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Abstract The primexine formation and plasma membrane undulation are the crucial steps of pollen wall for-
mation in many angiosperms. However, the molecular mechanism underlining these processes is largely
unknown. In Arabidopsis, NEW ENHANCER OF ROOT DWARFISM1 (NERD1), a transmembrane protein,
was reported to play pleiotropic roles in plant development including male fertility control; while, how
NERD1 disruption impacts male reproduction is yet unclear. Here, we revealed that the male sterility of
nerd1 mutants is attributed to defects in early steps of pollen wall formation. We found that nerd1-2 is
void of primexine formation and microspore plasma membrane undulation, defective in callose
deposition. Consequently, sporopollenin precursors are unable to deposit and assemble on the
microspore surface, but instead accumulated in the anther locule and tapetal cells, and ultimately
leading to microspore abortion. NERD1 is localized in the Golgi and is expressed in both vegetative and
reproductive organs, with the highest expression in reproductive tissues, including the tapetum, male
meiocytes, tetrads and mature pollen grains. Our results suggest that NERD1 is required for the
primexine deposition and microspore plasma membrane undulation, thus essential for sporopollenin
assembly and pollen exine formation.
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INTRODUCTION

In angiosperms, generation of the male gametophyte
(pollen) is critical for successful sexual reproduction. To
adapt to the harsh environmental conditions and facil-
itate pollination, pollen grains have developed a highly
organized and protective cell wall which contains an
outer exine layer consisting of nexine and sexine, and an
inner intine layer (Ariizumi and Toriyama 2011; Pif-
fanelli et al. 1998). The exine is mainly composed of
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sporopollenin; while the intine consists mainly of cel-
lulose and pectin (Ariizumi and Toriyama 2011).
Increasing evidence suggests that both the innermost
anther wall, the tapetum, and microspores contribute to
exine development; while, the formation of intine is
largely controlled by microspores (Shi et al. 2015).

Cytological observations show that the formation of
pollen exine starts with the appearance of a cellulosic
primexine (Ariizumi and Toriyama 2011). During
meiosis, male meiocytes are surrounded by a temporary
callose wall. At the tetrad stage, primexine is developed
between the plasma membrane of microspores and the
callose wall, and the plasma membrane exhibits dis-
tinctive undulations that are common to various species.
In Arabidopsis, sporopollenin precursors initially
deposit on the top of the undulations and assemble in a
species-specific pattern. The deposition and assembly of
sporopollenin continues till about the second mitotic
division of male gametophytes (Ariizumi and Toriyama
2011; Shi et al. 2015). Several lines of evidence indicate
that the primexine provides information for initial
sporopollenin deposition sites (Ariizumi and Toriyama
2011). Disruption of genes involved in primexine
deposition disturbs or abolishes pollen exine formation
and patterning (Xu et al. 2016).

Several transmembrane proteins have been reported
to be essential for primexine formation in Arabidopsis.
DEFECTIVE IN EXINE FORMATION1 (DEX1) and its
homolog in rice, OsDEX1 encode a novel membrane-as-
sociated protein that contains several potential calcium-
binding domains (Paxson-Sowders et al. 1997, 2001; Yu
et al. 2016). The dex1 mutant has defective pollen wall
pattern due to significantly reduced primexine deposi-
tion and lacking plasma membrane undulation (Paxson-
Sowders et al. 1997, 2001). Mutants of NO EXINE FOR-
MATION1 (NEF1), encoding a predicted plastid integral
membrane protein, fail to form pollen exine due to the
coarsely developed primexine and disrupted sporopol-
lenin deposition onto the microspore plasma membrane
(Ariizumi et al. 2004). NO PRIMEXINE AND PLASMA
MEMBRANE UNDULATION (NPU) encodes a membrane
protein, and its mutation led to significantly impaired
early stage pollen wall formation, causing defective
callose synthesis, and no primexine deposition and
plasma membrane undulation (Chang et al. 2012).
Meanwhile, genes involved in carbohydrate and lipid
metabolism or transport have also been reported to be
important for the primexine formation. RUPTURED
POLLEN GRAIN1 (RPG1)/(AtSWEET8) and RPG2 belong
to the MtN3/saliva family and function as sugar efflux
transporters (Chen et al. 2010). The rpg1 mutant exhi-
bits much less primexine deposition and abnormal
plasma membrane undulation. rpg1 is partially male

sterile; while, rpg1rpg2 is almost completely male
sterile, suggesting that RGP2 may be also involved in the
primexine formation (Guan et al. 2008; Sun et al. 2013).
KAONASHI4 (KNS4)/UNEVEN PATTERN OF EXINE1
(UPEX1) encodes a type-II arabinogalactan b-(1,3)-
galactosyltransferase. Mutation of KNS4 significantly
diminishes arabinogalactan-protein (AGP) and changes
location of AGPs as well as pectins, leading to defective
primexine matrix (Li et al. 2017; Suzuki et al. 2017).
Recently, ACYL-COA SYNTHETASE5 (ACOS5), one of the
key enzymes responsible for sporopollenin biosynthe-
sis, has been identified to be also critical for pollen wall
formation by affecting primexine formation and
sporopollenin assembly (Xie et al. 2017). The primexine
formation is tightly regulated at the transcription level
and by plant hormones. Hackly Microspore (HKM)/
MALE STERILITY1 (MS1), a PHD transcription factor
(Ariizumi et al. 2005; Ito and Shinozaki 2002; Wilson
et al. 2001) and EXINE FORMATION DEFECT (EFD), a
nuclear-localized de novo DNA methyltransferase (Hu
et al. 2014) have been reported to be key regulators of
the primexine formation and exine patterning. TRAN-
SIENT DEFECTIVE EXINE1 (TDE1)/DE-ETIOLATED2
(DET2) is a key enzyme in the brassinosteroid (BR)
biosynthesis. det2 is defective in primexine deposition
and probaculae formation, which can be recovered by
exogenous application of brassinosteroids (Ariizumi
et al. 2008).

NERD1, a transmembrane protein, was identified to
play an important role in influencing primary root
growth, root hair expansion, and hypocotyl elongation
(Cole et al. 2018), as well as the ovule number and plant
fertility (Yuan and Kessler 2019). Nevertheless, how the
NERD1 regulate male gametophyte development
remains unclear. In this study, we revealed that pollen
abortion in nerd1 mutants is caused by the absence of
primexine formation and plasma membrane undulation,
as well as defective callose deposition and exine pat-
terning, suggesting that NERD1 plays an important role
in early pollen wall formation.

RESULTS

Microsporogenesis in nerd1 is disrupted
after meiosis

To understand the role of NERD1 in male reproduction,
we characterized the developmental defects that
occurred in the anther and pollen grains of nerd1
mutants. A previously reported allele of nerd1
(SALK_018060C, named nerd1-2), which contains a
T-DNA insertion in the seventh exon of the open reading
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frame of At3g51050 (Fig. S1A), was used for further
phenotypic analysis. We also used the CRISPR/Cas9
system to create two additional nerd1 alleles that con-
tain mutations within the third exon of NERD1: nerd1-5
containing a 1-bp insertion and nerd1-6 containing a
32-bp deletion, both leading to frame shift and prema-
ture translational termination (Fig. S1A).

Consistent with the previous reports, we observed a
shorter primary root in the nerd1-2mutant (Fig. S2B, C).
Additionally, nerd1-2 exhibited slightly dwarf plant sta-
ture with reduced rosette leaf size (Figs. 1, S2A),
delayed bolting for about 10 days (Fig. S2D, E) and
much fewer flowers (Fig. S2F, G) when compared with
the wild type. Most prominently, nerd1-2, nerd1-5 and
nerd1-6 were all completely male sterile (Fig. 1A). No
pollen grains were found on the surfaces of anthers and
stigmas in all three alleles (Fig. 1B). Alexander’s stain-
ing showed that pollen grains of all three nerd1 mutant
alleles lost the viability at the mature stage and were
completely degraded (Fig. 1C). SEM examination also
confirmed the result of pollen viability analysis, reveal-
ing no pollen grains but only debris inside the anther
locules of the three nerd1 mutant alleles (Fig. 1E–G).
These results indicated that NERD1 affects male fertility,
mainly in the process of pollen development.

To further reveal the function of NERD1 in male
reproduction, semi-thin sections were performed to
compare the process of anther and pollen development
between wild type and nerd1-2, using previously
defined classification of anther developmental stages
(Sanders et al. 1999). At the tetrad stage (stage 7), both
wild-type and nerd1-2 microspore mother cells com-
pleted meiosis and formed tetrads (Fig. 2A, F). At the
early uninucleate stage (stage 8), the young microspores
were normally released from the tetrads in wild-type
and nerd1-2 anthers (Fig. 2B, G). At the late free
microspore stage (stage 9), microspores of wild type
became vacuolated. By contrast, the development of
nerd1-2 microspores was arrested, with many lightly
stained particles accumulating around the microspores
(Fig. 2C, H). At the stages 10 and 11, wild-type micro-
spores experienced mitotic division to form bicellular
pollen, which proceeded into mature pollen grains
(Fig. 2D, E). On the contrary, nerd1-2 microspores
became degenerated, resulting in the presence of cell
debris in the anther locule (Fig. 2I, J). These observa-
tions indicated that loss of function of NERD1 results in
developmental arrest and degeneration of microspores
after the early uninucleate microspore stage.

Fig. 1 Characterization of the nerd1 mutants. A Comparison of vegetative and reproductive development between wild type, nerd1-2,
nerd1-5 and nerd1-6 (from left to right). B Comparison between wild-type and mutant dissected flowers at anthesis (from left to right).
Note that there are no mature pollen grains on the mutant anthers and stigmas. C Alexander staining shows viable pollen in the wild-type
anther and no viable pollen is detected in nerd1-2, nerd1-5 and nerd1-6 mutant anthers (from left to right). D–G SEM observation of
mature pollen grains and dehiscent anthers of wild type and mutant at stage 12. Wild-type pollen grain with a regular reticulate exine
pattern (D), while the nerd1-2 (E), nerd1-5 (F), and nerd1-6 (G) anthers showing degenerated microspore debris in the anther locule.
A anther, De debris, Ov ovary, Sg stigma. Scale bars: A 5 cm; B 1 mm; C 100 lm; D–G 10 lm
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No exine formation occurs in nerd1-2

To further elucidate the cause of pollen abortion in
nerd1-2 plants, TEM observations were carried out
using wild-type and nerd1-2 microspores from the tet-
rad to tricellular pollen stage (Figs. 3, S3). At the tetrad
stage (stage 7), wild-type tetrads were enclosed by a
thick layer of callose wall and a thin layer of primexine.
The incipient baculae (probaculae) was seen to develop
on the peaks of undulating plasma membrane (Figs. 3A,
S3A). In contrast, neither primexine formation nor
microspore membrane undulation was observed in
nerd1-2 (Figs. 3B, S3B). At the uninucleate microspore
stage (stage 8), sporopollenin accumulated to form
baculae with similar size that was regularly deposited
on wild-type microspores (Figs. 3C, S3C). However, in
nerd1-2 microspores, sporopollenin accumulated into a
few crescent-shaped particles which were randomly
distributed surrounding the microspores (Figs. 3D,
S3D). At the bicellular pollen stage (stage 11), the bac-
ulae and tectum became larger and thicker to form
complete exine in the wild type (Figs. 3E, S3E). How-
ever, plasma membrane of the nerd1-2 microspores
became disintegrated, and the anther locule filled with a
lot of irregular aggregated sporopollenin particles
(Figs. 3F, S3F). At the tricellular pollen stage (stage 12),
pollen wall formation in the wild-type pollen was
completed. Tryphine (also called pollen coat) filled in
cavities of the exine, the underneath nexine and intine
became thicker (Figs. 3G, S3G). While in nerd1-2, the
microspores were completely degraded, only debris and

sporopollenin aggregates were seen inside the anther
locules (Fig. S3H). TEM observations showed that pollen
abortion in nerd1-2 was the consequence of absence of
primexine formation and plasma membrane undulation.

It has been reported that xylan and pectin are com-
ponents of the primexine in Arabidopsis (Li et al. 2017;
Suzuki et al. 2017). To further confirm the absence of the
primexine in nerd1-2, we used specific antibodies for
xylan (LM10) and de-esterified pectin (CCRC-M38) to
visualize the differences in wild-type and mutant micro-
spores. Confocal laser scanning micrographs showed that
the LM10 and CCRC-M38 strongly labeled the peripheries
of wild-type microspores in late tetrad stage (Fig. 4A, C).
In contrast, no signals were observed in nerd1-2 tetrads
(Fig. 4E, G). In wild-type microspores at early unicellular
microspore stage, the LM10 and CCRC-M38 signals were
distributed at the base of incipient sporopollenin which
counterstained with Auramine O (Fig. 4I–L). However, in
nerd1-2, microspore did not show any detectable xylan
and pectin signals, while surrounding with numerous
crescent-shaped sporopollenin granules verified by Aur-
omine O staining (Fig. 4M–P). These results demonstrate
that nerd1-2 microspores were unable to develop the
primexine.

Abnormal accumulation of sporopollenin
in the locule wall of nerd1-2

TEM observations revealed no difference in the tapetal
layer between wild type and nerd1-2 at meiotic stages
(Fig. 5A, E). The tapetum in Arabidopsis has specialized

Fig. 2 Transverse section analysis of developing anther in wild-type (A–E) and nerd1-2 (F–J). A, F Anther at tetrad stage. B, G early
uninucleate microspore stage. C, H late uninucleate microspore stage. Degenerated microspores clearly seen within the locule of nerd1-2.
D, I vacuolated pollen stage. E, J bicellular pollen stage. Complete degeneration of nerd1-2 microspores in anther locule. E epidermis, En
endothecium, Msp microspores, PG pollen grains, Rm remnants of cell, T tapetum, Tds tetrads. Scale bars: 20 lm
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storage organelles, i.e., endoplasmic reticulum (ER)-
derived tapetosomes and plastid-derived elaioplasts,
which synthesize and store pollen coat materials, such
as flavonoids, neutral lipids, and steryl esters (Hsieh and
Huang 2007). At early uninucleate microspore stage,
elaioplasts containing multiple electron-translucent
plastoglobules were present throughout the wild-type
tapetal cytoplasm, and clustered at the cell periphery
(Fig. 5B). In nerd1-2, although the appearance of the
elaioplasts was very similar, numerous electron-dense
granule aggregations that were not observed in the
wild-type anther appeared in the tapetum facing locule
wall between the middle layer and the tapetum (Fig. 5F;
indicated by red arrows). These deposits looked similar
to sporopollenin aggregates that failed to attach prop-
erly to the microspore plasma membrane in nerd1-2
(Fig. 3M, N). Sporopollenin-like aggregates continued to
accumulate in the locule wall at later stages (Fig. 5G, H;
indicated by the red arrows). These observations sug-
gest that mutations in NERD1 interfere with the secre-
tion of pollen wall components from the tapetum into
microspore cell wall.

NERD1 is highly expressed in male reproductive
organs

In silico expression analysis using public database
showed that NERD1 is ubiquitously expressed in both
vegetative and reproductive tissues (Fig. S4). To validate
these data, spatial and temporal expression ofNERD1was
analyzed by qRT-PCR, which detected NERD1 expression
in vegetative tissues including roots, stems, and leaves,
with the highest expression in flowers (Fig. 6A). GUS
staining of transgenic plants expressing the b-glu-
curonidase marker protein (GUS) driven by the NERD1
promoter (NERD1pro:GUS) showed that the GUS signal
could be detected in young seedlings, flowers, and par-
ticularly in late-stage anthers and pollen grains (Fig. 6B,

C, E, F). Sections of stained floral buds exhibited the GUS
signals mainly in the tapetum, microspores at vacuolated
stage, and mature pollen grains (Fig. 6D, G).

To further elucidate the localization of NERD1 in the
anther, a translational fusion of the full-length genomic
DNA of NERD1 and eGFP under the control of the native
NERD1 promoter was created (Fig. 7A). Transgenic plants
expressing NERD1pro::NERD1-eGFP fully restored the fer-
tility of nerd1 (Fig. 7B, C). Consistent with the previous
reports (Cole et al. 2018; Yuan and Kessler 2019), trans-
genic plants expressing NERD1pro::NERD1-eGFP showed
fluorescence signal accumulating in punctate compart-
ments in root cells, indicating that it is a Golgi-localized
protein (Fig. S5). In the anther of transgenic plants
expressing NERD1pro::NERD1-eGFP, the GFP fluorescence
was first detected in the male meiocytes and tapetum at
the meiosis stage (stage 6; Fig. 7D), and became stronger
in tapetum and tetrads at tetrad stage (stage 7; Fig. 7E),
and then reached the highest level in both tapetum and
anther locules at early free microspore stage (stage 8;
Fig. 7F); the fluorescence gradually decreased at late free
microspore stage (stage 9, Fig. 7G). Thefluorescence in the
tapetum and anther locules disappeared at stage 10
together with the degeneration of the tapetum layer, while
the signal in the pollen wall could still be detected
(Fig. 7H). These gene expression and protein localization
data supported the role of NERD1 in early anther and
pollen development.

Mutation in NERD1 alters expression patterns
of several genes associated with primexine
formation or callose formation

Because the primexine formation and plasma membrane
undulation were disrupted and no exine was formed in
nerd1-2, qRT-PCR was used to examine the expression of
several genes that areknown tobe associatedwith callose
deposition, primexine and exine formation. The expres-
sion levels of NEF1, NPU, CALS5, RPG1, DEX1 and EFD
were significantly down-regulated in nerd1-2 anthers to
different extents (Fig. 8). CALS5 is vital for callose wall
formation (Dong et al. 2005; Nishikawa et al. 2005) and
the decrease in CALS5 expressionwas consistent with the
observation that the callose wall surrounding the micro-
spores in the nerd1-2 was thinner than that in wild type
(Fig. S6). In addition, the expression of CALS5 was also
largely down-regulated in several other primexine for-
mation defective mutants, including rpg1, npu, dex1 and
efd (Chang et al. 2012; Hu et al. 2014; Ma et al. 2013; Sun
et al. 2013). These results demonstrated that mutation of
NERD1 had remarkable effects on the expressions of
several genes in the gene network of early pollen wall
formation.

bFig. 3 Ultrastructural analysis of pollen wall development in
wild-type (A, C, E and G) and nerd1-2 (B, D and F) plants. A,
B tetrad stage. Arrowheads in A show the microspore membrane
undulation whereas no primexine deposition and microspore
membrane undulation observed in nerd1-2 (B). C, D uninucleate
microspore stage. No baculae and tectum formation were
observed in nerd1-2 microspores, only sparsely globular sporopol-
lenin observed deposited on the microspore membrane (D). E,
F bicellular pollen stage. nerd1-2 microspore become degenerated
and only globular sporopollenin particles spotted surrounding the
degenerated microspore in the anther locule (F). G tricellular
pollen stage. Ba baculae, Cw callose wall, deb debris, Dmsp
defective microspore, In intine, Msp microspore, Ne nexine, Pb
probaculae, Pe primexine, Pm plasma membrane, Sp sporopol-
lenin, Tc tectum, Ty tryphine, UPM undulated plasma membrane.
Scale bars: 0.5 lm in (A–G)
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DISCUSSION

NERD1 is essential for initial sporopollenin
deposition during microsporogenesis

Recently, Yuan et al. indicate that nerd mutants,
including nerd1-2 and nerd1-4 show male reproductive
defects to different extents (Yuan and Kessler 2019).
They observed microspore abortion at tetrad stage in
nerd1-2 and suggested that NERD1 may function in

early stages of anther and pollen development. However,
how NERD1 controls male fertility is yet unknown. In
this study, our findings revealed previously undescribed
roles of NERD1 in the anther and pollen development.

Although NERD1 affects various aspects of plant
growth and development, such as shorter roots, smaller
rosette leaves (Fig. S2A–C), delayed flowering (Fig. S2D
and E) and decreased flower number (Fig. S2F and G),
the most prominent phenotype of nerd1 knockout
mutants is complete male sterility. Cytological analysis

Fig. 4 Confocal images showing the distribution of LM10- and CCRC-M38-recognized xylan and pectin, respectively, and Auramine
O-stained exine in microspores at late tetrad stage and early unicellular stage. A–D (wild type) and E–H (nerd1-2): anthers at late tetrad
stage. I–L (wild type) and M-P (nerd1-2): anthers at early unicellular stage. Images of red, blue and green channels represent the signals
of LM10 (A, E, I andM), CCRC-M38 (C, G, K, O) and Auramine O (B, F, J and N), respectively, and the merges images are shown (D, H, L and
P). Scale bar: 2 lm
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revealed that male sterility of nerd1 is mainly caused by
the defects in pollen wall formation (Fig. 2C, H). TEM
analysis further revealed that the primexine formation
and microspore plasma membrane undulation are dis-
rupted in nerd1 at tetrad stage, which causes the failure
of sporopollenin deposition and assembly on the surface
of microspores, and eventually leading to microspore
abortion and complete male sterility (Figs. 3, 5 and S3).
Abnormal aggregates of sporopollenin precursors were
found randomly accumulated in the anther locule, sug-
gesting that the biosynthesis of sporopollenin appears
to be not affected in the mutant. These phenotypes are
also observed in mutants that exhibit reduced or com-
pletely loss of primexine deposition, including dex1,
nef1, tde1, rpg1, efd, and npu (Ariizumi et al. 2004;
Chang et al. 2012; Guan et al. 2008; Hu et al. 2014; Li
et al. 2017; Paxson-Sowders et al. 2001; Suzuki et al.
2017; Xie et al. 2017). It is widely believed that the
primary function of the primexine in pollen wall for-
mation is to provide a scaffold on the developing
microspore for sporopollenin deposition, polymeriza-
tion, and patterning (Ariizumi and Toriyama 2011;
Heslop-Harrison 1968; Quilichini et al. 2015). Our

results provide further evidence for the important role
of the primexine in the initiation of exine pattern
formation.

The predicted roles of NERD1

Primexine is presumed to be largely composed of cel-
lulose components including neutral and acidic
polysaccharide material, which was evidenced by
chemical staining (Heslop-Harrison 1968). It has been
reported that xylan and pectin are also components of
primexine wall and could potentially be cross-linked
with each other (Li et al. 2017; Suzuki et al. 2017). In
nerd1-2, no xylan and pectin were detected on the
surface of microspores at the primexine formation stage,
suggesting that NERD1 could be involved in the trans-
portation or assembly of these components (Fig. 4).

NERD1 was recently reported to be involved in plant
exocytosis to regulate root development, although no
evidence shows its direct interaction with exocyst (Cole
et al. 2018). The localization of NERD1 primarily in the
Golgi stacks supports its function in plant exocytosis
(Cole et al. 2018; Yuan and Kessler 2019). An intriguing

Fig. 5 Ultrastructure of the anther wall layers in wild type (A–D) and nerd1-2 (E–H). A, E Tetrad stage. B and F, Early uninucleate
microspore stage. Electron-dense granules (red arrows) stack along the locule wall in nerd1-2 (F). C, G Late uninucleate microspore stage.
Well-developed elaioplasts with numerous electron-lucent plastoglobules and clusters of electron-dense tapetosomes were observed in
tapetal cell of the wild type (C), electron-dense granules (red arrows) which stack in the locule wall were increased in nerd1-2 (G). D,
H Bicellular pollen stage. In the wild-type tapetal cell, there were substantial tapetosomes, lipid bodies and elaioplasts which are full with
lipidic components within the plastoglobuli (D); however, the electron-dense granules (red arrows) are still sticking on the locule wall in
nerd1-2 (H). EI elaioplast, L lipid body, LW locule wall, ML middle layer, T tapetum, Te tapetosome. Scale bars: 1 lm
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hypothesis raised by these authors is that NERD1 may
directly affects the secretion of cell wall matrix, such as
polysaccharide, glycoproteins or proteoglycans via

exocyst-mediated trafficking to influence cell wall
growth in root system (Cole et al. 2018). Therefore, it is
likely that NERD1 is also involved in the secretory

Fig. 6 Expression of NERD1 during plant development. A qRT-PCR analysis of the NERD1 transcript. Error bars indicate SD. Each reaction
represents three biological repeats. B–G GUS expression in various tissues of NERD1pro:GUS transgenic lines. B Young seedling.
C Inflorescences. D Semi-thin section of anthers at stage 9. E An anther at mature pollen stage. F Mature pollen grains released from (E).
G Semi-thin section of anthers at stage 12. Scale bars: 1 mm in (B), 2 mm in (C), 50 lm in (D) and (G), 20 lm in (F), 100 lm in (E)
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pathway of primexine components during anther and
pollen development (Fig. 4).

In nerd1-2, abnormal sporopollenin aggregates dis-
tributed not only in the anther locule but also in the
locule wall (Fig. 5), which is another indication of
unsuccessful sporopollenin deposition and assembly
onto the microspore surface. This phenomenon also
occurs in some of the primexine defective mutants,
including dex1, nef1, rpg1 and rpg1rpg2, indicating that
they may share similar mechanisms to control primex-
ine formation. Notably, these genes all encode

transmembrane proteins and most of them are highly
expressed in the tapetum, microsporocytes and micro-
spores. RPG1 and RPG2 encode membrane-localized
sugar transporters functioning in glucose transport
(Chen et al. 2010; Guan et al. 2008; Sun et al. 2013).
Glucose transported by RPG1/2 may be used to syn-
thesize the cellulose components in the primexine.
NERD1 might be also involved in the trafficking of the
glucose or other carbon skeletons required for the
primexine formation.

Fig. 7 Distribution of NERD1-GFP in the anther. A Schematic diagrams of the NERD1-GFP construct contains the NERD1 genomic DNA
and fused with eGFP. B siliques of the wild-type, nerd1-2 and NERD1pro::NERD1-eGFP transgenic lines. C KI-I2 staining of the anther of
wild-type, nerd1-2 and NERD1pro::NERD1-eGFP transgenic lines. D–H Confocal images of different stage anthers in NERD1pro::NERD1-
eGFP transgenic lines. I–M Confocal images of the control anther. The green channel shows the GFP signal, and the magenta channel
shows the chlorophyll autofluorescence. Images were taken from the anther at stage 6 (D, I), stage 7 (E–J), stage 8 (F–K), stage 9 (G–L),
stage 10 (H–M). L locule, M microspore, Mc Meiotic cell, T tapetum, Tds tetrads. Scale bars: 100 lm in (C), 50 lm in (D–M)
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Furthermore, in silico co-expression analysis (Fig. S7)
indicates that NERD1 may function together with sev-
eral early pollen wall formation-associated proteins,
such as NEF1 and two Secretory (SEC) proteins,
AtSEC23A (AT4G01810) and AtSEC23B (AT1G05520).
AtSEC23/SEC24 and AtSEC13/31 are coat subunits of
the coat protein complex II (COPII)-coated vesicle. COPII
vesicles mediate the transport of newly synthesized
lipids and proteins from endoplasmic reticulum (ER) to
the Golgi apparatus in the early secretory pathway. SEC
components have been reported to be involved in sev-
eral aspects of male reproduction in Arabidopsis.
Mutation in both AtSEC24B and AtSEC24C leads to
gametophyte development defects (Tanaka et al. 2013).
AtSEC31B is required for pollen wall development,
probably by regulating the early secretory pathway of
tapetal cells (Zhao et al. 2016). A very recent report
indicates that AtSEC23A and AtSEC23D play pivotal roles
in pollen wall development and exine patterning
(Aboulela et al. 2018). Interestingly, atsec23ad displays
similar pollen wall developmental defects to that
observed in nerd1. Although disruption of both
AtSEC23A/D seems not affecting primexine formation,
sporopollenin precursors could not deposit on the
microspore surface, but accumulate into large aggre-
gates in the atsec23ad anther locule. In addition,
sporopollenin aggregates deposit in the anther locule
wall. These phenotypes suggest that AtSEC23A/D may
participate in the trafficking of important components
in the primexine that are required for attaching
sporopollenin precursors to the microspore plasma
membrane. Based on its Golgi localization, NERD1 might

be one of the cargoes that are exported by the COPII and
exocyst secretory systems. Consistent with this
hypothesis, NERD1 proteins are observed to be secreted
into the anther locule at the tetrad stage (Fig. 7).

Another common feature of many of primexine
defective mutants is a thinner callose wall around the
tetrad which consistent with a substantial decrease in
CalS5 expression (Chang et al. 2012; Hu et al. 2014; Ma
et al. 2013; Sun et al. 2013). Several genes involved in
primexine formation were also significantly down-reg-
ulated in nerd1-2. It is not clear how NERD1 affect the
expression of these genes. One possibility is that chan-
ges in sugar or other primexine component trafficking
inhibit the expression of these genes via a feedback
signaling.

In summary, we demonstrate that NERD1 is indis-
pensable for primexine formation, plasma membrane
undulation and male fertility in Arabidopsis, which
extends our understanding of early pollen wall forma-
tion in Arabidopsis.

MATERIALS AND METHODS

Plant material, growth conditions, and nerd1
mutant identification

Arabidopsis T-DNA insertion mutant line nerd1-2
(SALK_018060C, AT3g51050) was obtained from the
Arabidopsis Biological Resource Center. Arabidopsis
thaliana Columbia ecotype plants and Tobacco (Nico-
tiana benthamiana) plants were grown under long-day

Fig. 8 Expression of several
primexine synthesis and
callose wall deposition-related
genes in the wild type and
nerd1-2. qPCR analysis of
NERD1, NEF1, NPU, CALS5,
RPG1, DEX1 and EFD
transcript level in the
inflorescences of wild-type
and nerd1-2 plants. Error bars
indicate SD; each reaction
represents three biological
repeats. *P\0.05; **P\0.01
(Student’s t test)
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conditions (16 h of light/8 h of dark) in greenhouse at
22 �C, and 70% relative humidity under light intensity
of 30,000 lumens/m2. To select homozygous lines,
genomic DNA was extracted from young seedlings and
PCR-based genotyping was performed using gene-
specific primers LP and RP together with T-DNA vector
primer LBa1 (Table S1).

Phenotypic characterization of nerd1

Whole plants were photographed by an E995 digital
camera (Nikon, Japan). Flowers and dehiscent anthers
were photographed with a M205A microscope (Leica,
Germany). For pollen viability analysis, anthers were
stained with Alexander’s solution (Alexander 1969) or
iodine–potassium iodide (I2–KI) solution (Xu et al.
2017) at room temperature and then photographed
with an Eclipse 80i microscope (Nikon, Japan). Semi-
thin cross sections of developing anthers were per-
formed with the Technovit embedding kits (Heraeus
Kulzer, Germany) as described previously (Hong et al.
1995). For scanning electron microscopy (SEM) analy-
sis, freshly dissected anthers were covered with 5-nm
layer of gold using an EMSCD050 vacuum coater (Leica,
Germany), and observed with a scanning electron
microscope (Hitachi S3400N, Tokyo, Japan). For trans-
mission electron microscopy (TEM) observation,
anthers were fixed in 2.5% glutaraldehyde, post-fixed by
1% OsO4, dehydrated, embedded in Epon812 resin, and
ultrathin sectioned (60–70 nm thick), before examined
with a Tecnai G2 spirit biotwin Transmission Electron
Microscope. For callose analysis, semi-thin sections of
anthers at tetrad stage were stained with 0.05% (w/
v) aniline blue in 0.1-M phosphate buffer (pH 8.0),
viewed under UV illumination by the Nikon’s Eclipse Ni-
E microscope, and analysis by the NIS-Elements AR
software (Nikon).

Immunofluorescence labeling

Preparation of LR White resin-embedded anther sam-
ples and immunofluorescence labeling of their sections
were performed as described previously (Suzuki et al.
2017). Mouse monoclonal antibody CCRC-M38 (Car-
boSource Services), and rat monoclonal antibody LM10
(Plantprobes) were used as primary antibodies. Alexa
Fluor405 goat anti-mouse IgG and Alexa Fluor555 goat
anti-rat IgG (Thermo Fisher Scientific) were used for
secondary antibodies. After washed with 0.5% Aur-
amine O solution, samples were mounted with a 2:1
mixture of aqua-poly/mount (Polysciences) and 0.05%
Auramine O solution. The specimens were observed by
a CLSM (FV1000; Olympus) with Ex: 473 nm, Em:

485–545 nm for auramine O staining, Ex: 405 nm, Em:
425–460 nm for Alexa Fluor405 and Ex: 559 nm, Em:
575–675 nm for Alexa Fluor555.

Generation of nerd1-5 and nerd1-6 using
CRISPR/Cas9 system

The CRISPR–Cas9 transgenic vector was constructed as
described previously (Feng et al. 2013). Primers used
for plasmid construction and for nerd1-5, nerd1-6
mutant genotyping are listed in Table S1. The plasmid
was transformed into wild-type plants using Agrobac-
terium GV3101 via the floral dipping method. Trans-
formants were selected on MS medium containing
hygromycin.

Quantitative reverse transcription PCR analysis

For quantitative reverse transcription PCR (qRT-PCR)
analysis, total RNA was extracted from the roots, stems,
leaves and inflorescences using the Trizol kit (Thermo
Fisher Scientific). First-strand cDNA was reverse tran-
scribed from total RNA with the PrimeScriptTM RT
reagent Kit with gDNA eraser (Perfect Real Time;
TaKaRa). Real-time RT-PCR was performed with iQ SYBR
Green Supermix (Bio-rad), using the real-time PCR
system (Bio-Rad C1000 CFX96). Arabidopsis Actin2 was
used as the internal control. Primers used to quantify
the expression of NERD1 and other regulators that
participate in primexine formation are listed in Table S1.

GUS Staining

A 1622-bp DNA fragment upstream of the transcrip-
tional start codon of NERD1 was amplified as the pro-
moter of NERD1, using primers NERD1Pro-GUS-F and
NERD1Pro-GUS-R (Table S1) from genomic DNA, and
inserted into pCAMBIA1301:GUS digested with EcoR I
and NcoI by infusion system (Takara Bio, Japan). The
NERD1pro:GUS construct was introduced into Arabidop-
sis Col-0 Agrobacterium tumefaciens-mediated transfor-
mation (Clough and Bent 1998). GUS activity was
determined by staining different organs of transgenic
lines as described previously (Jefferson et al. 1987).

Complementation of nerd1-2 and expression
analysis

To complement the male sterility phenotype of nerd1
and check the stable expression of NERD1, genomic
DNA of wild-type Arabidopsis was amplified with pri-
mers NERD1-eGFP-F and NERD1-eGFP-R, which ampli-
fied a fragment that contains 1622-bp 50 upstream
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region and 3673-bp genomic DNA region (without stop
codon) (Table S1). The 1301-35Spro:eGFP plasmid was
digested with BamH I and Bgl II, and the amplified
fragment was subcloned into 1301-35Spro:eGFP by the
infusion system (TAKARA; http://www.clontech.com/)
to produce NERD1pro::NERD1-eGFP, which was later
introduced into nerd1 heterozygotes via Agrobacterium
tumefaciens mediated transformation. Anthers and
young roots with NERD1pro::NERD1-eGFP were mounted
in water and observed under a confocal microscope
(Leica TCS SP5). GFP fluorescent signals were imaged at
the excitation wavelength of 488 nm and emission
wavelength of 520–580 nm. Red autofluorescence of
chlorophyll was imaged at 514-nm excitation and
640–750 nm of emission wave length.
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