections of three rpg1 buds

stained with Calcofluor White used for the tetrad substage
assignment.
Supplemental Figure S13. Distribution of the LM11 xylan,

JIM7 highly-methylesterified pectin, and JIM5 low-
methylesterified pectin epitopes in tetrad-containing rpg1
mutant anthers.
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