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Abstract
Topical application of double-stranded RNA (dsRNA) can induce RNA interference (RNAi) and modify traits in plants with-
out genetic modification. However, delivering dsRNA into plant cells remains challenging. Using developing tomato
(Solanum lycopersicum) pollen as a model plant cell system, we demonstrate that layered double hydroxide (LDH) nano-
particles up to 50 nm in diameter are readily internalized, particularly by early bicellular pollen, in both energy-dependent
and energy-independent manners and without physical or chemical aids. More importantly, these LDH nanoparticles effi-
ciently deliver dsRNA into tomato pollen within 2–4 h of incubation, resulting in an 89% decrease in transgene reporter
mRNA levels in early bicellular pollen 3-d post-treatment, compared with a 37% decrease induced by the same dose of na-
ked dsRNA. The target gene silencing is dependent on the LDH particle size, the dsRNA dose, the LDH–dsRNA complexing
ratio, and the treatment time. Our findings indicate that LDH nanoparticles are an effective nonviral vector for the
effective delivery of dsRNA and other biomolecules into plant cells.

Introduction
Bioengineering of plants is now playing a crucial role in
addressing the world’s growing demand for food and energy
(Sadeghi et al., 2017), and is a powerful tool in plant science
research. Plants are also attractive bioreactors for the large-
scale production of pharmaceuticals (Fischer et al., 2004). In
recent decades, genetic modification has been used to ma-
nipulate plant physiology and produce commercially benefi-
cial traits in plants (Koch and Kogel, 2014; Altpeter et al.,
2016; Cunningham et al., 2018). In particular, transgenes

expressing double-stranded RNA (dsRNA) have been effec-
tive in conferring resistance to viruses and pests, and in ma-
nipulating metabolic pathways in plants (Koch and Kogel,
2014). For research purposes, genetically modified plant vi-
ruses have also been used to deliver RNA, induce RNAi, and
thereby modify traits in plants. However, the efficacy of ge-
netic engineering and virus-facilitated trait modification
varies greatly between different plant species. Moreover,
genetically modified varieties may take over a decade to de-
velop to the commercialization stage, and there are
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considerable consumer concerns regarding the genetic engi-
neering of crops (Bates, 1995; Key et al., 2008; Cunningham
et al., 2018; Liu et al., 2019).

In the recent decade, many nanoparticles have been de-
veloped to mediate the delivery of biomolecules into plants,
with some demonstrating potential. These include DNA
nanostructures (Zhang et al., 2019), mesoporous silica nano-
particles (Martin-Ortigosa et al., 2014), polymer nanopar-
ticles (Jiang et al., 2014), and carbon nanotubes. More
specifically, single-walled carbon nanotubes can deliver plas-
mids (Demirer et al., 2019; Kwak et al., 2019) and siRNAs
(Demirer et al., 2020) into leaves via infiltration.
Nanoparticle delivery platforms have particular advantages,
such as low toxicity, high delivery efficiency, species indepen-
dence, and subcellular targeting, when applied to plants
with minimal or no physical or chemical aids (Lv et al.,
2020). However, despite the potential, there have been very
few reports of nanoparticle-mediated delivery of functional
biomolecules directly into intact plant cells.

LDH is a family of bio-compatible and degradable clay
materials, exemplified by naturally existing hydrotalcite,
with the general formula of [M1?-xIIMIII

x (OH)2]xþAm?
x=m-

�nH2O, where MII is divalent metal, MIII a trivalent metal,
and Am� intercalated anions, such as NO3

� or Cl� in the
precursor salts. LDH has been widely examined for applica-
tions in disease diagnosis (Li et al., 2017), cancer therapy
(Chen et al., 2018b), and drug/gene delivery in mammalian
systems (Xu et al., 2006b; Chen et al., 2018a). The plate-
like LDH nanoparticles consist of mixed divalent/trivalent
metal hydroxide layers, which are bonded together with
anions and water molecules between them. The layered
structure and positively charged hydroxide layers make
LDH nanoparticles a suitable carrier to deliver negatively
charged biomolecules such as DNA, RNA, and proteins
(Xu et al., 2007; Zhang et al., 2021). Interestingly, a previ-
ous study demonstrated that LDH nanoparticles up to 120
nm in diameter and 5- to 10-nm thick successfully deliv-
ered dsRNA as a spray and protected the plant from viral
infection (Mitter et al., 2017). In this case, LDH protected
the dsRNA from degradation on the leaf surface, allowing
the slow release of dsRNA and sustained protection
against the virus for at least 20 d after spraying. Smaller
delaminated layered double hydroxide (LDH) nanosheets
(30 nm in diameter and 0.5- to 2-nm thick, monolayer or
bilayer) were reported to enter BY-2 cultured tobacco
(Nicotiana tabacum) cells and Arabidopsis thaliana roots
(Bao et al., 2016). It is well known that LDH nanosheets
are quickly degraded under low pH conditions. The plant
apoplast has a lower pH of around 5–5.5 (Kurkdjian and
Guern, 1989; Oh et al., 2009; Martiniere et al., 2018), sug-
gesting that LDH nanosheets would be rapidly degraded if
not efficiently taken up by plant cells. However, these
reports have not clearly demonstrated that unmodified
LDH nanoparticles can be internalized by intact plant cells

to deliver functional biomolecules, but given the potential,
this possibility warrants further investigation.

During male reproductive development in flowering
plants, the microspore mother cell undergoes meiosis to
produce four microspores. In tomato (Solanum lycopersi-
cum), each microspore (also referred to as monocellular pol-
len) undergoes a single round of mitosis to form mature
bicellular pollen composed of the generative cell enclosed
within the vegetative cell (Polowick and Sawhney, 1993a,
1993b). Studies have reported successful transformation of
pollen grains with the help of magnetofection, biolistic gun,
and carbon nanotubes (Wang and Jiang, 2011; Zhao et al.,
2017; Lew et al., 2020). However, there is no report about
applying nanoparticles for direct delivery of dsRNA to pollen
to initiate RNA interference. To this end, tomato pollen was
chosen as a simple intact plant cell model to investigate the
capacity of LDH nanoparticles to facilitate the uptake of
dsRNA and the induction of RNAi.

Therefore, this research aimed to (1) determine whether
developing tomato pollen internalizes LDH nanoparticles,
and if so, to find the size exclusion limit for the nanopar-
ticles; (2) reveal whether LDH nanoparticles facilitate the
dsRNA delivery to tomato pollen in comparison with naked
dsRNA; and (3) evaluate how efficiently LDH nanoparticles
deliver functional dsRNA into developing pollen to trigger
RNAi and silence a target gene. In this research, we showed
that LDH nanoparticles are taken up by developing pollen.
Using b-glucuronidase (GUS) transgene as the reporter, we
found that LDH-delivered functional dsRNA efficiently indu-
ces RNAi of the GUS gene and reduces the GUS enzyme ac-
tivity. Our findings have thus demonstrated that an LDH
delivery platform with a size of up to 50 nm in diameter
can facilitate the delivery of functional exogenous dsRNA
into intact plant cells.

Results

Characteristics of LDH nanoparticles
The good dispersion and typical hexagonal morphology of
prepared LDH nanoparticles were illustrated in transmis-
sion electron microscopy (TEM) images (Figure 1A). The
nanoparticles showed the increasing size and narrow parti-
cle size distributions with the polydispersity index values
being between 0.152 and 0.246 (Figure 1B; Supplemental
Table S1). The Z-average particle size obtained with the
dynamic light scattering (DLS) was 32.7 6 2.2, 52.1 6 3.7,
80.7 6 3.6, and 122.9 6 3.2 nm for the four samples, which
we subsequently refer to as LDH-30, LDH-50, LDH-80, and
LDH-120 (Supplemental Table S1), respectively. The Z-av-
erage particle sizes are very much consistent with the
mean lateral dimensions from TEM images being around
26.6 6 9.3, 47.3 6 17.7, 70.6 6 20.1, and 117.5 6 29.4 nm
for LDH-30, LDH-50, LDH-80, and LDH-120, respectively.
These LDHs were all positively charged in deionized water,
with the Zeta potential being 38.6 6 2.2, 43.7 6 1.4,
41.6 6 1.7, and 47.9 6 3.3 mV, respectively (Supplemental
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Table S1). The positive surface charges enable nanopar-
ticles to carry negatively charged cargoes, such as nega-
tively charged nucleic acids.

The X-ray diffraction (XRD) pattern (Figure 1C) shows the
typical characteristic reflections on planes (003), (006), and
(009) for LDH materials. The peaks became intensified, and
their width narrower, from LDH-30 to LDH-120, indicating
the improved crystallinity of larger LDH nanoparticles. The
average thickness of LDH crystals along the c axis was
6.0, 7.1, 9.9, and 15.3 nm for LDH-30, LDH-50, LDH-80, and
LDH-120, respectively, as estimated from the full width at
half maximum of (003) diffraction using the Scherrer
Equation (Patterson, 1939). Comparison of the TEM lateral
dimension and the estimated thickness along the c axis indi-
cates the aspect ratio of these LDH nanoparticles was 5–8,
in accordance with our previous report (Xu et al., 2007).
The Fourier-transform infrared (FTIR) spectrum (Figure 1D)
of LDH-50 alone shows a broad peak at around 1,355 cm�1,
which we tentatively assigned to NO3

� as well as CO2
3
� lo-

cated in the interlayer wherein the latter was formed from
aerial CO2 (Dong et al., 2014). Peaks at around 770 and 650
cm�1 are normally assigned to vibration modes of M-O and
M-O-H in the metal hydroxide matrices (Xu and Zeng,
2001). In particular, fluorescein isothiocyanate (FITC)- la-
beled LDH-50 (LDH-50-FITC) basically shows similar FTIR
peaks to that in LDHs, while some finger-printing peaks
around 1,100–1,300 and 1,500–1,700 cm�1 were identified

and attributed to stretching vibrations of C–O, C¼C, and
C¼O bonds in FITC, indicating the successful labeling of
LDH nanoparticles with FITC (Xu et al., 2008).

LDH internalization by pollen grains
Mature tomato pollen was incubated in a solution contain-
ing FITC-labeled LDH nanoparticles of different sizes to in-
vestigate whether the LDH nanoparticles are internalized by
the mature pollen. After incubating mature pollen for 2 h at
room temperature with FITC-labeled LDH-30 and LDH-50
nanoparticles, the pollen was clearly observed to show green
fluorescence, as detected by confocal microscopy (Figure
2A). The fluorescence inside mature pollen incubated with
LDH-80 was much weaker, and negligible fluorescence was
seen inside pollen grains incubated with LDH-120 (Figure
2A). The fluorescence intensity change reveals that these to-
mato pollen grains prefer to internalize small LDH
nanoparticles.

In agreement with the confocal images, the quantitative
mean fluorescence intensity (MFI) of pollen grains incubated
with LDH nanoparticles at the concentration of 50 mg/L for
2 h (Figure 2B) was 11.2 6 1.0, 9.4 6 1.0, 5.5 6 0.4, and
1.5 6 0.1 times the MFI of untreated control pollen (1.0) for
LDH-30, LDH-50, LDH-80, and LDH-120, respectively. The
MFI changes confirm the key role of the LDH nanoparticle
size, and the smaller LDH nanoparticles were internalized
into the mature pollen grains much more efficiently than

Figure 1 Characteristics of LDH nanoparticles. A, TEM images of LDHs. B, DLS particle size distributions. C, XRD patterns, numbers above the
lines indicating crystal facet corresponding to diffraction peaks. D, FTIR spectra, number within the lines indicating absorption wavelength of
corresponding peaks, dash lines indicating matched peaks between FITC and LDH-50-FITC.
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the larger ones. Given the MFI increase is almost linear in re-
lation to the fraction of LDH nanoparticles smaller than
50 nm in all four LDH samples (Supplemental Figure S1),
the upper size limit of LDH nanoparticles taken up by ma-
ture pollen grains appears to be around 50 nm.

We also examined the time-dependent uptake of LDH-
50 nanoparticles over a 4-h incubation period (Figure 2C).
The MFI of pollen incubated with 50 mg/L of LDH-50
nanoparticles increased rapidly over the first 30 min of in-
cubation but continued to increase substantially until 2 h
of incubation. Interestingly, the time-dependent internali-
zation profiles for LDH-30 and LDH-50 were not signifi-
cantly different (Supplemental Figure S2). Similarly to that
reported for mammalian cells (Oh et al., 2009), the fluores-
cence with LDH-30 nanoparticles decays more quickly
than that with LDH-50 nanoparticles in pollen
(Supplemental Figure S3), and hence LDH-50 nanoparticles
were chosen for most subsequent experiments. The up-
take of LDH-50 nanoparticles by mature pollen was also
dose-dependent (Figure 2D). The MFI increase was almost
linear in relation to the nanoparticle concentration up to
nearly 300 mg/L.

The biocompatibility of LDH nanoparticles was further
investigated in terms of the in vitro germination rate in the
presence of LDH nanoparticles as an indicator of pollen via-
bility (Shivanna and Heslopharrison, 1981). As shown in
Supplemental Figure S4, the germination rate was around
97% in the standard conditions, which slightly decreased to
around 90% in the presence of 50–500 mg/L of LDH-50
nanoparticles. These data illustrate that LDH nanoparticles
have minimum side effects on the pollen germination pro-
cess, indicating high biocompatibility of LDH nanoparticles
with plant cells, as has been reported for animal cells (Xu et
al., 2008; Gu et al., 2018).

Effect of low temperature and endocytosis inhibitor
on uptake of LDH nanoparticles
Understanding the pollen uptake mechanism of nanopar-
ticles is important for designing nanoparticle platforms for
delivery to plants. To this end, cold treatment at 4�C and
endocytosis inhibitors were applied during the uptake of
LDH-50 nanoparticles by mature pollen. As shown in Figure
3A, the MFI of pollen grains treated at 4�C was reduced to
<50% of MFI of pollen incubated at room temperature,

Figure 2 Internalization of LDH nanoparticles of different sizes by mature pollen. A, Confocal microscope images (FITC and DIC: differential
contrast channel) of mature pollen after treatment with LDH-FITC at 50 mg/L for 2 h at room temperature. B, MFI of mature pollen collected by
flow cytometry after treatment with LDH-FITC at 50 mg/L for 2 h; different lower-case letters indicate significant differences of P< 0.05 by t test
between treatments. C, Time-dependent uptake of 50 mg/L of LDH-50 by mature pollen. D, Dose-dependent uptake of LDH-50 by mature pollen
after 2 h of incubation. Pollen grains were collected from floral buds >10 mm in length. B–D, Data are shown as mean 6 SEM (n¼ 3). The MFI
values are expressed relative to the autofluorescence of the pollen (blank treatment).
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which was also reflected by the much weaker green signals
in the FITC channel in confocal microscope images (Figure
3B; Supplemental Figure S5), which indicate the
pollen uptake of LDH nanoparticles is inhibited by cold
treatment. Less uptake at 4�C suggests that nanoparticle up-
take by pollen grains is partly energy-dependent. To further
investigate what type of energy-dependent endocytosis is
involved, two plant endocytosis regulators were used in the
pollen uptake test (Aniento and Robinson, 2005; Wang et
al., 2005; Reynolds et al., 2018). Wortmannin interacts with
the receptor on the cell membrane to inhibit clathrin-
mediated endocytosis, whereas Brefeldin-A interrupts the
recycling of proteins to the plasma membrane during exocy-
tosis. Brefeldin-A is also reported to enhance Picea meyeri
pollen tube endocytosis (Wang et al., 2005). As shown
in Figure 3A and B, and Supplemental Figure S5, co-
incubation with either inhibitor did not affect the pollen up-
take of LDH-50, indicating neither clathrin-mediated endocy-
tosis nor exocytosis contributes to the LDH internalization
by pollen grains.

Uptake of LDH nanoparticles by pollen at different
stages of development
Pollen at five stages of development was collected from to-
mato floral buds and flowers (Polowick and Sawhney, 1993),
namely, monocellular pollen extracted from flower buds 4–6
mm in length when the developing petals and sepals are
tightly closed; early bicellular pollen from flower buds 6–8
mm in length when the sepals were slightly separated but
the petals were still closed; bicellular pollen from flower

buds 8–10 mm in length when the flowers were just starting
to open; late bicellular pollen extracted from fully open
flowers with anthers >10 mm in length; and mature
pollen collected from dehiscing anthers (Figure 4A). The
DNA staining dye Hoechst 33342 was applied for visualiza-
tion of the nuclei within the pollen (Figure 4B;
Supplemental Figure S6B).

Early bicellular pollens (from 6 to 8 mm flower buds) in-
ternalized the largest amount of LDH-50 nanoparticles, as
determined by both MFI measurements from flow cytom-
etry data and confocal microscope images (Figure 4C and
D). Relatively to the level of auto-fluorescence, the MFI of
pollen of all stages was increased by at least four times af-
ter 2-h incubation with LDH-50 nanoparticles. Specifically,
early bicellular pollen collected from 6 to 8 mm flower
buds showed the highest MFI (19.4 6 1.8), more than
twice that of monocellular pollen collected from 4 to 6
mm flower buds (8.2 6 0.6; Figure 4C). From the maxi-
mum observed for early bicellular pollen, the MFI gradually
declined as the pollen matured, and the lowest MFI was
for mature dehisced pollen (4.2 6 1.1; Figure 4C). These
MFI results were confirmed by the FITC green fluorescence
observed in the confocal images of the developing pollen
(Figure 4D). The internalization of LDH-50 nanoparticles
was further investigated using confocal z-stacking imaging,
which confirmed that the green fluorescence was emitted
from the inside and not the surface of the pollen
(Supplemental Figure S7). In summary, our data clearly
demonstrate that early bicellular pollen internalize more
LDH-50 nanoparticles than monocellular, late bicellular,

Figure 3 Pathways of LDH internalization by mature pollen grains. A, Insignificant effect of Wortmannin and Brefeldin-A (10–100 mM) on the up-
take of LDH-50-FITC (50 mg/L) by mature pollen after 2 h of incubation at room temperature. In contrast, uptake of LDH-50-FITC by mature pol-
len after 2 h of incubation at 4�C was significantly lower than at room temperature (LDH-Control). Data are based on flow cytometry
measurements (mean 6 SEM of three biological replicates) and the MFI values are expressed relative to the autofluorescence of untreated pollen
(Blank treatment). Uptake of an equivalent amount of free FITC not in complex with LDH-50 (Bare FITC) was not significantly different from the
Blank control. The lower-case letters indicate significant differences of P< 0.05 between groups by t test. B, Confocal microscope images of mature
pollen after treatments with LDH-50-FITC at room temperature (Control), LDH-50-FITC at 4�C and LDH-50-FITC plus Wortmannin (100 mM) at
room temperature. Mature pollen grains were collected from fully opened flowers (floral buds >10 mm in length).
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and mature pollen, and therefore, early bicellular pollen
was used in our subsequent experiments.

LDH nanoparticles enhance the delivery of dsRNA
into pollen
To test the capability of LDH nanoparticles to facilitate the
uptake of dsRNA, Cucumber Mosaic Virus dsRNA was
synthesized and labeled in vitro with Cy3 (dsRNA-Cy3,
300 bp, sequence provided in Supplemental Dataset S1;
Mitter et al., 2017) and loaded onto LDH-50 at a mass ratio
of LDH:dsRNA¼ 10:1 (LDH–dsRNA). When early bicellular
pollen was incubated for 2 or 12 h with dsRNA-Cy3 alone,
negligible fluorescence increases were observed in the pollen
(Figure 5A and B). In contrast, pollen incubated with LDH–
dsRNA at the same concentration of dsRNA-Cy3 for 2 and
12 h showed significant increases in the MFI, i.e. by �31%
and �37%, respectively (Figure 5A and B). The percentage
of Cy3-positive pollen after 2- and 12-h incubation with

dsRNA-Cy3 was only 0.79% 6 0.34% and 0.94% 6 0.07%, re-
spectively, which significantly increased to 2.85% 6 0.13%
and 6.39% 6 0.92% for pollen incubated with LDH–dsRNA
for the same incubation periods, respectively (Figure 5C and
D). Nevertheless, our data clearly show that LDH-50 nano-
particles enhance the pollen internalization of dsRNA and
indicate that LDH nanoparticles appear an effective platform
for nucleic acid delivery into plant cells.

LDH nanoparticles facilitate dsRNA uptake and
induction of RNAi in pollen
We next tested whether LDH nanoparticles can deliver func-
tional dsRNA to induce gene silencing in early bicellular pol-
len. For this purpose, a GUS transgene encoding b-
glucuronidase in the transgenic tomato line 10512i was se-
lected as the target gene (Carroll et al., 1995; Keddie et al.,
1998), and a 505-bp GUS dsRNA was synthesized in vitro
(Mitter et al., 2017; sequence provided in Supplemental

Figure 4 Internalization of LDH-50 nanoparticles by pollen at different stages of development. A, Representative images of flowers collected at
four stages (scale bar, 10 mm). B, Confocal microscope images of monocellular, early and mature bicellular pollen nuclei stained with Hoechst
33342 (VN: vegetative nuclei, GC: generative cell, circles indicate the area of VN and GC, scale bar, 25 lm). C, Flow cytometry data, where lower-
case letters indicate a significant difference of P< 0.05 between treatments. Data are shown as mean 6 SEM for n¼ 3 biological replicates. D,
Confocal microscope images of pollen at different stages of development after incubation for 2 h at room temperature with 50 mg/L of LDH-50-
FITC.
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Dataset S2). As shown in Supplemental Figure S8, most
dsRNA was loaded onto LDH-50 nanoparticles (LDH–
dsRNA) at the LDH:dsRNA mass ratio of 3:1 to 5:1.

After incubation with blank LDH-50 (denoted as LDH),
GUS dsRNA alone, or LDH-50–dsRNA (denoted as LDH–
dsRNA), the early bicellular pollen was subjected to a modi-
fied fluorometric 4-methylumbelliferyl b-D-glucuronide
(MUG) assay and assessed by flow cytometry for quantifica-
tion. b-glucuronidase converts MUG into the fluorescent
product 4-methylumbelliferone (MU) as the indicator of
GUS activity. The quantitative MU MFI data (Figure 6A)
show that the pollen incubated with LDH–dsRNA (20 mg/L
of dsRNA and the LDH:dsRNA mass ratio of 3:1) for 3 d de-
creased the level of MU fluorescence intensity to 83.6% 6

3.0% of the untreated GUS positive control pollen. This is
likely to be an underestimate of the effect of LDH:dsRNA on
the GUS activity because the pollen extracted from a GUS-
negative, nontransgenic tomato line showed autofluores-
cence and an MUI of 36.6 6 3.1% of untreated GUS-positive
control pollen (Figure 6A). We observed no significant
change in the MU fluorescence intensity for early bicellular
pollen incubated for 3 d with LDH-50, GUS dsRNA alone,
and green fluorescence protein (GFP) dsRNA compared
with untreated GUS-positive control pollen. These data
clearly demonstrate that the LDH–dsRNA complex

specifically downregulates b-glucuronidase activity encoded
by the GUS transgene in pollen.

As shown in Figure 6B, the early bicellular pollen treated
with GUS dsRNA loaded to LDH-30 and LDH-50 exhibited a
significant decrease in the MU fluorescence intensity after 3
d of treatment to 89.1% 6 1.8% and 83.6% 6 3.0%, respec-
tively, of the untreated GUS-positive control pollen. In com-
parison, treatment with LDH-80–dsRNA showed an
insignificant decrease in MFI to 90.8 6 4.2% of untreated
GUS-positive control pollen. Thus, LDH-50 nanoparticles are
the most suitable vehicle for dsRNA delivery into early bicel-
lular tomato pollen to silence the target gene, which is con-
sistent with the upper size limit of around 50 nm for LDH
nanoparticles for pollen uptake, and rapid biodegradation of
30-nm LDH nanoparticles in pollen.

The effects of the LDH-50:dsRNA mass ratio and the
dsRNA concentration were further investigated. Figure 6C
shows that early bicellular pollen incubated with LDH–
dsRNA at 2:1 reduced the MFI to 93.9% 6 2.5%, while the
MFI was significantly reduced to 86.0% 6 2.6%, 84.0% 6

3.0%, and 84.1% 6 3.5% for pollen incubated with
LDH–dsRNA at 3:1, 4:1, and 5:1, respectively. There was no
significant difference between pollen treated with LDH–
dsRNA at mass ratios of 3:1, 4:1, and 5:1. As mentioned
earlier and shown in Supplemental Figure S8, dsRNA was

Figure 5 LDH-50 facilitated uptake of dsRNA by early bicellular pollen. MFI of pollen treated with Cy3-labeled 300-bp RNA (dsRNA-Cy3) and
LDH-50 conjugated with dsRNA-Cy3 (LDH–dsRNA) after incubation for 2 h (A) and 12 h (B). The concentrations of LDH-50 and dsRNA used
were 100 and 10 mg/L, respectively. The MFI values are expressed in relation to the autofluorescence of the pollen (Blank treatment). The percent-
age of positive pollen (above gate 42,000 on the flow cytometer setting) after incubation with dsRNA-Cy3 and LDH–dsRNA for 2 h (C) and 12 h
(D) at room temperature. A–D, Different lower-case letters indicate a significant difference of P< 0.05 between treatments by t test. Data are
shown as mean 6 SEM for n¼ 3 biological replicates. Early bicellular pollen grains were collected from 6 to 8 mm flower buds.
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fully loaded onto LDH-50 at the mass ratio of 3:1, 4:1, and
5:1, while there was some unloaded dsRNA at the mass ra-
tio of 2:1 that migrated to the gel bottom under the elec-
tric field. The unloaded dsRNA in the case of the mass
ratio 2:1 was most likely not taken up by the pollen,
resulting in an insignificant decrease in b-glucuronidase

activity compared with the untreated GUS-positive control
pollen.

The data for the dsRNA dose effect are shown in Figure
6D. At the dsRNA dose of 2–5 mg/L, the GUS activity was
not affected in the early bicellular pollen after 3 d of incuba-
tion with LDH–dsRNA. Clearly, 10 mg/L of dsRNA in the

Figure 6 LDH-50–dsRNA induced silencing of the GUS reporter gene in early bicellular pollen. A, Decreased levels of GUS protein after 3-d incuba-
tion at 20 mg/L of dsRNA loaded on 60 mg/L of LDH-50; GUS protein levels were measured by a fluorometric MUG assay. The non-treatment
group denoted as Blank, non-specific GFP dsRNA-treated group denoted as (GFP)dsRNA, LDH alone treated group denoted as LDH, Bare GUS
dsRNA-treated group denoted as (GUS)dsRNA, LDHs conjugated GUS dsRNA treated group denoted as LDH–dsRNA, results from no-treated
wild-type (non-GUS transgenic) group denoted as GUS negative. B, Effect of the LDH particle size on suppression of GUS protein levels after 3-d
incubation at 20 mg/L of dsRNA (60 mg/L of LDH). C, Effect of the LDH:RNA mass ratio on suppression of GUS protein levels after 3-dy incuba-
tion at 15 mg/L of dsRNA. D, Effect of the dsRNA dose on suppression of GUS protein levels after 3-d incubation with the LDH:RNA mass ratio of
3:1. E, Effect of incubation period on suppression of GUS protein levels after incubation of pollen with 20 mg/L of dsRNA or with 20 mg/L of
dsRNA loaded on 60 mg/L of LDH-50 (LDH–dsRNA). Data are shown as mean 6 SEM for n¼ 4 biological replicates. F, RT-qPCR analysis of GUS
mRNA levels in pollen incubated with 20 mg/L of dsRNA ((GUS)dsRNA) and 20 mg/L of dsRNA in complex with 60 mg/L of LDH-50 (LDH–
dsRNA) for 3 d A–E, data are shown as mean 6 SEM for n¼ 4 biological replicates (blue diamonds) and F, data are shown as mean 6 SEM for n¼ 3
biological replicates (blue diamonds). Pollen grains were collected from 6 to 8 mm flower buds. Different lower-case letters indicate a significant
difference with P< 0.05 between groups by t test.
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LDH–dsRNA form decreased the MU fluorescence intensity
to 94.2% 6 3.7% of the untreated GUS-positive control pol-
len after 3 d of incubation, but the decrease was not signifi-
cant. The MFI decreased to 86.0% 6 2.6%, 84.4% 6 3.0%,
and 85.8% 6 3.6% of the untreated GUS-positive control
pollen when the dsRNA dose was increased to 15, 20 and
25 mg/L, respectively. Therefore, it seems that the optimal
dsRNA concentration for inhibition of GUS activity was 15–
20 mg/L. However, increasing the dsRNA dose from 20 to
25 mg/L did not further enhance the inhibition of GUS ac-
tivity, which is a similar saturation phenomenon to that
reported for other examples of RNAi induced by topical ap-
plication of dsRNA (McLoughlin et al., 2018).

The LDH–dsRNA-induced GUS activity inhibition is a
time-dependent process. As shown in Figure 6E, the MU
fluorescence intensity of early bicellular pollen did not
change significantly during a 7-d incubation with 20 mg/L of
dsRNA alone. In sharp contrast, the MFI of pollen treated
with 20 mg/L of dsRNA in complex with LDH-50 decreased
significantly and reached 83.6% 6 3.0% of the untreated
GUS-positive control pollen after 3 d of treatment.
Subsequently, the MU fluorescence intensity recovered
slightly to 90.2% 6 4.0% and 92.5% 6 5.5% at days 5 and 7,
respectively. By day 7, both the dsRNA- and LDH–dsRNA-
treated groups were not significantly different from the
untreated GUS-positive control pollen (Figure 6E).

Assessing the effect of LDH–dsRNA on inhibition of GUS
activity is an indirect indicator of silencing of the GUS trans-
gene, and is dependent on the stability of the GUS protein,
which may underestimate the level of RNAi. To address this
issue, quantitative reverse transcription polymerase chain re-
action (RT-qPCR) was used to quantify GUS mRNA levels in
early bicellular pollen incubated with naked GUS dsRNA and
GUS dsRNA in complex with LDH-50. Incubation of pollen
with 20 mg/L of naked GUS dsRNA for 3 d resulted in a
36.7% 6 8.8% decrease in GUS mRNA levels compared with
the untreated GUS-positive control pollen (Figure 6F). In
sharp contrast, treatment with 20 mg/L of GUS dsRNA in
complex with LDH-50 for 3 d caused a highly significant de-
crease (89.2 6 1.9%) in GUS mRNA levels. Our results clearly
demonstrate that LDH-50 nanoparticles facilitate
the delivery of dsRNA into developing pollen to efficiently
induce RNAi.

Discussion
Nanoparticles have been extensively studied for diagnostic,
therapeutic, and drug delivery purposes in mammalian sys-
tems. However, very few studies have demonstrated the ap-
plication for the delivery of biomolecules into intact plant
cells. Furthermore, developing a better understanding of
nanoparticle–plant interactions is required to enable the de-
sign of nanoparticle delivery platforms for the modification
of plant physiology. In this research, we have demonstrated
that LDH nanoparticles with an average particle diameter of
50 nm or smaller are readily taken up by pollen, and
moreover, significantly facilitate the uptake of dsRNA by

developing pollen to efficiently induce RNAi. We have also
confirmed that LDH-50 nanoparticles were internalized by
1-week-old Arabidopsis roots (Supplemental Figure S9), sug-
gesting that small LDH nanoparticles could be used in the
future to facilitate the delivery of biomolecules into whole
plants and tissues.

LDH nanoparticles with the average diameters of 30 and
50 nm showed the most rapid internalization, indicating
that the particle size is one of the key factors that affect the
nanoparticle internalization by plant cells (Lv et al., 2019).
Our further analyses showed that the pollen uptake is well
correlated with the portion of <50 nm LDH nanoparticles
at the same dose (Supplemental Figure S1), suggesting that
the upper size limit for tomato pollen internalization is
around 50 nm. The plant cell membrane is reported to al-
low the uptake of nanoparticles of <500 nm in size (Wang
et al., 2016; Demirer et al., 2019). Due to the dynamic nature
of pectin in the cell wall, nanoparticles of around 50 nm or
smaller are reported to traverse the cell wall, enter the cyto-
plasm of intact plant cells and translocate within plants (Dan
et al., 2015; Wang et al., 2016; Demirer et al., 2019; Avellan et
al., 2019; Sun et al., 2020). Nanoparticle surface chemistry also
affects the interactions of nanoparticles with the cell wall and
the subsequent endocytosis by plant cells (Avellan et al.,
2019; Hu et al., 2020). To our knowledge, no size exclusion
limit has been reported for the uptake of nanoparticles by de-
veloping pollen yet probably due to the complexity of the
pollen wall. Based on this research, we believe that the dy-
namic size exclusion limit of tomato pollen is around 50 nm,
which is similar to that for some other plant cells (Dan et al.,
2015; Schwab et al., 2016; Sun et al., 2020).

In addition to overcoming the obstacle of the plant cell
wall, the uptake mechanism into the cell is another factor
key to developing nanoparticle delivery platforms for plants.
Both energy-dependent and energy-independent LDH up-
take processes appeared to be operating in pollen. As
reported previously, delaminated LDH nanosheets of 30 nm
in diameter and 0.5–2 nm in thickness diffused into tobacco
(N. tabacum) cv Bright Yellow 2 cells (Bao et al., 2016). As
the hydrodynamic size of our LDH-30 and LDH-50 nanopar-
ticles is very similar to that of reported LDH nanosheets, it
is reasonable to infer that LDH-30 and LDH-50 nanoparticles
penetrate pollen by a process of diffusion. Interestingly, car-
bon nanotubes were proposed to directly penetrate the
plant cell membrane and chloroplast via a lipid exchange
envelope penetration process (Giraldo et al., 2014; Wong et
al., 2016), which may work for other nanoparticles with
a strong surface charge (Lew et al., 2018), including LDH
nanoparticles. This kind of direct penetration bypassing the
endocytosis and endosomal vesicle may contribute to the
energy-independent uptake of LDH nanoparticles by tomato
pollen. While clathrin-mediated endocytosis seems not to be
responsible for LDH uptake by pollen grains (Figure 3), more
investigations into the nanoparticle uptake mechanism by
the intact plant cells are needed in the future.
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Interestingly, pollen at different stages of development
shows different uptake behaviors. We found that the early
bicellular pollen takes up the most amount of LDH-50 nano-
particles while mature pollen grains internalize much less.
The different uptake rates may be attributed to the chang-
ing wall structure of developing pollen. Mature pollen grains
are protected by a bilayered wall composed of the inner in-
tine layer and the outer exine layer (Polowick and Sawhney,
1993a, 1993b; Figure 7). The intine is made largely of cellu-
lose and is structurally very similar to most other plant cell
walls, whereas the exine is composed mostly of sporopol-
lenin, which is one of the most stable and chemically inert
hydrocarbon polymers in nature. Furthermore, there are dif-
ferences in the timing of deposition of the intine and exine
during pollen development. The outer exine starts to be laid
down early in the monocellular stage and continues to
thicken during tomato pollen development (Polowick and
Sawhney, 1993a, 1993b). In contrast, the internal intine only
starts to form at the early bicellular stage of tomato pollen
development (Polowick and Sawhney, 1993a, 1993b). These
changes in the wall structure during pollen development, in-
cluding maturation of the inner intine layer and/or the
thickened exine layer, may affect nanoparticle permeability
and explain why pollen at different stages of development
show different capacities to take up LDH nanoparticles.

In conclusion, we have also demonstrated that LDH-50
nanoparticles can deliver a biologically active molecule
into developing pollen. LDH-50 nanoparticles efficiently en-
hanced the uptake of dsRNA by the developing pollen.
Furthermore, LDH-50 nanoparticles delivered GUS dsRNA to
efficiently silence the GUS reporter gene in the developing
pollen. Treatment for 3 d with LDH–dsRNA caused a 16.7%
decrease in GUS protein activity while no significant changes

were identified with dsRNA alone after 7 d of treatment. A
slight decrease in GUS activity levels was observed at day 7
in the naked dsRNA treated group, which may be caused by
a few reasons. The slow yet accumulative uptake of naked
dsRNA may start to reduce the GUS protein activity after
day 7. However, the impact of gene silencing is also affected
by the relatively high stability of GUS protein. Indeed, the
naked dsRNA treatment lowered GUS mRNA levels by
�37% at day 3 (Figure 6F), whereas the impact on GUS pro-
tein activity was barely detectable, if at all, after 7 d of treat-
ment (Figure 6E).

Most notably, treatment of early bicellular pollen for 3 d
with LDH–dsRNA caused an 89% decrease in GUS mRNA
levels (Figure 6F). dsRNA internalization facilitated by LDH-
50 nanoparticles can probably be attributed to three reasons
(Figure 7). First, loading dsRNA onto LDH nanoparticles
masks the negative charge of dsRNA so that LDH–dsRNA
complexes penetrate through the negatively charged phos-
pholipid cell membranes and exine much more easily than
free negatively charged dsRNA (Bohne et al., 2003).
Secondly, dsRNA loaded onto LDHs increased the stiffness
of the dsRNA compared with free dsRNA, which may help
the internalization process by facilitating the movement of
dsRNA molecules through pores in the pollen wall and the
plant cell membrane (Zhang et al., 2019). Thirdly, during the
uptake process, LDH nanoparticles can protect fragile
dsRNA from nucleases and degradation, as seen in this re-
search (Supplemental Figure S8B) and the previous report
(Mitter et al., 2017; Demirer et al., 2020). In short, LDH-
mediated delivery is a quick and efficient process for poten-
tially modifying traits in plant cells.

Our findings suggest that the bio-compatible smaller LDH
nanoparticles can serve as a simple biomolecule delivery

Figure 7 Schematic illustration of LDH nanoparticles facilitating pollen uptake of dsRNA. RISC, RNA-induced silencing complex.
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tool for fundamental plant science research in model plant
cell systems, and are a potential vector for non-GM trait
manipulation in plants, including protection against viruses
based on RNAi technology (Mitter et al., 2017) and
engineering metabolic pathways in plants.

Methods

Synthesis of LDH nanoparticles
MgAl LDHs with an average particle size from 50 to 120 nm
were prepared via co-precipitation followed by hydrothermal
treatment at 100�C for different time periods (Xu et al.,
2006). Briefly, for LDHs with an average size of 50 nm, co-
precipitation was carried out by adding mixed Mg(NO3)2

and Al(NO3)3 solution into NaOH solution under vigorous
stirring for 10 min, then the LDH precipitates were collected
via centrifugation, washed twice and homogeneously dis-
persed in deionized water after standing 7 d with occasional
shaking. These LDH nanoparticles were then heated in an
autoclave at 100�C to grow larger, with the average particle
size increasing from 50 to 80 or 120 nm after 8 or 72 h, re-
spectively; particles were denoted as LDH-50, LDH-80, and
LDH-120. LDHs with an average size of 30 nm were prepared
similarly for LDH-50, except the co-precipitation process was
conducted in methanol solution. The prepared LDH nano-
particles were resuspended in deionized water after washing.
Solid samples of all prepared LDHs were obtained with ly-
ophilization for characterization.

FITC-labeled LDHs were prepared by adding LDH nano-
particle suspension of different sizes drop wise into FITC
solution (NaOH water solution, pH �11) at a mass ratio of
20:1 (LDH: FITC), and the mixture was stirred for 1 h at
room temperature, followed by centrifuging and washing
thrice to remove excessive FITC, and then particles were
monodispersed in deionized water similarly.

Characterization of LDH nanoparticles
All LDH suspensions were subjected to a Nano Zetasizer for
size distribution and surface charge measurement by the dy-
namic light scattering method. TEM images of LDHs of dif-
ferent sizes were collected on JEOL JSM-2010 TEM at the
operating voltage of 100 kV. FTIR spectra of solid nanoparti-
cle samples were recorded in a Nicolet 6700 FTIR device by
scanning 32 times in the range of 500–4,000 cm�1 at the
resolution of 2 cm�1. XRD patterns of solid samples were
obtained in a Rigaku Miniflex X-ray diffractometer at a scan-
ning rate of 2�/min with 2h ranging from 10� to 80� using
Cu Ka radiation. The thickness of these LDH crystallites was
estimated based on the Scherrer equation, D ¼ (k�k)/(b/
360�cosh), where D is the average thickness, k the constant
(0.89), k the radiation wavelength (0.154 nm), b the full
width at half maximum, and h the Bragg angle of (003) or
(006) diffraction. The average lateral dimension was calcu-
lated based on the lateral measurement of 50–100 nanopar-
ticles for each sample in TEM images.

Plant growth and pollen collection
Tomato seeds (variety Money maker nontransgenic wild-
type and the transgenic line sAc 10512i GUS homozygotes
(Carroll et al., 1995; Keddie et al., 1998)) were germinated in
water, the seedlings were grown in nursery trays in a glass-
house at the day temperature of 24–26�C and the night
temperature of around 20�C (16 h/8 h with artificial lights)
for 3–4 weeks, and then transferred to large pots with the
potting mix. Pollen at different stages of development from
flower buds (4–6 mm, 6–8 mm, and 8–10 mm) and mature
pollen from fully opened flowers (>10 mm) were collected
in 10% (v/v) glycerol aqueous solution by gently breaking
the detached anther with surgical blades. Mature pollen
grains were also collected with a pollinator by just vibrating
anthers of mature (fully opened) flowers.

Pollen nuclei staining
For pollen nuclei staining, the collected pollen was stained
with 1 mg/L of Hoechst 33342 in 20 mM 2-(N-morpholi-
no)ethanesulfonic (MES) acid buffer (pH 6.0) for 30 min in
the dark at room temperature before imaging.

Pollen uptake of LDH nanoparticles
The collected pollen was transferred to 20 mM MES buffer
(pH ¼ 6.0) with LDH-FITC nanoparticles supplemented at a
certain concentration. After incubation at room tempera-
ture (24�C) in the dark for 0.5–4 h, pollen was collected via
centrifugation (700 rpm, 30 s), washed with fresh MES buffer
three times, and then subjected to imaging in confocal mi-
croscopy (Leica SP8 confocal laser scanning microscope). For
quantifying the signal from inside the pollen (average pixel
intensity signal, excluding outer 0.7–1 mm of pollen in con-
focal image), three replicates with 10–20 pollens were mea-
sured for each treatment group. The pollens were also
directly measured for fluorescence via a flow cytometer
(CytoFLEX) for quantification of the fluorescence intensity.

For inhibition of uptake, the collected mature pollen
grains, MES buffer and LDH-50 nanoparticle suspension
were first placed at 4�C in a cold room for 1 h before up-
take experiment. The uptake by mature pollen was then car-
ried out similarly at 4�C in a cold room. For endocytosis
inhibition, mature pollen grains were incubated with 10–100
lM of Wortmannin or Brefeldin-A (both stock solutions in
DMSO) in MES buffer for 30 min, and then LDH-50 nano-
particles were added into the buffer for pollen grains to take
up at the room temperature.

Nucleic acid loading assay and RNase protection
assay
Loading of dsRNA onto LDHs was performed by carefully
adding LDH nanoparticle suspensions to nucleic acid solu-
tions, followed by pipetting up and down several times to
mix. Mixed solutions with the different LDH/nucleic acid
mass ratios (10:1 to 2:1) were then aged at room tempera-
ture for 2 h to allow full conjugation of nucleic acids to
LDH nanoparticles via electrostatic forces. Electrophoresis
mobility of nucleic acids was determined to confirm
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whether nucleic acids were conjugated with LDH nanopar-
ticles. Different mass ratios of LDHs to nucleic acids were
pre-mixed at room temperature for 2 h before adding onto
the loading well of the gel.

dsRNA (250 ng) conjugated with 1,250 ng of LDH (LDH–
dsRNA) or without (bare dsRNA) was treated with 5 ng of
RNase A (Thermal Fisher) at 37�C for 5 min. After treat-
ment, dsRNA from LDH–dsRNA was detached with release
buffer (4.11 mL of 0.2 M Na2HPO4 þ 15.89 mL of 0.1 M cit-
ric acid; pH 3; Mitter et al., 2017) for 10 min and then added
to the loading well for electrophoresis.

LDH delivery of dsRNA-Cy3 into pollen
Cucumber Mosaic Virus 2b dsRNA (300 bp) was synthesized
and labeled in vitro with Cy3 (dsRNA-Cy3; Mitter et al.,
2017). Collected pollen was transferred to 20 mM MES
buffer (pH ¼ 6.0) supplemented with LDH–dsRNA or
dsRNA-Cy3 alone, at the dsRNA concentration of 10 mg/L
and the LDH:dsRNA mass ratio at 10:1, and then incubated
at room temperature in the dark for 2–12 h. Pollen was col-
lected via centrifugation (700 rpm, 30 s), washed with fresh
MES buffer three times and subjected to cytometry analysis.

LDH delivery of dsRNA to induce RNAi in pollen
LDH–dsRNA complexes were prepared by adding LDH-50
nanoparticle suspension into dsRNA solution at the
LDH:dsRNA mass ratio between 2:1 and 5:1, in a way similar
to that described previously. LDH-50–dsRNA, bare dsRNA
and LDH-50 were added into MES buffer and incubated
with collected early bicellular pollen (10512i GUS-positive) at
a designed dsRNA concentration. The GUS-negative group
was collected from wild-type Money Maker at the same
time, and dispersed in MES buffer without adding any LDH–
dsRNA, LDH-50, or dsRNA. The mixed samples were covered
with aluminium foil and incubated at room temperature for
1, 3, 5, and 7 d. After incubation, the pollen was collected
via centrifugation (700 rpm, 30 s), washed with fresh MES
buffer three times, and subjected to staining.

Modified 4-methylumbelliferyl-b-d-glucuronide
staining on pollen
The modified 4-MUG staining was conducted in MUG
buffer (0.1 M pH 7.4 phosphate buffer, 10 mM ethylenedi-
aminetetraacetic acid, 0.1% (v/v) Triton X-100, 1 mM
4-MUG). In brief, 200-lL MUG staining buffer was added to
the collected treated pollen samples. The samples were
covered with aluminium foil and incubated at 37�C for
24 h. The early bicellular pollen was then collected with cen-
trifugation (700 rpm, 30 s) and washed with fresh 0.1 M pH
7.4 phosphate buffer three times for immediate flow cytom-
etry analysis.

RT-qPCR analysis of the mRNA level
Total mRNA was extracted with the modified phenol-
chloroform method, followed by reverse transcription with
ProtoScript II First Strand cDNA Synthesis Kit (New England
Biolabs). GUS and LAT52 (as reference) were the target

genes. The qPCR was run for 40 cycles with an annealing
temperature of 60�C. Data were analyzed through the DDCt
method to normalize the GUS mRNA level according to the
LAT52 housekeeping gene and control. Primers are listed in
Supplemental Dataset S3.

Fluorescence measurement parameters and
image process
Fluorescence of FITC (kex ¼ 490 nm, kem ¼ 500–600 nm,
laser intensity 100%, gain at 100 for confocal microscope;
kex ¼ 488 nm, kem ¼ 505–545 nm for flow cytometry), Cy3
(kex ¼ 488 nm, kem ¼ 564–606 nm for flow cytometry),
Hoechst (kex ¼ 405 nm, kem ¼ 410–490 nm, laser intensity
1%, gain at 100 for confocal microscope), and 4-MU (kex ¼
405 nm, kem ¼ 427.5–472.5 nm for flow cytometry) was col-
lected in respective conditions. In general, 10,000 signals
were recorded in a flow cytometer (CytoFLEX) for each sam-
ple, and the MFI was calculated based on 3–4 replicates
with independently collected pollen from different flowers
from random plants with the same genotype growing to-
gether (biological replicates) of each sample randomly col-
lected from different flowers. Due to the strong auto-
fluorescence of pollen in 370–600 nm (Supplemental Figure
S6A), flow cytometer data within the FITC channel and Cy3
channel (PE channel) were normalized based on the auto-
fluorescence intensity collected from untreated wild-type
pollen. The MU fluorescence was normalized based on the
average intensity from the untreated GUS-positive pollen for
comparison. Confocal microscope images were collected
from a Leica SP8 Laser Scanning Confocal Microscopy under
a 630� magnification, and pictures were processed with
LAS�. Pollen was resuspended in 10 (v/v)% glycerol and
dropped onto the slide.

Pollen in vitro germination
Matured pollen grains from random 3–5 fully bloomed to-
mato flowers were collected with a pollinator. One milliliter
of germination media (20 mM MES, pH¼ 6.0, 3 mM
Ca(NO3)2, 1 mM KCl, 0.8 mM MgSO4, 1.6 mM boric acid,
2.5% (w/v) sucrose, 24% (w/v) PES-4000 [Huang et al.,
2014]) containing a certain concentration of LDH nanopar-
ticles was added into a 12-well plate. Pollen grains were
carefully poured into germination media without any strong
disturbance. Germination was carried out at 27�C in the
dark for 3 h. Pollen grains were then collected and observed
in a microscope (Zeiss Axioimager 2 fluorescence micro-
scope) with a 10� objective. For each independent treat-
ment, pollen grains (100–270) from nine images collected
from different fields of view for each sample were observed,
and the tube length was measured. A pollen grain with a
tube length of more than twice the pollen grain size was
considered as full germination. The statistics data were cal-
culated based on two replicates with pollen grains collected
from different flowers for each sample at the LDH-50 nano-
particle concentrations from 50 to 500 mg/L.
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Statistical analysis
Data, represented as mean 6 standard error of mean
(SEM), were analyzed through one-way ANOVA with
Bartlett’s test to confirm the consistency of deviation, fol-
lowed by t test for comparison between each group. A P
<0.05 was considered statistically significant. In figures with
lower case letters above the bars, different letters indicate
the statistical difference with P< 0.05. For each experiment,
biological replicates were conducted with independent treat-
ment and independent collection of pollen (for n times of
replicates).

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession number
AJ298139.1.
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