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Abstract

LINC (linker of nucleoskeleton and cytoskeleton) complexes play an essential role in nuclear migration by connect-
ing the nucleus to the cytoskeleton and/or motor proteins. Plant LINC complexes have recently been identified in 
Arabidopsis thaliana, with the inner nuclear membrane SUN and outer nuclear membrane WIP proteins comprising 
the first identified complex. A recent study identified a nuclear movement defect in Arabidopsis pollen vegetative 
nuclei linked to the outer nuclear envelope WIP and WIT proteins. However, the role that SUN proteins may play in 
pollen nuclear migration has yet to be addressed. To explore this question, a SUN2 lumenal domain that was targeted 
to the ER specifically in pollen was over-expressed. It is shown that the ER-targeted SUN2 lumenal domain was able 
to displace WIP and WIT proteins from the pollen vegetative nuclear envelope. Expression of this dominant-nega-
tive transgene led to impaired VN mobility, impaired pollen tube guidance, and defective pollen tube reception. The 
observed pollen defects are similar to phenotypes observed in a wip1-1 wip2-1 wip3-1 wit1-1 wit2-1 mutant. It is also 
shown that these defects were dependent on the KASH-binding function of the SUN2 lumenal domain. These data 
support a model where LINC complexes formed by SUN, WIP, and WIT at the VNE are responsible for VN migration 
and suggest an important function of SUN, WIP, and WIT in pollen tube guidance and reception.

Key words: Arabidopsis, KASH, nuclear envelope, nuclear migration, plant fertilization, pollen tube ovular guidance, pollen tube 
reception, SUN, vegetative nucleus.

Introduction

In angiosperms, sperm cells are delivered to ovules by pollen. 
The pollen vegetative nucleus (VN) and the sperm cells [SCs, or 
their progenitor, the generative cell (GC)], termed ‘male germ 
unit’ (MGU), are usually closely associated and migrate together 
inside pollen tubes (Dumas et  al., 1985; McCue et  al., 2011). 
During migration, the VN precedes (is closer to the growing 
pollen tube tip than) the GC/SC in many angiosperm species 
including Arabidopsis thaliana (Heslop-Harrison and Heslop-
Harrison, 1989; Lalanne and Twell, 2002; McCue et al., 2011). 

That the VN and GC/SC migrate as a MGU was proposed to be 
important for successful fertilization by allowing signal transduc-
tion between the VN and SC (Dumas et al., 1985) or by ensuring 
efficient and simultaneous SC delivery (Russell and Cass, 1981). 
However, the molecular mechanism for MGU migration has 
only recently been addressed in Arabidopsis, where VN move-
ment is mediated by WPP domain-interacting proteins (WIPs) 
and WPP domain-interacting tail anchored proteins (WITs). The 
Arabidopsis genome encodes three genes for WIPs (WIP1, WIP2, 
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and WIP3) and two genes for WITs (WIT1 and WIT2) (Xu et al., 
2007; Zhao et al., 2008). An Arabidopsis wip1-1 wip2-1 wip3-1 
triple null mutant (here abbreviated as wip123) and a wit1-1 
wit2-1 double null mutant (here abbreviated as wit12) shows a 
reversed VN-SC order and frequent loss of the VN during pollen 
tube growth, suggesting that the VN loses its locomotion and is 
transported forward by the SCs which still migrate towards the 
growing pollen tube tip. In addition, wip123 and wit12 exhibit 
significantly reduced male fertility, resulting from frequent failure 
of pollen tube reception, exemplified by overgrown pollen tubes 
inside ovules and polytubey (Zhou and Meier, 2014).

WIPs are outer nuclear membrane Klarsicht/ANC-1/
Syne-1 Homology (KASH) proteins. KASH proteins interact 
with inner nuclear membrane Sad1/UNC-84 (SUN) proteins 
through the SUN–KASH domain interaction in the nuclear 
envelope (NE) lumen, forming linkers of the nucleoskeleton 
and the cytoskeleton (LINC) at the NE (Razafsky and Hodzic, 
2009; Starr and Fridolfsson, 2010; Kim et  al., 2015). In 
opisthokonts, LINC complexes play an essential role in nuclear 
migration by connecting the nucleus to the cytoskeleton and/or 
motor proteins (Starr and Fridolfsson, 2010; Gundersen and 
Worman, 2013; Razafsky et  al., 2014). In Arabidopsis thali-
ana, SUN1 and SUN2 interact with WIP1, WIP2, and WIP3, 
forming NE bridges that anchor WIT1 and WIT2 to the outer 
nuclear membrane (Zhou et  al., 2015a). In roots and leaves, 
the SUN–WIP–WIT complexes recruit myosin XI-i to the NE, 
which mediates nuclear elongation and movement (Oda and 
Fukuda, 2011; Tamura et al., 2013; Zhou et al., 2012, 2015b). 
Myosin XI-i is dispensable for pollen VN migration (Tamura 
et al., 2013; Zhou and Meier, 2014), but whether SUN1 and 
SUN2 are involved in this process is unknown.

In this study, evidence is provided that SUN proteins are 
involved in VN migration during pollen tube growth. Due to 
the essential function of SUN proteins in meiotic chromosome 
movement, synapsis, and recombination, a sun1 sun2 double 
null mutant has severe pollen developmental defects (Duroc 
et al., 2014; Murphy et al., 2014; Varas et al., 2015), making 
it undesirable for this study. Here, the SUN2 lumenal domain 
was expressed under the post-meiotic, pollen-specific Lat52 
promoter (Lat52pro) and targeted to the ER, thereby displac-
ing WIPs and WITs (and potentially other known or unknown 
KASH proteins) from the pollen vegetative nuclear envelope 
(VNE). It is shown that this largely recapitulates the WIP and 
WIT depletion phenotypes, specifically when compared with a 
severe wip1-1 wip2-1 wip3-1 wit1-1 wit2-1 (here abbreviated as 
wifi) mutant, but that a stronger effect on pollen tube guidance 
than reported before is caused by this approach. Together, the 
data presented here make SUN proteins most likely to be the 
inner NE players in pollen nuclear movement, thus suggesting 
that the WIP and WIT functions are indeed orchestrated in 
the context of a plant LINC complex.

Materials and methods

Plant materials
Arabidopsis plants were grown at 25 °C in soil under a 16/8 h light/
dark regime or on MS (Caisson laboratories) with 1% sucrose 
plates under constant light. The Columbia ecotype was used as the 

wild type (WT) unless indicated otherwise. sun1-KO sun2-KD was 
reported previously (Zhou et al., 2012) and WIP1pro::GFP-WIP1 
wip123, WIT1pro::GFP-WIT1 wit12, and wifi were also reported 
previously (Zhou and Meier, 2014). sun2-1 was reported previously 
by Zhou et al. (2015b). Lat52pro::GFP WT was a gift from Dr R 
Keith Slotkin (McCue et al., 2012).

Constructs
Primers Lat52proinF and Lat52proIR were used to amplify the 
Lat52promoter from a Lat52pro::GFP construct (a gift from Dr 
R Keith Slotkin). Primers 2SAlbuminERF and 2SAlbminERinR 
were used to amplify the ERS (2SAlbminERF itself  served as a 
template) by PCR. The above two PCR products were mixed and 
served as templates for overlapping PCR using Lat52proinF and 
2SAlbminERinR as primers. The PCR product was then cloned 
into SacI-and SpeI-digested pK7WGR2 by in-fusion (Clontech). 
After confirmation by sequencing, the pK7WGRERS52 vector was 
obtained. Primers 35SERSinF and 35SERSinR were used to amplify 
ERS from the pK7WGRERS52 vector and the PCR product was 
cloned in to SpeI-digested pK7WGF2 by in-fusion (Clontech). 
After confirmation by sequencing, the pK7WGFERS2 vector was 
obtained. All primer sequences are listed in Supplementary Table 
S2 at JXB online.

SUN2Lm was amplified by PCR from a SUN2 pENTR D/
TOPO clone using SUN2LmF and SUN2LmR as primers. 
SUN2Lm PCR produce was cloned into pENTR D/TOPO (Life 
Technologies). After confirmation by sequencing, SUN2Lm 
was moved to pK7WGRERS52 and to pK7WGFERS2 by 
LR reactions (Life Technologies) to obtain Lat52pro::ERS-
RFP-SUN2Lm and Cauliflower Mosaic Virus 35S Promoter 
(35S)-driven ERS-GFP-SUN2Lm, respectively. SUN2dMut was 
amplified by PCR from a SUN2dMut pENTR D/TOPO clone 
using SUN2LmF and SUN2LmR as primers. SUN2Lm PCR 
product was cloned into pENTR D/TOPO (Life Technologies). 
After confirmation by sequencing, SUN2dMutLm was moved to 
pK7WGRERS52 and to pK7WGFERS2 by LR reactions (Life 
Technologies) to obtain Lat52pro::ERS-RFP-SUN2dMutLm 
and Cauliflower 35S-driven ERS-GFP-SUN2dMutLm, 
respectively.

Generation of transgenic plants
Binary constructs were transformed to Agrobacterium strain ABI 
by triparental mating (Wise et al., 2006). The ER-mCherry marker 
Agrobacterium strain (Nelson et  al., 2007) was obtained from the 
Arabidopsis Biological Resource Center. Transgenic Arabidopsis 
lines were obtained by the Agrobacterium-mediated floral dip 
method (Clough and Bent, 1998).

Hoechst 33342 staining
For Hoechst 33342 staining, a solution containing 4% paraformal-
dehyde, 18% sucrose, and 4  µM Hoechst 33342 was used to stain 
pollen tubes for at least 20 min. Pollen tubes were viewed under a 
Nikon C90i microscope. The UV-2E/C filter cube (Nikon) was used 
for imaging the Hoechst 33342-stained VN and SN. Images were 
taken by a Nikon DS-Qi1Mc digital camera.

In vitro pollen germination and Alexander staining
Pollen grains from the stamens of fully opened flowers were ger-
minated on a pollen germination medium containing 18% sucrose, 
0.01% boric acid, 1 mM CaCl2, 1 mM Ca (NO3)2, 1 mM MgSO4, and 
0.5% agar. Several wild-type stigmas were placed adjacent to pol-
len grains to stimulate pollen germination (Qin et al., 2009, 2011). 
For the pollen competition assay, the pollen grains were directly 
germinated on stigmas. Alexander pollen staining was performed as 
described previously by Alexander (1969).
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Ovule imaging and pollen tube aniline blue staining
A magnifier was used to identify opening flowers with protruding 
unpollinated stigmas. These flowers were marked and the ovaries 
from these flowers were collected 3 d later. For imaging ovules, ova-
ries were dissected and ovules were mounted in 80 mM sorbitol for 
microscopy (Leydon et al., 2013). For aniline blue staining, ovaries 
were fixed in a solution containing acetic acid:ethanol (1:3 v/v) for 
2 h, washed in a 70%, 50%, 30%, 0% ethanol gradient for 10 min each 
time, and softened in 8 M NaOH overnight. Aniline blue solution 
containing 0.1% (w/v) aniline blue and 108 mM K3PO4 (pH 11) was 
used to stain the softened ovaries overnight. Stained ovaries were 
dissected and ovules were imaged using a Nikon C90i microscope 
equipped with a UV-2A filter cube (Nikon). Images of pistils with 
stained pollen tubes were collected using a Nikon C90i confocal 
microscope. The aniline blue dye was excited by a 403 nm laser and 
the emission above 470 nm was collected as aniline blue signal.

Co-immunoprecipitation experiments
Nicotiana benthamiana leaves were collected, ground to powder in 
liquid nitrogen, and Co-IP experiments were performed at 4 °C. One 
milliliter NP-40 buffer (50 mM TRIS-HCl, pH 7.5, 150 mM NaCl, 
0.5% NP-40, 1 mM EDTA, 3 mM DTT, 1 mM PMSF, and 1% pro-
tease inhibitor cocktail [Sigma-Aldrich]) was used to extract 500 μl 
of plant tissue. One-tenth of the protein extracts was used as the 
input sample and the rest were used for IP using protein A-sepharose 
beads (GE Healthcare) pre-coated with a rabbit anti-GFP antibody 
(catalogue number ab290, Abcam Cambridge). After washing three 
times in NP-40 buffer, the immunoprecipitates and the input sam-
ples were separated by 8% SDS-PAGE, transferred to PVDF mem-
branes (Bio-Rad), and detected with a mouse anti-GFP (1:2000, 
catalogue number 632569, Clontech) or a mouse anti-Myc (1:1000, 
catalogue number M5546, Sigma-Aldrich) antibody. The input/IP 
ratio was 1/9.

Results

Single SUN null alleles cause no major fertility or VN 
movement defects

Since the wip123 and wit12 null mutants have a severe reduc-
tion in seed set, seed production was analysed in the sun1-
knockout sun2-knockdown (sun1-KO sun2-KD) mutant that 
recapitulates the wip123 and wit12 nuclear shape phenotypes 

in root hairs, trichomes, and root epidermal cells (Oda and 
Fukuda, 2011; Zhou et al., 2012). Compared with the WT, 
sun1-KO sun2-KD has a small reduction of seeds per silique 
(12%) (Fig. 1A). This is far less severe than the 33% seed loss 
of the wip123 mutant or the 50% seed loss of the wit12 mutant 
(Zhou and Meier, 2014). To determine whether sun1-KO sun2-
KD has impaired VN movement, its pollen nuclear order was 
examined 5 h after pollen germination as described previously 
by Zhou and Meier (2014). Unlike the strong effect seen for 
wip123 and wit 12, there is no apparent difference between 
sun1-KO sun2-KD and the WT (Fig. 1B) indicating that the 
VN of sun1-KO sun2-KD migrates normally in pollen tubes. 
This suggests either that SUN1 and SUN2 are not involved 
in the role of WIP and WIT in pollen nuclear migration or 
that the remaining amount of SUN2 in the sun1-KO sun2-KD 
is sufficient for this function. To dissect if SUN2 is the main 
WIP and WIT anchor in pollen tubes, a SUN2 null mutant in 
the Ws-4 ecotype, sun2-1, was acquired (Zhou et al., 2015b). 
Figure 1A shows that sun2-1 has no deficiency in seed pro-
duction when compared with the Ws-4 WT. Together, these 
data suggest either that SUN1 and SUN2 are not involved in 
the role of WIP and WIT in pollen nuclear migration or that 
they act redundantly and—unlike in vegetative tissue—the 
remaining SUN2 in sun1-KO sun2-KD pollen is sufficient for 
this function.

A mistargeted SUN2 lumenal domain depletes WIP1 
and WIT1 from the pollen VNE

To address the requirement of SUN1/SUN2 for VN migra-
tion, a dominant-negative approach was therefore used 
as described previously by Crisp et  al. (2006). The KASH-
binding SUN domain of SUN2 was over-expressed in the 
ER lumen with the aim of outcompeting native SUN–KASH 
interactions at the NE. Specifically, a Golgi retrieval signal, 
HDEL, was fused to the C-terminus of the SUN2 lumenal 
domain (SUN2Lm). This construct was then N-terminally 
tagged with a fluorescent protein (FP) with an ER targeting 
signal (ERS), resulting in the ERS-FP-SUN2Lm construct 

Fig. 1. SUN1 and SUN2 function redundantly in seed production. (A) Seed count per silique of WT, sun1-KO sun2-KD, Ws-4 WT, and sun2-1. Double 
asterisks represent P <0.01, and ‘O’ represents P >0.05. Two-tailed t test was used and n=40. (B) sun1-KO sun2-KD has no VN migration defects. The 
nuclear order in the pollen tubes was examined 5 h after pollen germination as described by Zhou and Meier (2014). Hoechst 33342 was used to stain 
DNA and the nuclei were imaged using fluorescent microscopy. Two-tailed Fisher’s exact test was used for statistical analysis and the numbers for each 
category are indicated on the graph. ‘O’ represents P >0.05, when compared with the WT.
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(Fig.  2A). As a negative control, the NE lumenal domain 
of a SUN2 mutant carrying the H434A and Y438F point 
mutations (SUN2dMutLm) was used to make the ERS-FP-
SUN2dMutLm construct (Fig. 2A). The H434A and Y438F 
point mutations impair the KASH binding ability of SUN2 
(Zhou et al., 2014).

Both ERS-GFP-SUN2Lm and ERS-GFP-SUN2dMutLm 
co-localized with an ER-mCherry marker in Nicotiana 
benthamiana leaves, confirming their presence at the ER (see 
Supplementary Fig. S1 at JXB online). Next, ERS-GFP-
SUN2Lm or ERS-GFP-SUN2dMutLm was co-expressed 
with Myc-WIP1, Myc-WIP2, or Myc-WIP3 in N. benthami-
ana leaves to test for protein–protein interactions. An anti-
GFP antibody was used to immunoprecipitate (IP) protein 
complexes from the cell extracts. As shown in Fig. 2B, Myc-
WIP1, Myc-WIP2, and Myc-WIP3 interact with ERS-GFP-
SUN2Lm, but not with ERS-GFP-SUN2dMutLm.

To test whether expression of ERS-FP-SUN2Lm delocalizes 
WIPs and WITs from the VNE, an RFP version of this construct 
was generated and expressed in Arabidopsis under the post-mei-
otic, pollen-vegetative-cell-specific Lat52 promoter (Lat52pro) 
(Twell, 1992; Twell et  al., 1990). Lat52pro-driven ERS-RFP-
SUN2Lm (Lat52pro:ERS-RFP-SUN2Lm) was transformed into 
WIP1pro:GFP-WIP1-rescued wip123 line 3 and WIT1pro:GFP-
WIT1-rescued wit12 line 1, respectively, which have no pollen 
nuclear migration or seed production defects (Zhou and Meier, 
2014). Figure  3A shows the resulting pollen grains segregat-
ing for ERS-RFP-SUN2Lm while expressing GFP-WIP1 or 
GFP-WIT1. The GFP fusion proteins were delocalized from 
the NE in pollen grains expressing ERS-RFP-SUN2Lm, but 

in pollen grains lacking ERS-RFP-SUN2Lm GFP-WIP1 
and GFP-WIT1 strongly labelled the VNE (Fig.  3A; see 
Supplementary Fig. S2 at JXB online). The analogous experi-
ment was carried out using ERS-RFP-SUN2dMutLm driven 
by Lat52pro (Lat52pro:ERS-RFP-SUN2dMutLm). As shown 
in Fig. 3B, ERS-RFP-SUN2dMutLm did not affect the locali-
zation of GFP-WIP1 or GFP-WIT1, although it was expressed 
at a similar level to ERS-RFP-SUN2Lm as suggested by the 
RFP intensity.

Lat52pro::ERS-RFP-SUN2Lm is likely to deplete other 
KASH proteins from the VNE. Additional KASH protein 
families have been identified, but only the SINE1/2 KASH 
family is also conserved across land plants (Zhou et al., 2014). 
Other plant KASH families are present only in subgroups of 
plant species (Zhou et al., 2014) and, therefore, they are less 
likely to play a role in the widely conserved process of pollen 
tube ovular guidance. Among Arabidopsis SINE1 and SINE2, 
SINE1 appears not to be expressed in pollen, but SINE2 is 
present at the SC NE and somewhat more weakly at the VNE 
(see Supplementary Fig. S3 at JXB online). However, despite 
the VNE localization of SINE2, sine2 null mutants do not 
have a fertility defect (data not shown). Hence, it was reasoned 
that, in the context of known plant KASH proteins, the effect 
of Lat52pro:ERS-RFP-SUN2Lm is specific to WIP proteins.

ERS-RFP-SUN2Lm causes severe seed loss in 
sun1-KO sun2-KD

If  the remaining amount of SUN2 in sun1-KO sun2-KD 
is functioning in WIP and WIT VNE anchoring, then 

Fig. 2. ERS-FP-SUN2Lm binds to WIP1, WIP2, and WIP3. (A) Domain organization of ERS-FP-SUN2Lm and ERS-FP-SUN2dMutLm. The lumenal 
fragment of SUN2 is drawn to scale. The numbers above each domain indicate the position of the first and the last amino acid of that domain. Key: 
white, unknown domain; red, coiled-coil domain; green, N-terminal part of the SUN domain; orange, C-terminal part of the SUN domain; ERS, ER signal 
peptide; FP, fluorescent protein. (B) Co-immunoprecipitation (IP) assay showing that ERS-GFP-SUN2Lm interacted with WIP1, WIP2, and WIP3, while 
ERS-GFP-SUN2dMutLm did not. Samples were co-immunoprecipitated with anti-GFP antibody. Input: IP=1:9
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ERS-RFP-SUN2Lm in this background should compete with 
this interaction. Thus, sun1-KO sun2-KD was transformed 
with Lat52pro::ERS-RFP-SUN2Lm and Lat52pro::ERS-
RFP-SUN2dMutLm, respectively, and homozygous trans-
genic lines were selected with similar expression levels.

Figure  4 shows the seed set of two independent trans-
genic lines, each compared to sun1-KO sun2-KD. While 
Lat52pro::ERS-RFP-SUN2Lm lines had drastically reduced 
seed set, Lat52pro::ERS-RFP-SUN2dMutLm lines had 
seed set very similar to the sun1-KO sun2-KD background 
(Fig. 4A). Reciprocal crosses between Lat52pro::ERS-RFP-
SUN2Lm sun1-KO sun2-KD line 3 and WT confirmed that the 
seed loss phenotype was derived from the male (Fig. 4B). It 

was then assessed whether expressing ERS-RFP-SUN2Lm or 
ERS-RFP-SUN2dMutLm in sun1-KO sun2-KD would affect 
pollen morphology or pollen tube growth. Supplementary 
Fig. S4 at JXB online shows that no visible difference was 
seen compared with the WT.

To determine the position and order of  VN and GC, 
pollen tubes were examined 5 h after in vitro pollen ger-
mination and stained with Hoechst to visualize nuclei 
(see  Materials and methods). Figure  5 shows that, in 
the majority of  Lat52pro::ERS-RFP-SUN2Lm sun1-
KO sun2-KD pollen tubes, the SN preceded the VN, very 
similar to the phenotype previously reported for wip123, 
wit12, and wifi (Zhou and Meier, 2014). By contrast, 

Fig. 3. ERS-RFP-SUN2Lm delocalizes WIP1 and WIT1 from the pollen VNE. (A) ERS-RFP-SUN2Lm driven by Lat52pro was expressed in the pollen of 
WIP1pro::GFP-WIP1 wip123 and WIT1pro::GFP-WIT1 wit12, respectively. The pollen grains of heterozygous plants were examined. GFP-WIP1 or GFP-
WIT1 was delocalized from the VNE when ERS-RFP-SUN2Lm was expressed. The images were exposed such that the weak GFP signal at the VNE 
due to the displacement of GFP-WIT1 or GFP-WIP1 by ERS-RFP-SUN2Lm could be examined. Therefore, the VNE signal of GFP-WIT1 or GFP-WIP1 
in pollen grains without ERS-RFP-SUN2Lm is overexposed. (See Supplementary Fig. S2 at JXB online for images with low exposure in the GFP channel 
showing the NE localization of GFP-WIP1 or GFP-WIT1.) (B) ERS-RFP-SUN2dMutLm driven by Lat52pro was expressed in the pollen of WIP1pro::GFP-
WIP1 wip123 or WIT1pro::GFP-WIT1 wit12. The pollen grains of heterozygous plants were examined. GFP-WIP1 or GFP-WIT1 was still localized at 
the VNE even when ERS-RFP-SUN2dMutLm was expressed. (A, B) The red arrows label the VNE and the blue arrowheads label the SC NE. Scale 
bars=10 μm.
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Lat52pro::ERS-RFP-SUN2dMutLm sun1-KO sun2-KD 
plants exhibited no change in pollen nuclear order when 
compared with untransformed sun1-KO sun2-KD.

Pollen tubes expressing ERS-RFP-SUN2Lm have 
ovular guidance and reception defects

To address whether the seed loss phenotype observed in 
Fig. 4 reflects defects in pollen tube reception, as described 
for WIP and WIT mutants, fertilized ovules were exam-
ined in Lat52pro::ERS-RFP-SUN2Lm sun1-KO sun2-KD 
or Lat52pro::ERS-RFP-SUN2dMutLm sun1-KO sun2-KD 
plants. When ovaries of Lat52pro::ERS-RFP-SUN2Lm sun1-
KO sun2-KD were observed 3 d after the flowers opened, there 

were a small number of big ovules and a large number of 
small ovules (see Supplementary Fig. S5A at JXB online). The 
number of big ovules per ovary was similar to the seed num-
ber per silique, suggesting that the ovules that remain small at 
this stage do not develop into seeds (see Supplementary Fig. 
S5B at JXB online). Aniline blue staining showed that the big 
ovules were targeted by at least one pollen tube, suggesting 
that they were fertilized and developed into seeds. In small 
ovules, the central cell nucleus and the egg cell were visible (see 
Supplementary Fig. S5C at JXB online), suggesting that they 
were unfertilized. Among the total ovules examined, approxi-
mately one half  (43% for line 1 and 52% for line 3) were with-
out visible pollen tubes (Fig. 6; see Supplementary Table S1 
at JXB online).

Ovaries of sun1-KO sun2-KD plants transformed with 
Lat52pro::ERS-RFP-SUN2Lm had randomly distributed big 
fertilized ovules (see Supplementary Fig. S5A at JXB online), 
and their pollen tubes were able to reach the receptacle end of 
a pistil (see Supplementary Fig. S6 at JXB online), suggesting 
that there is no defect in pollen tube growth and that, instead, 
the pollen tubes expressing ERS-RFP-SUN2Lm might have 
an ovular guidance defect (Higashiyama and Takeuchi, 
2015). In addition, one-quarter of the ovules of Lat52::ERS-
RFP-SUN2Lm sun1-KO sun2-KD examined bore overgrown 
pollen tubes (28% for line 1 and 25% for line 3, Fig. 6), a phe-
notype typical for a pollen tube reception defect. Both pol-
len tube defects were not observed in WT, sun1-KO sun2-KD, 
or Lat52pro::ERS-RFP-SUN2dMutLm sun1-KO sun2-KD 
(Fig. 6).

It has been shown previously that the pollen tubes of wip123 
and wit12 have a high frequency of overgrowth in ovules and a 
minor defect in ovule targeting (Zhou and Meier, 2014). Since 
ERS-RFP-SUN2Lm can displace both WIP1 and WIT1 
from the NE, the fate of wifi pollen tubes was characterized 
as a comparison. wifi pollen tubes are also able to reach the 

Fig. 4. Expression of Lat52pro::ERS-RFP-SUN2Lm leads to severe male-fertility defects. (A) The number of seeds per silique between different lines 
showing that Lat52pro::ERS-RFP-SUN2Lm caused severe seed loss in sun1-KO sun2-KD. ‘Lm’ represents Lat52pro::ERS-RFP-SUN2Lm sun1-KO 
sun2-KD, and ‘dMutLm’ represents Lat52pro::ERS-RFP-SUN2dMutLm sun1-KO sun2-KD. For all samples, n=40. (B) Number of seeds per silique 
after reciprocal crosses between WT and Lat52pro::ERS-RFP-SUN2Lm sun1-KO sun2-KD line 3. The n of each sample is indicated in the histogram. 
(A, B) The error bars represent SD. One-way analysis of variance (α <0.01) followed by Tukey’s honest significant difference test (α <0.01) was used. 
Samples with the same letter (a, b, or c) show no pairwise statistically significant difference, and samples with different letters show statistically significant 
difference.

Fig. 5. ERS-RFP-SUN2Lm, but not ERS-RFP-SUN2dMutLm, caused 
VN movement defects in sun1-KO sun2-KD pollen tubes. Nuclear 
order in pollen tubes was examined 5 h after pollen germination, as 
described previously (Zhou and Meier, 2014). Hoechst 33342 was used 
to stain DNA and the nuclei were imaged using fluorescent microscopy. 
Double asterisks represent P <0.01, while ‘O’ represents P >0.05, when 
compared with the WT. Two-tailed Fisher’s exact test was used and 
numbers for each category are indicated in the figure.
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receptacle end of a pistil (see Supplementary Fig. S6 at JXB 
online). As shown in Fig. 6, and in Supplementary Table S1 
at JXB online, approximately 14% of wifi ovules examined 
were without pollen tubes, which is less severe than the effect 
seen with Lat52pro::ERS-RFP-SUN2Lm sun1-KO sun2-KD. 
By contrast, approximately 36% of the wifi ovules examined 
had overgrown pollen tubes, which is more severe than that 
found for Lat52pro::ERS-RFP-SUN2Lm sun1-KO sun2-KD. 
Similar to wip123 and wit12 mutants, wifi also has a pro-
nounced polytubey phenotype, which was not observed in the 
other mutants and transgenic lines including Lat52pro::ERS-
RFP-SUN2Lm sun1-KO sun2-KD, suggesting that there are 
quantitative differences between the mutants examined.

Discussion

Function of SUN–WIP–WIT complexes

In vegetative tissues, SUNs, WIPs, and WITs form a complex 
at the NE that regulates nuclear shape and nuclear movement. 
Previously, it has been shown that WIPs and WITs at the pol-
len VNE are essential for VN migration (Zhou and Meier, 
2014). In this study, ERS-RFP-SUN2Lm was specifically 
expressed in post-meiotic pollen grains and showed that it 
displaced GFP-WIP1 and GFP-WIT1 from the pollen VNE 
in the presence of both native SUN1 and SUN2 (Fig.  3), 
suggesting that ERS-RFP-SUN2Lm is able to outcompete 
KASH interactions with both SUN1 and SUN2. This is in 
line with our previous report that both SUN1 and SUN2 
interact with WIP1, WIP2, and WIP3 (Zhou et  al., 2012). 
Expressing ERS-RFP-SUN2Lm in pollen grains of sun1-KO 
sun2-KD impaired the VN movement and caused severe seed 
loss, both of which were not observed in sun1-KO sun2-KD 
or Lat52pro::ERS-RFP-SUN2dMutLm sun1-KO sun2-KD. 
Furthermore, no seed loss was observed in sun2-1, support-
ing our preferred model where SUN1 and SUN2 redundantly 

anchor WIP and WIT at the VNE, and the SUN–WIP–WIT 
complex is responsible for VN migration during pollen tube 
growth. This suggests that WIP and WIT perform their role 
in male fertility in the context of a LINC complex and thus 
adds further evidence that the function of LINC complexes 
in nuclear migration is conserved in eukaryotes.

Function of SUN, WIP, and WIT in pollen tube ovular 
guidance and reception

sun1-KO sun2-KD pollen grains expressing ERS-RFP-
SUN2Lm have no defects in pollen viability and pollen 
tube growth. However, these pollen tubes have severe ovu-
lar guidance and reception defects, and similar phenotypes, 
yet with different severity, were observed in wifi (Fig.  6; 
see Supplementary Table S1 at JXB online). These severe 
phenotypes were not observed in Lat52pro::ERS-RFP-
SUN2dMutLm sun1-KO sun2KD (Fig. 6; see Supplementary 
Table S1 at JXB online). Unlike wifi, Lat52pro::ERS-RFP-
SUN2Lm sun1-KO sun2KD did not show an obvious poly-
tubey phenotype. This can be explained by its strong ovular 
guidance defect, because of which not enough pollen tubes 
can target ovules to cause the polytubey phenotype. These 
data indicate that the SUN–WIP–WIT LINC complexes are 
involved in pollen tube ovular guidance and reception.

Pollen tube ovular guidance and reception involve sig-
nals from both female and male parts (Leydon et al., 2014; 
for a recent review see Higashiyama and Takeuchi, 2015). 
Growing through pistil tissues, pollen tubes receive signals 
from female sporophytic tissues and undergo an activation 
or differentiation process which makes them responsive to 
attraction signals secreted from ovules (Leydon et al., 2014; 
Higashiyama and Takeuchi, 2015). Known Arabidopsis 
genes expressed in pollen tubes that mediate ovular guidance 
include the ER-localized potassium transporters CHX21 
and CHX23 (Lu et  al., 2011), the ER protein POD1 (Li 

Fig. 6. Quantification of pollen tube defects. Ovules with different pollen tube fates were quantified and shown in the stacked percentage column. The 
actual observed numbers are shown in each column. A single asterisk represents 0.05>P>0.01 when compared with the WT. Double daggers represent 
P <0.01 and ‘O’ represents P >0.05, when compared with sun1-KO sun2-KD. Double asterisks represent P <0.01 when compared with the WT. The 
Chi-square test was used.
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et  al., 2011), membrane-anchored receptor-like cytoplas-
mic kinases LIP1 and LIP2 (Liu et al., 2013), glycosylphos-
phatidylinositol-anchored protein COBL10 (Li et al., 2013), 
glycosylphosphatidylinositol-biosynthesis-related proteins 
SETH1, SETH2, and APTG1(Lalanne et  al., 2004; Dai 
et al., 2014), F-actin severing proteins MAP18 and MDP25 
(Zhu et  al., 2013; Qin et  al., 2014), glutathione transferase 
GSTU26 (Lin et al., 2014), xyloglucan endotransglucosylase/
hydrolase XTH19 (Lin et  al., 2014), and mitogen-activated 
protein kinases MPK3 and MPK6 (Guan et al., 2014). Three 
pollen-specific transcription factors MYB97, MYB101, and 
MYB120 have been reported to be essential for pollen tube 
reception (Leydon et al., 2013; Liang et al., 2013). Therefore, 
it is tempting to speculate that a transcriptionally-active VN 
at the growing pollen tube tip is required for locally express-
ing the male factors responsible for pollen tube guidance and 
reception during the late stages of pollen tube growth. As 
shown by our previous study, disrupting SUN–WIP–WIT 
LINC complexes can lead to a loss of the VN during pollen 
tube growth (Zhou and Meier, 2014), which would, by this 
model, lead to the pollen tube guidance and reception defects 
described here.

It was noted that Lat52pro::ERS-RFP-SUN2dMutLm 
sun1-KO sun2KD has a stronger ovular guidance defect than 
wifi. One possible explanation is that unidentified KASH pro-
teins or other SUN-domain interacting proteins are involved 
in this specific aspect of male fertility and that they, too, are 
depleted in this mutant. Alternatively, the delocalized WIP 
and WIT proteins in pollen might cause this strong ovular 
guidance defect through unknown mechanisms.

ERS-RFP-SUN2Lm as a tool to study the function of 
SUN proteins

ERS-RFP-SUN2Lm has been successfully used here to out-
compete SUN1 and SUN2 for binding KASH proteins in 
mature pollen and pollen tubes and the function of SUN 
proteins in these two cell types has been revealed. SUN1 and 
SUN2 are expressed in various tissues (Graumann et  al., 
2010; Oda and Fukuda, 2011) and probably play multiple 
roles in plant development. ERS-RFP-SUN2Lm can now be 
used as a tool to dissect the function of SUN proteins in a 
specific cell type or at a certain developmental stage without 
the interference of unrelated developmental phenotypes of a 
sun double null mutant.

Supplementary data

Supplementary data can be found at JXB online.
Supplementary Fig. S1. ERS-GFP-SUN2Lm and ERS-

GFP-SUN2dMutLm localize to the ER in N. benthamiana.
Supplementary Fig. S2. ERS-RFP-SUN2Lm delocalizes 

WIP1 and WIT1 from the NE in pollen grains.
Supplementary Fig. S3. Expression and localization pat-

tern of SINE1 and SINE2 in WT pollen.
Supplementary Fig. S4. Both Lat52pro::ERS-RFP-SUN2Lm 

sun1-KO sun2-KD and Lat52pro::ERS-RFP-SUN2dMutLm 

sun1-KO sun2-KD transgenic Arabidopsis plants produce 
healthy pollen grains.

Supplementary Fig. S5. Fertilization defects in ovaries of 
Lat52pro::ERS-RFP-SUN2Lm sun1-KO sun2-KD.

Supplementary Fig. S6. Pollen tube growth in pistils 
revealed by aniline blue staining.

Supplementary Table S1. Pollen tube fate in ovaries 3 d 
after flower opening.

Supplementary Table S2. Primers used for cloning.

Acknowledgements
We thank Ms Anna Griffis and Ms Alecia Wagner for many helpful discus-
sions and for critical reading of the manuscript and Dr David Evans for criti-
cal reading of the manuscript. We thank the National Science Foundation 
for financial support (NSF-MCB 1243844).

References
Alexander MP. 1969. Differential staining of aborted and nonaborted 
pollen. Stain Technology 44, 117–122.

Clough SJ, Bent AF. 1998. Floral dip: a simplified method for 
Agrobacterium-mediated transformation of Arabidopsis thaliana. The Plant 
Journal 16, 735–743.

Crisp M, Liu Q, Roux K, Rattner JB, Shanahan C, Burke B, Stahl PD, 
Hodzic D. 2006. Coupling of the nucleus and cytoplasm: role of the LINC 
complex. Journal of Cell Biology 172, 41–53.

Dai XR, Gao X-Q, Chen GH, Tang LL, Wang H, Zhang 
XS. 2014. ABNORMAL POLLEN TUBE GUIDANCE1, an 
endoplasmic reticulum-localized mannosyltransferase homolog 
of GLYCOSYLPHOSPHATIDYLINOSITOL10 in yeast and 
PHOSPHATIDYLINOSITOL GLYCAN ANCHOR BIOSYNTHESIS B in 
human, is required for Arabidopsis pollen tube micropylar guidance and 
embryo development. Plant Physiology 165, 1544–1556.

Dumas C, Knox RB, Gaude T. 1985. The spatial association of the 
sperm cells and vegetative nucleus in the pollen grain of Brassica. 
Protoplasma 124, 168–174.

Duroc Y, Lemhemdi A, Larcheveque C, Hurel A, Cuacos M, Cromer 
L, Horlow C, Armstrong SJ, Chelysheva L, Mercier R. 2014. The 
kinesin AtPSS1 promotes synapsis and is required for proper crossover 
distribution in meiosis. PLoS Genetics 10, e1004674.

Graumann K, Runions J, Evans DE. 2010. Characterization of SUN-
domain proteins at the higher plant nuclear envelope. The Plant Journal 
61, 134–144.

Guan Y, Lu J, Xu J, McClure B, Zhang S. 2014. Two mitogen-activated 
protein kinases, MPK3 and MPK6, are required for funicular guidance of 
pollen tubes in Arabidopsis. Plant Physiology 165, 528–533.

Gundersen GG, Worman HJ. 2013. Nuclear positioning. Cell 152, 
1376–1389.

Heslop-Harrison J, Heslop-Harrison Y. 1989. Conformation and 
movement of the vegetative nucleus of the angiosperm pollen tube: 
association with the actin cytoskeleton. Journal of Cell Science 93, 299–308.

Higashiyama T, Takeuchi H. 2015. The mechanism and key molecules 
involved in pollen tube guidance. Annual Review of Plant Biology 66, 
393–413.

Kim DI, Birendra KC, Roux KJ. 2015. Making the LINC: SUN and KASH 
protein interactions. Biological Chemistry 396, 295–310.

Lalanne E, Honys D, Johnson A, Borner GH, Lilley KS, Dupree P, 
Grossniklaus U, Twell D. 2004. SETH1 and SETH2, two components of 
the glycosylphosphatidylinositol anchor biosynthetic pathway, are required 
for pollen germination and tube growth in Arabidopsis. The Plant Cell 16, 
229–240.

Lalanne E, Twell D. 2002. Genetic control of male germ unit organization 
in Arabidopsis. Plant Physiology 129, 865–875.

Leydon AR, Beale KM, Woroniecka K, Castner E, Chen J, Horgan 
C, Palanivelu R, Johnson MA. 2013. Three MYB transcription factors 

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv425/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv425/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv425/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv425/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv425/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv425/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv425/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv425/-/DC1


Plant LINC complexes in pollen function | 7307

control pollen tube differentiation required for sperm release. Current 
Biology 23, 1209–1214.

Leydon AR, Chaibang A, Johnson M. 2014. Interactions between 
pollen tube and pistil control pollen tube identity and sperm release in the 
Arabidopsis female gametophyte. Biochemical Society Transactions 42, 
340–345.

Li H-J, Xue Y, Jia D-J, Wang T, Liu J, Cui F, Xie Q, Ye D, Yang W-C. 
2011. POD1 regulates pollen tube guidance in response to micropylar 
female signaling and acts in early embryo patterning in Arabidopsis. The 
Plant Cell 23, 3288–3302.

Li S, Ge FR, Xu M, Zhao XY, Huang GQ, Zhou LZ, Wang JG, 
Kombrink A, McCormick S, Zhang XS. 2013. Arabidopsis COBRA-
LIKE 10, a GPI-anchored protein, mediates directional growth of pollen 
tubes. The Plant Journal 74, 486–497.

Liang Y, Tan ZM, Zhu L, Niu QK, Zhou JJ, Li M, Chen LQ, Zhang XQ, 
Ye D. 2013. MYB97, MYB101, and MYB120 function as male factors that 
control pollen tube-synergid interaction in Arabidopsis thaliana fertilization. 
PLoS Genetics 9, e1003933.

Lin S-Y, Chen P-W, Chuang M-H, Juntawong P, Bailey-Serres J, 
Jauh G-Y. 2014. Profiling of translatomes of in vivo-grown pollen tubes 
reveals genes with roles in micropylar guidance during pollination in 
arabidopsis. The Plant Cell 26, 602–618.

Liu J, Zhong S, Guo X, Hao L, Wei X, Huang Q, Hou Y, Shi J, Wang 
C, Gu H. 2013. Membrane-bound RLCKs LIP1 and LIP2 are essential 
male factors controlling male–female attraction in Arabidopsis. Current 
Biology 23, 993–998.

Lu Y, Chanroj S, Zulkifli L, Johnson MA, Uozumi N, Cheung A, Sze 
H. 2011. Pollen tubes lacking a pair of K+ transporters fail to target ovules 
in Arabidopsis. The Plant Cell 23, 81–93.

McCue AD, Cresti M, Feijo JA, Slotkin RK. 2011. Cytoplasmic 
connection of sperm cells to the pollen vegetative cell nucleus: potential 
roles of the male germ unit revisited. Journal of Experimental Botany 62, 
1621–1631.

McCue AD, Nuthikattu S, Reeder SH, Slotkin RK. 2012. Gene 
expression and stress response mediated by the epigenetic regulation of a 
transposable element small RNA. PLoS Genetics 8, e1002474–e1002474.

Murphy SP, Gumber HK, Mao Y, Bass HW. 2014. A dynamic meiotic 
SUN belt includes the zygotene-stage telomere bouquet and is disrupted 
in chromosome segregation mutants of maize (Zea mays L.). Frontiers in 
Plant Science 5, 314.

Nelson BK, Cai X, Nebenführ A. 2007. A multicolored set of in vivo 
organelle markers for co-localization studies in Arabidopsis and other 
plants. The Plant Journal 51, 1126–1136.

Oda Y, Fukuda H. 2011. Dynamics of Arabidopsis SUN proteins during 
mitosis and their involvement in nuclear shaping. The Plant Journal 66, 
629–641.

Qin T, Liu X, Li J, Sun J, Song L, Mao T. 2014. Arabidopsis 
microtubule-destabilizing protein 25 functions in pollen tube growth by 
severing actin filaments. The Plant Cell 26, 325–339.

Qin Y, Leydon AR, Manziello A, Pandey R, Mount D, Denic S, Vasic 
B, Johnson MA, Palanivelu R. 2009. Penetration of the stigma and style 
elicits a novel transcriptome in pollen tubes, pointing to genes critical for 
growth in a pistil. PLoS Genetics 5, e1000621.

Qin Y, Wysocki RJ, Somogyi A, et al. 2011. Sulfinylated azadecalins 
act as functional mimics of a pollen germination stimulant in Arabidopsis 
pistils. The Plant Journal 68, 800–815.

Razafsky D, Hodzic D. 2009. Bringing KASH under the SUN: the many 
faces of nucleo-cytoskeletal connections. Journal of Cell Biology 186, 
461–472.

Razafsky D, Wirtz D, Hodzic D. 2014. Nuclear envelope in nuclear 
positioning and cell migration. In: Schirmer EC, de las Heras JI, eds. 
Cancer biology and the nuclear envelope, Vol. 773. New York: Springer, 
471–490.

Russell SD, Cass DD. 1981. Ultrastructure of the sperms of Plumbago 
zeylanica. 1. Cytology and association with the vegetative nucleus. 
Protoplasma 107, 85–107.

Starr DA, Fridolfsson HN. 2010. Interactions between nuclei and the 
cytoskeleton are mediated by SUN–KASH nuclear-envelope bridges. 
Annual Review of Cell and Developmental Biology 26, 421–444.

Tamura K, Iwabuchi K, Fukao Y, Kondo M, Okamoto K, Ueda H, 
Nishimura M, Hara-Nishimura I. 2013. Myosin XI-i links the nuclear 
membrane to the cytoskeleton to control nuclear movement and shape in 
Arabidopsis. Current Biology 23, 1776–1781.

Twell D. 1992. Use of a nuclear-targeted β-glucuronidase fusion protein to 
demonstrate vegetative cell-specific gene expression in developing pollen. 
The Plant Journal 2, 887–892.

Twell D, Yamaguchi J, McCormick S. 1990. Pollen-specific gene 
expression in transgenic plants: coordinate regulation of two different 
tomato gene promoters during microsporogenesis. Development 109, 
705–713.

Varas J, Graumann K, Osman K, Pradillo M, Evans DE, Santos 
JL, Armstrong SJ. 2015. Absence of SUN1 and SUN2 proteins in 
Arabidopsis thaliana leads to a delay in meiotic progression and defects in 
synapsis and recombination. The Plant Journal 81, 329–346.

Wise AA, Liu Z, Binns AN. 2006. Three methods for the introduction of 
foreign DNA into Agrobacterium. Methods in Molecular Biology 343, 43–53.

Xu XM, Meulia T, Meier I. 2007. Anchorage of plant RanGAP to the 
nuclear envelope involves novel nuclear-pore-associated proteins. Current 
Biology 17, 1157–1163.

Zhao Q, Brkljacic J, Meier I. 2008. Two distinct interacting classes 
of nuclear envelope-associated coiled-coil proteins are required for the 
tissue-specific nuclear envelope targeting of Arabidopsis RanGAP. The 
Plant Cell 20, 1639–1651.

Zhou X, Graumann K, Evans DE, Meier I. 2012. Novel plant SUN–
KASH bridges are involved in RanGAP anchoring and nuclear shape 
determination. Journal of Cell Biology 196, 203–211.

Zhou X, Graumann K, Meier I. 2015a. The plant nuclear envelope 
as a multifunctional platform LINCed by SUN and KASH. Journal of 
Experimental Botany 66, 1649–1659.

Zhou X, Graumann K, Wirthmueller L, Jones JDG, Meier I. 2014. 
Identification of unique SUN-interacting nuclear envelope proteins with 
diverse functions in plants. Journal of Cell Biology 205, 677–692.

Zhou X, Groves NR, Meier I. 2015b. Plant nuclear shape is 
independently determined by the SUN–WIP–WIT2–myosin XI-i complex 
and CRWN1. Nucleus 6, 144–153.

Zhou X, Meier I. 2014. Efficient plant male fertility depends on vegetative 
nuclear movement mediated by two families of plant outer nuclear 
membrane proteins. Proceedings of the National Academy of Sciences, 
USA 111, 11900–11905.

Zhu L, Zhang Y, Kang E, Xu Q, Wang M, Rui Y, Liu B, Yuan M, Fu Y. 
2013. MAP18 regulates the direction of pollen tube growth in Arabidopsis 
by modulating F-actin organization. The Plant Cell 25, 851–867.




