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Abstract

Background: Pollen development is a strictly controlled post-meiotic process during which microspores
differentiate into microgametophytes and profound structural and functional changes occur in organelles. Annexin
5is a calcium- and lipid-binding protein that is highly expressed in pollen grains and regulates pollen development
and physiology. To gain further insights into the role of ANN5 in Arabidopsis development, we performed detailed
phenotypic characterization of Arabidopsis plants with modified ANN5 levels. In addition, interaction partners and
subcellular localization of ANN5 were analyzed to investigate potential functions of ANN5 at cellular level.

Results: Here, we report that RNAi-mediated suppression of ANN5 results in formation of smaller pollen grains,
enhanced pollen lethality, and delayed pollen tube growth. ANN5 RNAi knockdown plants also displayed aberrant
development during the transition from the vegetative to generative phase and during embryogenesis, reflected by

delayed bolting time and reduced embryo size, respectively. At the subcellular level, ANN5 was delivered to the
nucleus, nucleolus, and cytoplasm, and was frequently localized in plastid nucleoids, suggesting a likely role in
interorganellar communication. Furthermore, ANN5-YFP co-immunoprecipitated with RABE1b, a putative GTPase,
and interaction in planta was confirmed in plastidial nucleoids using FLIM-FRET analysis.

Conclusions: Our findings let us to propose that ANN5 influences basal cell homeostasis via modulation of plastid
activity during pollen maturation. We hypothesize that the role of ANNS5 is to orchestrate the plastidial and nuclear
genome activities via protein-protein interactions however not only in maturing pollen but also during the
transition from the vegetative to the generative growth and seed development.
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Background

In angiosperms, the male gametophyte (microgameto-
phyte or pollen grain) plays an essential role in the
reproductive success of the species, and normal pollen
development under challenging environmental conditions
is a highly desirable agronomic trait in various crops.
Development of a male gametophyte is a complex process

* Correspondence: mlichocka@ibb.waw.pl

'Institute of Biochemistry and Biophysics, Polish Academy of Sciences,
Pawinskiego 5a, 02-106 Warsaw, Poland

Full list of author information is available at the end of the article

K BMC

that takes place in the anther locules, where microspore
mother cells undergo meiosis to produce haploid micro-
spores [1, 2]. Developing microspores take up nutrients
from the tapetum, an inner layer of cells in the anther loc-
ule. This secretory tissue provides soluble carbohydrates
for microspore growth and lipids for pollen cell wall
formation [3, 4]. Despite being dependent upon nutrient
delivery from the tapetum, microspore plastids undergo
intensive structural reorganization as the microspore
matures [2]. In young microspores, plastids are poorly
differentiated and lack any internal membranous system.
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Before the first mitosis, the plastids develop a few thyla-
koids and differentiate into amyloplasts and accumulate
starch transiently until the bicellular stage of microgame-
togenesis. Following the second mitosis, the tricellular ma-
ture pollen grain is made up of one vegetative cell (VC)
and two sperm cells. At this stage, the pollen plastids con-
tain only negligible amounts of starch as the majority of
the starch is hydrolyzed [5]. Although limited in number
in developing microspores, these plastids are crucial for
pollen viability as various mutants defective in plastid
carbohydrate metabolism exhibit pollen sterility [6].

Genes important for male gametophyte development
can be assigned as either ‘early’ or ‘late; according to their
spatiotemporal expression pattern. The ‘early’ genes are
the first to be activated in the microspore, and their ex-
pression levels decrease as pollen maturation approaches.
The ‘late’ genes are activated after the first microspore mi-
tosis, and their transcripts accumulate during pollen mat-
uration [7]. One of the late genes in the developing
microspore is annexin 5 (ANNS). ANN5 promoter activity
was detected in the bicellular microspore, and maximum
ANNS  transcript abundance correlated with pollen
maturation [7, 8]. Annexins belong to a ubiquitous family
of proteins present in eukaryotic organisms [9, 10]
localized to various subcellular compartments [11]. Due
to their calcium- and membrane-binding capacity, annex-
ins are known to be involved in a variety of cellular pro-
cesses such as actin binding, maintenance of vesicular
trafficking, cellular redox homeostasis, and ion transport
[12]. ANN5 was previously characterized biochemically
and, like other annexins, associated with liposomes in a
calcium-dependent manner and bound actin [13]. Pollen
tubes overexpressing ANNS5 displayed enhanced resistance
to Brefeldin A (BFA), an inhibitor of vesicular protein
transport, which suggested that ANN5 promoted
membrane trafficking downstream of the block by BFA.
Supporting this, RNAi-based down-regulation of ANNS
resulted in enhanced pollen lethality [8]. However, the
mechanisms through which ANN5 affects microspore
development remain unknown. Our results show that
ANN5 function is not limited to male gametophyte
development but plays a central role during the entire
reproductive development process in Arabidopsis. We
further show that ANNS5 localizes to the nucleus and the
plastids, implicating ANNS5 in crosstalk between cellular
compartments essential for the maintenance of cellular
homeostasis.

Methods

Plant material and growth conditions

The experiments were carried out on Arabidopsis
thaliana and Nicotiana benthamiana plants. Modified
ANNS expression was introduced in Arabidopsis Col-0
background. The other Arabidopsis accessions: An-1,
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Bay-0, C24, Ler-1, Mr-0, Oy-0 and Wa-1 were obtained
from NASC (http://arabidopsis.info/). Arabidopsis plants
were grown in Jiffy7 pots in controlled-environment
chambers (Percival Scientific, lowa, USA) at 22 °C, 40%
humidity, under 8 h of light for 4 weeks followed by
16 h of light conditions. Arabidopsis seedling cultures
were maintained on the solidified Murashige and Skoog
(MS) medium (Duchefa, Amsterdam, The Netherlands)
containing 1.5% (w/v) sucrose and 1% (w/v) agar (Duchefa,
Amsterdam, The Netherlands) in controlled-environment
chambers at 22 °C under 8 h of light. N. benthamiana
plants were grown in soil under controlled environmental
conditions (21 °C, 16 h of light).

Construction of expression vectors and transformation of
Arabidopsis

Coding sequence of ANN5 was PCR amplified using
primers adding BgllI-BamHI restriction sites: forward
5-AGATCTCGATGGCGACTCTTAAGGTTTCT-3’
and reverse 5-GGATCCTAGCATCATCTTCACCGA
GAA-3’ and cloned into modified pSAT4A plasmid
bearing the full-length cDNA sequence of YFP. The ex-
pression cassette 35S:ANN5-YFP was subcloned into
pPZP-RCS2 binary plasmid [14].

Agrikola binary plasmids (http://www.agrikola.org/)
for targeted ANNS5 RNAI silencing were obtained from
NASC (http://arabidopsis.info/) [15]. pAgrikola plasmids
contain a fragment of a gene coding sequence, called
gene specific tag (GST), under the control of 35S promoter
that enables production of double-stranded hairpin RNA
(hpRNA) necessary for targeted gene silencing [15]. GST
in pAgrikola 35S:ANN5(GST)-RNAi corresponded to
214 bp long fragment of ANNS coding sequence starting at
position 668 and ending at 881. Binary plasmids used in
this study are listed in Additional file 1: Table S1.

Wild-type Arabidopsis Col-0 plants were transformed
with the following constructs: pPZP-RCS2 35S:ANNS5-YFP,
pAgrikola 35S:ANNS5(GST)-RNAi and pCAMBIA 1302
35S:GFP [16] using floral dipping method [17] and
Agrobacterium tumefaciens strain GV3101 carrying the
appropriate plasmid along with helper plasmid pMP90.
For RNAi-based silencing of ANNS5 additional helper plas-
mid pSOUP (http://www.agrikola.org/) was introduced
into Agrobacterium. ANNS-RNAi transformants were
identified using Basta-based selection procedure (http://
www.agrikola.org/), whereas selection of 35S:ANN5-YFP
and 35S:GFP transformants was performed directly on
MS plates under fluorescence stereomicroscope Nikon
SMZ1500 (Nikon Instruments B.V. Europe, Amsterdam,
The Netherlands).

RNA extraction and RT-gPCR
Total RNA was isolated from vegetative and generative
Arabidopsis tissues using Syngen Plant RNA Mini Kit
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(Syngen, Wroclaw, Poland). Mature pollen grains were
collected on ice-cold 0.3 M mannitol, according to the
procedure described previously [18]. Isolated RNA was
quantified with a NanoDrop ND-1000 spectrophotom-
eter (Thermo Fisher Scientific, USA) and subjected to
DNA digestion (Rapid out DNA removal kit, Thermo
Fisher Scientific). First ¢cDNA was synthesized using
2 pug RNA and Superscript III kit (Thermo Fisher Scien-
tific, USA). qPCR was performed with the SYBR green
master mix (Thermo Fisher Scientific, USA) using Light
Cycler 480 (Roche, Basel, Switzerland). Reactions were
run in triplicate with three different cDNA preparations.
The relative expression level was normalized with the
expression of the reference genes (UBC21, PP2A and
YLS8) and quantified by ACt method. Primers for
RT-qPCR are listed in Additional file 1: Table S2.

Arabidopsis phenotype characterization

For phenotypic studies we used seeds of two selected
ANNS-RNAI lines: ANN5-RNAi_13, ANNS5-RNAi_15,
OE_2 line and wild-type Arabidopsis Col-0. Five seeds of
each genotype were placed per Jiffy7 pot. After 2 days of
stratification at 4 °C the pots were placed under appro-
priate light regime. The experiment was carried out in
the growth chamber (Percival Scientific, Iowa, USA)
under two different light regimes: 1) 12 h light/12 h dark
photoperiod during the whole experiment and 2) under
short day (8 h of light) for 4 weeks followed by long day
(16 h of light) conditions (sd/ld). The light during the
day period was provided with mixed fluorescent tubes
and incandescent bulbs. Total photon flux density at the
soil level was 120 uE m™ % s~ 1. After reaching two cotyle-
dons stage only one seedling per pot was further cul-
tured and the rest was removed. Each developmental
stage was recorded for 7-10 individual plants per geno-
type. All plants were daily inspected from germination
until siliques ripening. Bolting time was measured as the
number of days from germination to the first elongation
of the floral stem at 0.1 cm height. Flowering time was
estimated as the number of days from germination to
the first flower opening. After fading of the first flower
the time of silique formation was recorded. Trays with
growing plants were rotated three times per week for
uniform plant development. Three complete independ-
ent experiments were carried out for both light regimes.
Data were analyzed using Microsoft Excel and R free-
ware software (http://www.r-project.org).

Pollen tubes growth in pistils

Closed flower buds and freshly opened flowers with short
pedicel were cut off from the inflorescence and mounted
on water agar plates, each genotype on a separate plate:
Col-0 wild type, ANN5-RNAi_13, ANN5-RNAi_15 and
ANNS5-OE_2. From now on each step was performed
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under the stereomicroscope Olympus SZ60 (Olympus,
Tokyo, Japan). Petals, sepals and anthers were removed
from the buds with tweezers whereas pistils were left
mounted on the plate. Next, stamens with dehisced an-
thers were dissected from mature flowers and pollen
grains were spread onto the stigma of the isolated pistils.
The pollinated pistils were collected at 3, 6 and 24 h after
pollination and fixed in Carnoy’s fixative [60% (w/v) etha-
nol, 30% (w/v) chloroform,10% (w/v) acetic acid]. Aniline
blue staining of the pollen tubes was performed as
described by Mori et al. [19]. Three independent experi-
ments were conducted. Each time 5-7 pistils per genotype
were hand pollinated. The images of the aniline blue
stained samples were collected using a fluorescence
microscope Nikon E800 (Nikon Instruments B.V. Europe,
Amsterdam, The Netherlands). Pollen tubes length was
measured from the top of the style to the front of the
longest pollen tube using Image] software.

Seed size measurements

During Arabidopsis growth all the auxiliary buds were
removed. Once the siliques formed on the main bolt,
turned almost completely brown they were harvested
into a microcentrifuge tubes. The siliques were let to
air-dry in the open tubes for several days prior to
measurements. The dry seeds were dispersed on
microscope slides and several images were collected
under the stereoscopic microscope Nikon SMZ1500.
Following the conversion of images to black-white
images using the threshold function of Image] soft-
ware the area of the individual seed was calculated as
described previously [20].

Protein extraction and immunoprecipitation

The samples collected from 12 days old Arabidopsis
seedlings showing constitutive expression of ANN5-YFP
or GFP were ground in liquid nitrogen. The samples
were then thawed in 2 ml extraction buffer (50 mM
Tris-HCI, pH 7.5; 50 mM NaCl; 6 mM EDTA; protease
inhibitor PMSF; 0.5% [v/v] Triton X-100) per 1 g tissue
powder. Samples were centrifuged at 13000 rpm and 4 °C
for 20 min. Collected supernatants were adjusted to
3 mg ml-1 of total proteins and incubated with
GFP-TrapA-beads (Chromotek, USA) for 4 h at 4 °C.
After incubation the supernatant was discarded and
the beads were washed using 50 mM Tris-HCl
(pH 7.5), 150 mM NaCl and 2 mM EDTA buffer.
Proteins were eluted using 200 mM glycine (pH 2.5).
The eluted proteins were trypsin digested and sub-
jected to mass spectrometry.

Mass spectrometry analysis
Liquid chromatography-mass spectrometry analyses of
the peptide mixtures were performed on the Orbitrap
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spectrometer (Thermo Fisher Scientific, USA) and the
Mascot program was used for database searches as
described previously [21].

Chlorophyll extraction and measurement

Col-0 wild-type, ANN5-OE_2 and ANN5_OE1 seeds were
surface-sterilized with 75% ethanol for 2 min and then
with 10% sodium hypochlorite for 10 min. Next, the seeds
were washed three times with sterile water and spread
onto agar-solidified (1% w/v) MS media supplemented or
not with 1.5% (w/v) sucrose. After 2 days stratification at
4 °C, the plates were placed in the growth chamber under
a photon flux density of 220 uE m™? s~ " at the shelf level.
Seedlings were grown under short-day conditions (8 h
light) for 10 days. Aerial part of 10 day old seedlings were
harvested, weighed and kept at — 80 °C. Samples were
mechanically ground in 2 ml microfuge tubes with two
stainless-steel beads by a bead mill (TissueLyser II,
Qiagen, Hilden, Germany). After extraction with 1 ml cold
80% acetone, the samples were centrifuged 6000 rpm for
5 min at 4 °C. Extraction was repeated two times with
fresh solvent. Absorbance of the pooled extracts was mea-
sured at 664 and 647 nm with a spectrophotometer
(UV-1202, Shimadzu, Kyoto, Japan). Chlorophyll content
was calculated using equations described previously [22].

Plasmid constructions for transient expression in

N. benthamiana

Coding sequence of ANNS5 was PCR amplified with
primers adding Sall-EcoRV restriction sites: forward
5-GTCGACATGGCAACAATGAA-3’ and reverse 5-GA
TATCCAACGTTGGGGCCTAAAAGAGAGAG-3’' and
cloned into pENTRIA vector compatible with the Gate-
way system. The resulting plasmid was LR recombined
into GWB441,, GWB 551 and GWB 552 binary plasmids
[23]. Coding sequence of RABEIb was PCR amplified
using primers adding Sall-Xhol restriction sites: forward
5-GTCGACATGGCGAAGATGATGATGTTGC-3" and
reverse 5-CTCGAGGCTTGAAGAACAAGTTTCTTGC
TCAG-3’. The amplified coding sequences were cloned
into pENTR1A vector, then LR recombined into GWB
441 and GWB444 [23]. Binary plasmids constructed in
this study are listed in Additional file 1: Table S1.

The resulting binary plasmids were transformed into
Agrobacterium strain GV3101. Subsequently, Agrobac-
terium cultures carrying appropriate constructs were in-
filtrated into leaves of N. benthamiana, and after after
72 h leaf samples were analyzed using laser scanning
confocal microscopy.

Bioinformatics

Web-based bioinformatics tools were used for predicting
protein subcellular localization: PSORT and WOoLF
PSORT (www.genscript.com), Nuc-Plos [24].
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Confocal laser scanning microscopy

Subcellular localization of the fusion proteins was
evaluated using a Nikon C1 confocal system built on
TE2000E and equipped with a 60x Plan-Apochromat oil
immersion objective (Nikon Instruments B.V. Europe,
Amsterdam, The Netherlands). GFP/YFP fusion proteins
were excited with a Sapphire 488 nm laser (Coherent,
Santa Clara, CA, USA) and observed using the 515/
530 nm emission filter. CFP fusion protein and DAPI
fluorescence were excited with a 408 nm diode laser and
detected using the 450/35 nm emission filter. Confocal
images were deconvoluted and pseudocolored using
Image] software.

FLIM-fret
For FLIM-FRET (Fluorescence Lifetime Imaging
Microscopy-Forster ~ Resonance  Energy  Transfer)

RABE1b was fused to CFP (donor) and transiently
expressed in N. benthamiana leaves in the presence or
absence of the potential interacting partner ANN5 fused
to YFP (acceptor). Cells were imaged with an FV100
confocal system (Olympus, Tokyo, Japan) equipped with
a 60x water immersion objective lens. For FLIM CFP fu-
sion protein was excited with a 440 nm pulsed diode
laser (Sepia II, PicoQuant, Berlin, Germany) and
detected using a 482/35 bandpass filter. Images were
acquired with a frame size of 256 x 256 pixels. Photons
were collected with a SPAD detector and counted with
the PicoHarp 300 TCSPC module (Picoquant). The ob-
tained data were analyzed with Symphotime software
(PicoQuant). Fluorescence lifetimes of CFP in plastid
nucleoids were calculated by fitting a bi-exponential
decay model.

Transmission and scanning electron microscopy

Shoot apex of the primary inflorescence with flower buds
and flowers at anthesis were sampled from Arabidopsis
Col-0 wild type, ANN5-RNAi_13, ANN5-RNAi_15 and
ANNS5-OE_2 genotypes. Seven samples per genotype were
fixed in a mixture of 2% paraformaldehyd (w/v) and 2%
glutaraldehyde (v/v) in 0.05 M sodium cacodylate buffer
for 2 h at room temperature. Plant samples were collected
from two individual experiments. After fixation samples
from each genotype were grouped into three categories:
flower bud stage 6 to 9, closed flower bud stage 10 to 12
and open flower stage 13 to 15 according to categories
previously described by Smyth et al. [25]. Next, samples
were post fixed in osmium tetroxide, dehydrated in
ethanol and embedded in EPON resin according to [26].
Ultrathin sections were examined in an FEI 268 D
‘Morgagni” (FEI Corp., Hillsboro, OR, USA) transmission
electron microscope equipped with an SIS ‘Morada’ digital
camera (Olympus SIS, Miinster, Germany).


http://www.genscript.com

Lichocka et al. BMC Plant Biology (2018) 18:183

Mature pollen grains were collected directly into a cap
of the microfuge tube. They were processed for scanning
electron microscopy as described previously [27].
Imaging was performed with a Zeiss Spura 40VP (Zeiss,
Jena, Germany) scanning electron microscope operating
at 10 kV.

Results

ANNS is expressed in a tissue-specific manner

Earlier studies demonstrated that ANN5 was predomin-
antly expressed in mature flowers [8, 28]. To further
characterize ANNS expression, we analyzed vegetative
and reproductive organs of Arabidopsis using RT-qPCR.
ANNS transcripts were less abundant during vegetative
growth than in reproductive tissues of Arabidopsis
(Fig. la), and were nearly undetectable in 3-day-old
seedlings, rosette leaves, and roots. After the transition
to the generative phase, a slight increase in ANNS5
expression level was observed in the developing stem
and strong expression was detected in young developing
siliques. A separate analysis of the pistils and stamens
revealed that the strongest ANNS expression was seen in
the male organs, with the highest ANN5 transcript abun-
dance observed in mature pollen (Fig. 1b).
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Fig. 1 ANN5 expression profiles. (@) Average expression of ANN5 in
different organs of wild-type Arabidopsis Col-0. (b) Average expression
of ANN5 in reproductive structures of wild-type Arabidopsis Col-0.
(c) Average expression of ANN5 in floral buds and flowers at anthesis
collected from different Arabidopsis genotypes. n = 3 biological
replicates. Bars represent SD
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Arabidopsis accessions differ in ANN5 expression

Elevated expression of ANNS5 correlated with pollen
grain maturation in Col-0 plants (Fig. 1b), and we
wished to determine whether this was consistent among
Arabidopsis accessions. Eight Arabidopsis accessions,
originally derived from different habitats, were selected
and cultivated until flowering under short day and long
day conditions: An-1, C24, Col-0, Ler-1, Bay-0, Wa-1,
Oy-0, Mr-0. RT-qPCR analysis of RNA isolated from
flower buds and mature flowers revealed differences in
ANNS expression among the accessions (Fig. 1c). Wa-1,
C24, and Mr-0 exhibited a Col-0-type expression pattern
with higher ANN5 mRNA levels in mature flowers than
in buds. In Bay-0, Oy-0, and Ler-1, ANNS expression
was already elevated in the flower buds and remained at
similar levels during anthesis. An-1 exhibited the most
unusual ANN5 expression profile: very high expression
was observed in flower buds but expression dropped
precipitously in the mature flowers. Accession-specific
patterns of ANNS5 expression might reflect possible
differences in male gametophyte development among
Arabidopsis accessions.

Suppression of ANN5 leads to a delay in generative
development in Arabidopsis

Previous research showed that RNAi (RNA interference)--
based suppression of ANNS5 driven by the pollen-specific
promoter LAT52 led to enhanced pollen lethality [8], sug-
gesting that a knockout might be lethal or male sterile.
Here, an RNAi approach was used to generate ANNS
knockdowns using the AGRIKOLA RNAi plasmid carry-
ing 214 bp of the ANNS5 coding sequence under the con-
trol of a 35S promoter [15]. The obtained RNAI lines
exhibited moderate suppression at anthesis, with ANNS
levels reduced by 20-80% compared with control Col-0
plants (Additional file 1: Figure S1). Two ANNS5 RNAi
lines, ANNS5-RNAi_13 and ANN5-RNAi_15, were selected
for detailed phenotypic analysis. Lines were also generated
that ectopically overexpressed ANNS (OE) under the con-
trol of the 35S promoter. OE lines exhibited extremely ele-
vated ANNS transcript abundance compared with the
wild type (approximately 100-fold increase) (Additional
file 1: Figure S1).

Developmental analyses were conducted under two
light regimes: i) 12 h of light that ensures stable transi-
tion from vegetative to generative development and ii)
short day followed by transfer to the long day conditions
to accelerate flowering time. Germination of wild-type,
ANNS5-RNAi_13 and ANN5-RNAi_15 and OE lines was
equivalent under both applied light conditions. Develop-
mental differences between the RNAI lines and wild-type
Col-0 plants became apparent during the transition from
vegetative to generative development, i.e., at bolting
(formation of a flower stem) (Table 1, Additional file 1:
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Table 1 Timing of reproductive development in Arabidopsis
genotypes with altered ANN5 expression

Genotypes [Days]

Bolting Flowering Silique formation
Col-0 28.58+0.92 3467 £1.26 3808+1.17
ANN5-RNAI_13 35677 +0.89 44.83°+1.36 49174 +1.27
ANN5-RNAI_T5 36.08" + 062 47.10°£0.63 50.25" +0.84
ANN5-OE_2 30.09+1.91 3545+1.53 3882+ 144

Plants were cultivated under a short day/long day regime. Values represent
days after germination * standard error, n =7 individual plants per line.
2denotes statistically significant difference (p < 0.05 Dunnett’s test). See also
Additional file 1: Table S3

Figure S2 and Table S3). ANNS5 RNAi-silenced lines bolted
approximately 8 days later than wild-type plants under the
sd/1d light regime (Table 1). By contrast, the bolting delay
was only approximately 2 days under the 12 h light regime
(Additional file 1: Table S3). The subsequent growth
stages that is initiation of flowering and first silique forma-
tion were delayed by approximately 11 days in ANNS5
RNAI plants compared with control plants but only under
sd/ld conditions. Under 12 h light regime the flowering
and silique formation time was similar between RNAi
lines and wild-type plants. Development of transgenic
Arabidopsis overexpressing ANNS5 was similar to that of
wild-type plants under both light regimes (Table 1,
Additional file 1: Table S3). The only developmental
difference was that OE plants growth rates increased
slightly during rosette formation and stem elongation in
comparison to control plants (Additional file 1: Figure S2).
Taken together, these results showed that generative
development (bolting, flowering, silique formation) of
Arabidopsis is affected in ANNS knockdowns. Statistically
significant aberrations during development of ANNS5
RNAi lines were observed only after transferring the
plants from short to the long day photoperiod. This find-
ing indicates that ANNS5 knockdowns are more sensitive
to variations in length of photoperiod and further impli-
cates ANNS5 in light responses.

Pollen viability and grain size correlate with ANN5
expression level

Phenotypic studies revealed that onset of the generative
stage was delayed in ANN5 RNAi knockdown plants
compared with wild-type Col-0 plants, but plant mor-
phological characteristics, i.e., foliage rosette formation,
leaf morphology, and inflorescence structure, were
generally unaffected. However, abnormal flowers with
additional petals and/or missing stamens were observed
in ANNS5 RNAi-silenced plants (Additional file 1:
Figure S3). We next tested whether suppression of
ANNS5  expression affected pollen viability, using
Alexander’s solution to differentiate between aborted
and non-aborted pollen grains. Anthers of ANNS
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RNAi-silenced lines contained numerous aborted
pollen grains (green-colored) and fewer vivid pollen
grains (pink-colored) than wild-type and ANNS5-OE_2
plants (Additional file 1: Figure S3).

Pollen grains from ANNS5 RNAi-silenced lines were ex-
amined further using scanning electron microscopy. Cell
wall formation was unaffected in ANN5 RNAi-silenced
and ANN5-OE_2 pollen, but mean pollen grain size was
affected. ANNS RNAi-silenced pollen grains were signifi-
cantly shorter than ANNS5-OE_2 pollen grains and
wild-type pollen grains (Fig. 2a and c). ANNS transcript
abundance was previously shown to correlate with
pollen maturation in Col-0 plants (Fig. 1c) [7], and we
therefore examined pollen maturation in altered and
wild-type lines using transmission electron microscopy.
Micrographs of pollen grains collected just before and
during anthesis showed that progression of pollen grain
maturation was similar in all the Arabidopsis genotypes
examined (Fig. 2d, Additional file 1: Figure S4). Pro-
found reorganization of the VC encompassed i) partial
hydrolysis of starch grains deposited within plastids, ii)
formation of numerous initially small vesicles that even-
tually produced elaborate structures forming ‘foamy’
cytoplasm, and iii) conversion of storage lipids deposited
in oil bodies. In contrast with wild-type mature pollen
grains, which usually contained a single starch grain per
plastid, plastids of ANN5 RNAi-silenced pollen grains
often contained several starch grains (Fig. 2d). Collaps-
ing pollen grains of ANN5 RNAi knockdown plants
(particularly those of the ANNS5-RNAi_15 line)
contained starch grains that were significantly larger and
more numerous than those in aborted pollen of
wild-type and ANNS5-OE_2 plants (Fig. 2e). The high
starch content in the collapsing pollen grains of ANNS5
RNAij-silenced lines indicated that abortion of the
microspores likely occurred before starch hydrolysis,
which normally takes place after the bicellular stage by
the time of sperm cell formation [2].

ANNS5 is required for pollen tube growth in pistils

Pollen grain size and viability were affected by altered
expression of ANNS. Previous research showed that
germination rates and pollen tube growth of ANNS
RNAi-silenced, OE, and wild-type pollen on a solid
medium were similar and that the tubes were free of
morphological aberrations [13]. Here, hand-pollination
of pistils was used to assess the ability of ANNS
RNAi-silenced and OE pollen grains to germinate and
elongate under natural conditions on stigmas. The pistils
were collected 3, 6, and 24 h after pollination and
examined for pollen tube growth using a fluorescent
technique. Great variations in the growth rate were re-
peatedly observed among individual pollen tubes derived
from the pollen grains of the same ANN5 RNAi-silenced
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Fig. 2 Impact of ANN5 expression on mature pollen grain size. (@) Scanning electron micrographs of the pollen grains from wild-type Arabidopsis
(Col-0), ANN5-RNAI_15, ANN5-RNAI_13, and ANN5-OE_2. Scale bars =10 um. (b) Relative expression of ANN5 in mature pollen grains of wild-type
Arabidopsis (Col-0), ANN5-RNAI_15, ANN5-RNAI_13, and ANN5-OE_2. Values above each column are expressed as percentage of the ANN5
expression in comparison to the wild-type (100%). (c) Mean length of mature pollen grains from wild-type Arabidopsis (Col-0), ANN5-RNAi_15,
ANNS5-RNAI_13, and ANN5-OE_2. n = 50. Asterisks indicate significant difference compared with values for wild-type pollen (one-way ANOVA,
Dunnett post hoc test, *p < 0.05; **p < 0.01; ***p < 0.001). Bars represent SD. (d) and (e) Ultrastructure of viable and collapsing pollen grains from
Arabidopsis genotypes with altered ANN5 expression. (d) Transmission electron micrographs showing ultrastructural details of viable mature
pollen grains, whereas (e) depicts aborted pollen grains isolated during anthesis from wild-type Arabidopsis Col-0, ANN5-RNAi_15, ANN5-RNAI_13,
and ANN5-OE_2. See also Additional file 1: Figures S3 and S4. Nu: nucleus, black arrow: plastid. Scale bars=5 um
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line. In contrast, the growth rate of pollen tubes in
wild-type and OE line were more equivalent. At 3 and 6 h
after pollination the majority of the ANNS5 RNAi-silenced
pollen tubes did not enter the pistil transmitting tissue al-
though an excess of pollen grains was applied. At 6 h
after pollination, pollen from ANN5 RNAi knockdown
plants exhibited shorter pollen tubes than pollen from
wild-type. The differences were verified as statistically
significant (Fig. 3). There was no difference in pollen
tubes length betweenANN5-OE_2 and wild-type.
However, this discrepancy between ANNS5 RNAi
knockdowns and wild-type was no longer observed
after 24 h (Additional file 1: Figure S5), by which
time pollen tubes in all genotypes had traversed to
the ovary and reached the ovules. Pollen tube growth
rate is a major determinant of pollen competitive
ability, and the arrested or delayed growth of ANNS
RNAi-silenced pollen tubes in the pistil is indicative
of lower male gametophyte competitiveness.

Total seed yield correlates with ANN5 expression level
Although pollen viability was reduced, ANN5 RNAi
knockdown plants still produced sufficient amounts of
viable pollen to successfully reproduce generatively. To
quantify the final seed yield from lines with modified
ANNS expression, 1000 seeds per genotype were col-
lected and the individual seed areas were measured
under a stereoscopic microscope. ANN5 RNAi-silenced
seeds were smaller, and ANN5-OE_2 seeds were larger,
than wild-type Col-0 seeds (Fig. 4). To test whether
silique position on the main bolt affected seed size,
individual siliques were pooled into groups consisting
of five successive siliques and the average seed size
was calculated for each group. The average seed size
decreased upwards towards the shoot in all the geno-
types tested (Fig. 4c). Up to the 15th silique on the
main bolt, seeds developed equally in wild-type Col-0
and ANNS5 RNAi knockdown plants. Above the 15th
silique, average seed size was lower in ANN5S RNAIi
lines than in the wild type. Average seed size de-
creased consecutively up the main bolt to the last ex-
amined silique, at the 40th node. Seeds collected
from ANNS5-OE_2 plants were consistently larger than
wild-type seeds between the 11th and 40th nodes on
the main bolt.

In Arabidopsis, embryos constitute most of the total
volume of the mature seed, and the final size of dry
seeds thus depends primarily on embryo size. Embryos
dissected from ANNS5 RNAi-silenced seeds were smaller
than those from wild-type seeds (Fig. 4a). Taken to-
gether, these results indicate that ANN5 affects flower
and seed development during the reproductive phase of
the Arabidopsis life cycle.
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Multi-compartment targeting of ANN5-GFP

Subcellular localization of ANN5 was analyzed to gain
insights into the mechanisms underlying its functions.
Bioinformatics analyses of ANN5 amino acid sequence
suggested its multi-compartment localization. PSORT
predicted nuclear, whereas WoLF PSORT and Nuc-Plos
plastidial or nucleolar localization, respectively. Transi-
ent expression of 355:ANNS5-GEP and 35S:GFP-ANNS
gene constructs in Nicotiana benthamiana leaves was
used to examine subcellular localization of ANN5 in
vivo. Confocal microscopy analysis revealed that
ANNS5-GFP was localized to the nucleus, nucleolus, and
cytoplasm in all the epidermal cells examined (Fig. 5). In
numerous cells, ANN5-GFP also accumulated in
speckles inside the epidermal plastids, thus being fully
consistent with the predictions.

The number of cells in which ANN5-GFP localized
to the plastids varied significantly between experi-
ments. Notably, when ANN5 was found in a plastid
within a cell, all the plastids of that cell contained
ANNS5 (Fig. 5e). N-terminal tagging with GFP re-
sulted in the localization of ANNS5 to the nucleus,
nucleolus, and cytoplasm but eliminated plastid dis-
tribution (Fig. 5¢ and d). The punctate pattern of
ANNS5 distribution inside the plastids resembled the
positioning of nucleoids. To test this, leaf samples
expressing 35S:ANNS-YFP were stained with DAPI:
ANNS5 speckles in plastids fully colocalized with
DAPI-stained plastid DNA (Fig. 6).

ANNS5 interacts with RABE1b in plastid nucleoids
To identify ANN5 binding partners, 12-day-old
Arabidopsis seedlings expressing 35S:ANNS5-YFP were
used in co-immunoprecipitation experiments using a
GFP-TRAP system followed by mass spectrometry.
Identified proteins were compared between ANN5-YFP
samples and control GFP samples, and proteins that
non-specifically co-purified with GFP were excluded.
Many of the identified proteins were predicted to be lo-
calized in plastids, suggesting that many of these associa-
tions might occur in plastidial nucleoids. To further
investigate the specific interactions of ANNG5 in plastids,
potential binding partners were identified from proteins
predicted to be localized in plastids (Additional file 1:
Table S4). Of these, RABE1b, which had the highest Mas-
cot score and was a putative GTPase predicted to be plas-
tid associated, was selected for further characterization.
Transient co-expression of 35S:ANNS-YFP and
35S8:RABEI1b-CFP in N. benthamiana was used to deter-
mine whether ANN5 and RABE1b localized to the same
cellular compartment. When each was expressed alone,
ANNS5 localized to the nucleus, nucleolus, and plastid
nucleoids (Fig. 5), and RABE1b-GFP was predominantly
found within the plastid nucleoids and, to a lesser extent,
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ANNS-RNAI_13 ANNS-OE_2
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Fig. 3 Pollen tube growth in pistils in ANN5 RNAi-silenced lines. Pollen tubes were fixed and stained with Aniline Blue 6 h after hand-pollination
of (a) wild-type Col-0, (b) ANN5-RNAI_15, (c) ANN5-RNAI_13, and (d) ANN5-OE_2 plants. Aniline blue staining of pollen tubes was performed as
described by [19]. Yellow arrows indicate pollen tube length measured from the top of style to the front of the longest pollen tube. (e) Average
lengths of pollen tubes in pistils. n =3 independent experiments. Asterisk indicates significant difference compared with the wild type (one-way
ANOVA, Dunnett post hoc test, (#p =0.0501; *p < 0.05; **p < 0.01; ***p < 0.001). See also Additional file 1: Figure S5. Scale bars =200 um

J

in the cytoplasm (Additional file 1: Figure S6). When  FLIM-FRET analysis was used to determine whether
co-expressed, RABE1b-CFP and ANN5-YFP were de- ANNS5 and RABE1D interacted. In plastids, the average
tected within the same plastidial nucleoids (Fig. 6g). lifetime of the donor, RABE1b-CEFP, decreased significantly
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Fig. 4 Impact of ANN5 expression on seed yield. (@) Dry seeds isolated from siliques at positions 36-40 of the main bolt and embryos dissected
from rehydrated seeds of wild-type Arabidopsis (Col-0), ANN5-RNAI_15, ANN5-RNAI_13, and ANN5-OE_2. Scale bars =500 pm. (b) Average sizes of
pooled seeds from a single biological replicate. n = 1000. Three independent experiments were performed with similar outcomes. Asterisks
indicate significant differences compared with wild-type seeds (one-way ANOVA, Dunnett post hoc test, *p < 0.05; **p < 0.01; ***p < 0.001). Bars
represent SD. (c) Average sizes of seeds collected from siliques at specified positions on the main bolt, pooled from a single biological replicate.
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in the presence of the putative acceptor ANN5-YFP
(Fig. 6j). This confirmed physical interactions between
ANNS5 and RABEID in the plastidial nucleoids.

ANNS5 affects chlorophyll content in cotyledons of
Arabidopsis seedlings

To check whether ANN5 affects plastid-related func-
tions we analyzed greening of Arabidopsis seedlings with
different ANNS expression levels. To this end, the
seedlings were grown on MS medium in the absence or
presence of sucrose, for ten days (Additional file 1:
Figure S7A). Whereas ANNS5 expression in wild-type
seedlings was hardly detectable, the ectopic expression
of ANNS resulted in abundant transcript levels
(Additional file 1: Figure S7C). Spectrophotometric
analyses of chlorophyll a and b in the seedling revealed
that the total chlorophyll content in ANN5 OE lines was
significantly lower than in wild-type seedlings on both
types of media (Additional file 1: Figure S7B). We next
compared, the expression of selected genes related to
the chlorophyll metabolism, by RT-qPCR analysis
(Additional file 1: Figure S7C and D). Both ANN5 OE
lines showed reduced expression of genes related to
chlorophyll biosynthesis (HEMA1, GUN4, GUNS,
CHLII) and photosynthesis (PsbA, LHCBI) in

comparison to the wild-type, whereas the expression of
chlorophyll catabolic genes (NYCI, NYEI, SAG29) was
higher but only in the presence of sucrose. These data
show that ANNS overexpression affects chlorophyll
accumulation in Arabidopsis seedlings.

Discussion

ANNS5 plays an essential role during reproductive
development of Arabidopsis

The results from this study provide new insights into the
function of ANNS5 during Arabidopsis development.
Large quantitative differences in ANNS transcript accu-
mulation were observed between organs of wild-type
Arabidopsis (Fig. 1), with the highest mRNA levels
found in mature pollen. These results were consistent
with a previous study showing that RNAi-mediated sup-
pression of ANNS5 affected pollen development and led
to reduced pollen viability [8]. Viable pollen grains from
our RNAi knockdown lines were smaller in size and
their growth in the pistil was hampered when compared
with wild-type pollen grains (Figs. 2 and 3). In addition
to its role in pollen grain development, through pheno-
typic studies, we showed that ANN5 was also involved in
both embryo development and the transition from vegeta-
tive to generative growth (Table 1, Fig. 4). Suppression of
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Fig. 5 Subcellular localization of ANN5 in epidermal cells. Confocal optical sections of N. benthamiana leaf epidermal cells depicting localization
of (@) C-terminus tagged ANN5 (35S:ANN5-GFP), (b) ANN5-GFP localization merged with chlorophyll autofluorescence, (c) N-terminus tagged
ANNS5 (35S:GFP-ANNS), and (d) GFP-ANNS5 localization merged with chlorophyll autofluorescence. Scale bars = 10 um. (e) Confocal optical section
of two neighboring epidermal cells revealing different patterns of ANN5-GFP localization within plastids. White asterisks denote plastids containing
ANNS5-GFP. Scale bar =10 um. (f) Percentage of cells showing nucleo-cytoplasmic (N-C) or plastidial (Ch) localization of ANN5-GFP, and GFP-ANNS. The

data were obtained in three independent experiments. Bars represent SD

ANNS resulted in extended vegetative development and
reduced embryo size, whereas constitutive overexpression
of ANNS positively influenced both pollen and embryo
sizes. We thus conclude that ANNS5 promotes cell growth,
predominantly during the reproductive development of
Arabidopsis.

An insight into the role of ANNS5 in plastid function

ANNS5 displayed an unusual pattern of subcellular
localization compared with the predominantly cytosolic
localization observed for other plant annexins [11].
ANNG5 occupied two DNA-containing cellular compart-
ments (nucleus and plastid) and associated with promin-
ent sub-organellar structures (nucleolus and plastidial
nucleoids) (Figs. 5 and 6). The plastidial localization of
ANNGS in a subset of cells suggested that ANN5 was mo-
bile and might traffic to the plastids. N-terminal tagging
of ANNS5 with GEP inhibited its targeting to plastids while
its nuclear distribution remained unaffected (Fig. 5). This
confirmed that the N-terminal domain was essential for
ANNS5 import to the plastids. Moreover, mass spectrom-
etry analysis of the C-terminal GFP fusion of ANN5 de-
tected the peptide derived from the N-terminal region,
suggesting that this signal was not cleavable. However, a
scenario in which nuclear import of ANN5 does not
require processing but import into the plastids requires
cleavage of the N-terminal signal peptide cannot be

excluded. This scenario would imply that transport of
ANNS5 from the nucleus to plastids is unidirectional or,
alternatively, that the N-terminal sequence is protected
from cleavage in the plastids, thus allowing shuttling of
ANNS5 between compartments.

Plastids are plant-specific organelles that possess their
own genome and complete gene expression system [29].
Each type of plastid, except gerontoplasts, contains mul-
tiple copies of plastidial DNA arranged into compact
structures termed nucleoids. Plastid nucleoids contain
RNA and a multitude of proteins involved in the
maintenance of nucleoid functions such as transcription,
replication, RNA processing, and ribosome assembly
[30, 31]. However, the majority of the proteins required
for proper plastid function are encoded by the nuclear
genome. Regulation of plastid functions is therefore con-
tinuously coordinated with the activity of the nuclear
genome. An increasing body of evidence suggests that
many nuclear proteins are also targeted to the plastids.
The mechanism of dual targeting for many proteins is
unclear. However, previous studies suggested that dual
targeting might be either simultaneous or sequential
[32]. Proteins that were initially targeted to the plastids
and subsequently relocated to the nucleus might have a
role in retrograde signaling. This mechanism of trans-
location was recently confirmed for HEMERA/pTACI12,
which was targeted first to plastids and, after cleavage of
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Fig. 6 ANN5 interacts with RABE1b in plastidial nucleoids. Upper panel (a-b): Confocal optical section of N. benthamiana leaf epidermal plastid
transiently expressing ANN5-YFP (a) and counterstained with DAPI (1 ug ml-1 for 15 min at room temperature) after fixation with 2%
paraformaldehyde (24 h at 4 °C) (b). Pseudocolored fluorescence of (A) ANN5-YFP (yellow), (b) DAPI (magenta), (c) merged channels of ANN5-YFP and
DAPI, and (d) overlaid with chlorophyll autofluorescence (blue). Lower panel (E-H): Confocal optical section of N. benthamiana leaf epidermal plastid
transiently co-expressing ANN5-YFP (E) and RABE1b-CFP (f). Pseudocolored fluorescence of (e) ANN5-YFP (yellow), (f) RABE1b-CFP (magenta), (g)
merged channels of ANN5-YFP and RABE1b-CFP, and (h) overlaid with chlorophyll autofluorescence (blue). See also Additional file 1: Figure S6. Scale
bar =10 um. (j) FLIM-FRET analysis of interactions between ANN5 and RABE1b in plastidial nucleoids. Average CFP lifetime was measured in the donor
leaf samples of N. benthamiana expressing only RABETb-CFP and in the presence of acceptor in samples co-expressing RABE1b-CFP and ANN5-YFP.

n =7 individual epidermal cells. Measurements were performed on a single plastid per cell, ** indicates statistically significant differences (Student’s

its transit peptide, was relocated to the nucleus [33].
Our results suggest that ANNS5 is localized primarily to
the nucleus and then relocates to plastids. We
hypothesize that ANN5 translocates from the nucleus
directly to the plastidial nucleoid and then modifies
plastid functions. Consistent with this model ANN5
negatively affected chlorophyll content and expression of
the genes related to chlorophyll metabolism e.g. HEMAI,
GUN4, GUNS, CHLI1, PsbA, LHCBI (Additional file 1:
Figure S7). Principal component analysis (PCA) per-
formed on expression levels of these genes, showed visible
discrimination between groups corresponding to Col-0
and ANNS5-overexpressing lines, suggesting a global influ-
ence of ANN5 presence on chlorophyll metabolism.. The

fact that expression of the genes examined is sensitive to
plastid signals [34—38] suggests that ANNS5 is involved in
communication between plastid and the nucleus.
Interestingly, the addition of sucrose to the growth
medium up-regulated genes associated with chlorophyll
degradation in ANNS5-overexpressing lines (NYCI1, NYEI,
SAG29) that implicates ANN5 in sucrose signaling path-
way. Further work is needed to identify the specific signals
that drive ANN5-dependent reprogramming of plastid
function. Recent studies revealed that retrograde regula-
tion of the nuclear gene expression involved calcium
signaling [39]. Calcium ions were released from the
plastids to the cytosol in response to specific stimuli
[40]. Cytosolic calcium transients were mediated by a
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plastid-localized calcium-sensing receptor, CAS. This
process activated a MAP (mitogen-activated protein)
kinase cascade, which in turn regulated activity of
transcription factor ABI4 in the nucleus. The pattern
of ANNS5 subcellular distribution together with its
calcium-dependent lipid-binding capacity might reflect
its role in the crosstalk between the nucleus and plas-
tids or in intraorganellar calcium signaling. Notably,
previous research showed that intracellular redistribu-
tion of annexins in response to particular environ-
mental stimuli was induced by calcium transients in
the cytosol [41].

In summary, we hypothesize that ANN5 acts as a
specific calcium signature decoder and orchestrates
plastidial and nuclear genome activities in response to
developmental and environmental cues. Disturbed bilat-
eral communication between the nucleus and plastids
might explain the retardation of reproductive develop-
ment in ANNS5 RNAi-silenced plants. However, our hy-
pothesis that the intracellular redistribution of ANNS5 is
calcium-dependent requires experimental verification.

During plastid differentiation, nucleoids undergo in-
tensive remodeling and changes in their spatial arrange-
ment but remain associated with the plastidial internal
membrane [31]. Although poorly developed, the internal
membrane system of Arabidopsis pollen grain plastids is
thought to be photosynthetically active [2]. Since both
pollen and embryo are sink organs that take up nutrients
from other parts of the plant, their photosynthetic struc-
tures might be associated with processes other than
conversion of light energy into sugars. Photosynthetic
complexes in pollen grain plastids might act similarly to
embryos and generate reactive oxygen species to regu-
late processes both inside plastids and, in response to
the retrograde signaling, in the nucleus [42—44]. Recent
studies suggested that plastidial nucleoids acted as a
docking platform for the proteins involved in plastid me-
tabolism that were regulated by redox changes in the
photosynthetic apparatus [45]. One can thus speculate
that ANNS5, by combining membrane- and calcium ion-
binding capacities, might act at the interface between
the nucleoids and plastidial internal membranes. The
majority of plastid/nucleus-targeted proteins were
shown to be involved in plastid DNA/RNA metabolism
or translation [46]. We therefore propose that ANN5
association with membrane-bound nucleoids may be
required for transmission of signals from the photosyn-
thetic apparatus to the transcription/translation machin-
ery of the plastid.

ANNS expression correlated with post-meiotic devel-
opment of microspores, which was accompanied by sub-
stantial reorganization of the plastid function. ANNS
promoter activity was observed in the bicellular micro-
spore [8], whereas ANN5 mRNA levels were at their
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maximum in the tricellular microspore and remained
high in mature pollen [7]. At the initial stage of pollen
grain development, plastids intensively accumulate the
starch that is deposited until the bicellular stage of
microspore development [2, 47]. From this stage until
pollen grain maturity, deposited starch grains are almost
completely hydrolyzed. Previous studies reported that
plastids generated energy via glycolysis to support pollen
maturation and pollen tube growth [6]. These findings
together with our observation that ANN5 localized to
plastids and affected the expression of the nuclear genes
encoding plastid proteins raises the possibility that
ANNS5 may be involved in plastid reorganization at later
stages of pollen development. Starch grains accumulated
in aborted pollen grains of the ANN5 RNAi_15 line. This
suggested that abortion of pollen grains occurred at the
bicellular stage, which was consistent with previous
studies [8]. We thus conclude that suppression of ANNS5
disables progression to the next developmental stage
and finally leads to pollen abortion at the bicellular stage.
Although average pollen grain size was significantly re-
duced in ANN5 RNA lines, individual pollen grains devel-
oped without any obvious aberrations (Fig. 2), possibly
because ANN5 was not completely suppressed (Fig. 2b).
The ANNS5 knockdown phenotype resembled the pheno-
types of Arabidopsis mutant lines defective in genes re-
lated to plastid function, including plastid glycolysis, that
affected pollen formation, pollen tube growth, and em-
bryogenesis [6, 48, 49]. Suppression of ANNS5 likely leads
to plastid malfunction and, in turn, may affect the energy
status of the cell and consequently leading to reduced
growth or collapse of cells, that we hypothesize occurs
during pollen maturation and embryo growth.

Importance of the interaction between ANN5 and RABE1b
for plastid functions

A large number of predicted plastid-targeted proteins were
identified that co-purified with ANNS5, including RABE1b,
GAPA and GAPB subunits of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), plastid chaperones, and
ribosomal proteins (Additional file 1: Table S4). Further
characterization of RABEI1b revealed physical interactions
with ANN5 within plastidial nucleoids (Fig. 6j). Although
the biological function of RABE1b is unknown, the protein
contains a GTPase domain and is classified as a member of
the Rab GTPase family, suggesting that it may be involved
in intracellular trafficking [50]. Several proteins involved in
the transport machinery were predicted to be plastid tar-
geted, raising suggestions of vesicular transport within
plastids [51]. Given that both annexins and Rab GTPases
are implicated in membrane trafficking, it is plausible that
both ANN5 and RABE1b are required to maintain the
organization and function of plastidial nucleoids attached
to the plastid internal membranes.
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RABE1bD also exhibits sequence similarities to transla-
tion elongation factor EFTu/EF1A (www.arabidopsis.org)
therefore it is likely that belongs to the translational
GTPases [52]. In our hypothetical model for ANNS5
function, we propose that ANNS5 interaction with
RABE1b occurs in the plastid nucleoids in the bicelluar
microspore. We hypothesize that cooperative action of
ANNS5 and RABE1b may drive the reprogramming of
plastid function in maturing pollen grain. Further studies
are required to elucidate the interplay between ANNS5
and RABE1b in plastidial nucleoids and to determine
whether their functions are associated with DNA/RNA
metabolism or protein synthesis.

Conclusions

Collectively, through this work, we showed that ANN5
was required for basal developmental processes during the
transition from vegetative to generative growth, male gam-
etophyte development and growth of the embryo. ANN5
likely accomplishes these activities through its membrane
trafficking function in the nucleus and plastidial nucleoids.
Our future work will focus on how the interaction be-
tween ANN5 and RABE1b could influence plastid func-
tions, particularly during pollen grain development.
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