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Excerpt from the lyrics of “Love is Strong” by The Rolling Stones.

ABSTRACT

Successful double fertilization and subsequent seed development in flowering plants requires the delivery
of two sperm cells, transported by a pollen tube, into the embryo sac of an ovule. The embryo sac cells
tightly control synergid cell death, and as a result the polyspermy block. Arabinogalactan proteins are
highly glycosylated proteins thought to be involved in several steps of the reproductive process. We
show that JAGGER, Arabinogalactan Protein 4, is an important molecule necessary to prevent the growth
of multiple pollen tubes into one embryo sac in Arabidopsis thaliana. In jagger, an AGP4 knockout mutant,
the pistils show impaired pollen tube blockage as a consequence of the survival of the persistent synergid.
JAGGER seems to be involved in the signaling pathway that leads to a blockage of pollen tube attraction.
Our results shed light on the mechanism responsible for preventing polyspermy in Arabidopsis and for safe-
guarding successful fertilization of all ovules in one pistil, ensuring seed set and the next generation.
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with the egg cell, giving rise to the endosperm and embryo,
respectively (Russell, 1992).

INTRODUCTION

In angiosperms, seed formation normally begins with the deliv-
ery of two immotile sperm cells to the embryo sac and their
fusion with the two female gametes, the egg and the central
cell (Russell, 1992). The sperm cells are delivered by the
pollen tube. When a pollen grain lands on a compatible
stigma it germinates and the tip-growing pollen tube protrudes,

Little is known about the mechanisms that regulate the attraction
and repulsion of pollen tubes into the ovules (Dresselhaus and
Sprunck, 2012). After the egg and central cells are fertilized no
more pollen tubes are attracted, thereby avoiding polytubey
and, conversely, polyspermy (Beale et al., 2012). However, in

penetrates the pistil tissues, and continues to grow until it rea-
ches the embryo sac (Elleman et al., 1992). In the vicinity of
the embryo sac, the pollen tube is attracted by specific
molecules, such as AtlLures (Takeuchi and Higashiyama,
2012), produced by the synergid cells and released through
the synergid filiform apparatus. The pollen tube grows through
this apparatus, and enters the receptive synergid (Leshem
et al, 2013), where its growth is arrested and it bursts,
releasing the sperm cells (Hamamura et al., 2011). Afterward,
the disrupted synergid degenerates and one of the sperm
cells fuses with the central cell and the other sperm cell fuses

the case of gamete fusion failure, the embryo sac can still
attract further pollen tubes for successful fertilization (Kasahara
et al., 2012). This is achieved by the maintenance of one
functional (persistent) synergid. It has been shown that the
fertilized female gametes independently trigger a signaling
cascade, leading to the elimination of the persistent synergid
and consequently blocking the production of more molecules
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for pollen tube attraction (Beale et al., 2012; Kasahara et al., 2012;
Maruyama et al., 2013; Volz et al., 2013). Ethylene production
guides the transduction cascade, leading to the elimination of
the persistent synergid. The ethylene-insensitive mutants, ein3
and ein2 (ethylene insensitive 1 and 2), defective in the ethylene-
signaling pathways, revealed the importance of ethylene for
synergid cell death and the establishment of a pollen tube block
(Volz et al., 2013). The central cell pathway also participates in
polytubey blockage (Maruyama et al., 2013) as shown by the
involvement of the fertilization-independent seed (FIS) class Poly-
comb Repressive Complex 2 (FIS-PRC2), which is a chromatin-
modifying complex involved in gene silencing via trimethylation
of lysine 27 on histone H3 (H3K27me) (K&hler et al., 2012).
Recently, Maruyama et al. (2015) showed that these two
pathways coordinate the elimination of the persistent synergid
independently, leading to its fusion with the endosperm after
fertilization and consequent dilution of the pollen tube attractants.

In all previously characterized mutants, where the fertilization of
both female gametes is not accomplished, the embryo sac
continues to attract more pollen tubes until it achieves successful
double fertilization. However, in the mutants defective in the
ethylene-signaling pathway, even when double fertilization oc-
curs normally the embryo sac continues to attract supernumerary
pollen tubes. With the exception of the involvement of ethylene
and the FIS-PRC2 components, very little is known about the mo-
lecular mechanisms controlling polytubey.

Arabinogalactan proteins (AGPs) constitute a class of highly
glycosylated proteins which are ubiquitous in plants. Most
AGPs are predicted to be tethered to the plasma membrane by
a glycosylphosphatidylinositol anchor (Oxley and Bacic, 1999;
Seifert and Roberts, 2007). Accumulated evidence regarding
the function and localization of AGPs suggests that they are
directly or indirectly involved in the reproductive processes of
many plant species (Pereira et al., 2015). Here we describe the
jagger mutant phenotype, an agp4 mutant, named after the
rock’n’roll god Mick Jagger, who “can’t get no satisfaction.”

Microscopic and genetic data indicate that jagger is a sporophytic
mutation that affects the persistent synergid cell death and thus
pollen tube attraction. Double fertilization is successfully achieved
when the first pollen tube bursts inside the embryo sac, pointing to
a failure in the communication between the fertilized egg and/or
central cell with the persistent synergid, involving the sporophytic
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Figure 1. Relative Expression of JAGGER in
Wild-Type, jagger1-1—/—, and jagger1-2—/—
Mutant Flowers.

(A) No JAGGER expression was observed in
jagger1-1—/— flower tissues.

(B) jagger1-2—/— had residual expression of
JAGGER in flower tissues. The relative gene
expression was measured using stably expressed
reference genes (RUBT and ACTS8) in three bio-
logical samples. Similar results were obtained for
the three samples. The data correspond to the
ratio of the expression in wild-type or jagger—/—
compared with the wild-type and are the mean +
SD of three replicates of a biological sample.

Jjagger1-2

tissues. The persistent synergid is not eliminated as expected
after double fertilization, and continues to attract more pollen
tubes into the embryo sac. We hypothesize that JAGGER, via its
carbohydrate moiety, acts as an intermediary in the signaling
pathway that triggers the persistent synergid cell elimination.

RESULTS

Isolation and Characterization of the jagger Mutant
Lines

A Ds transposon insertion line (pst20518) from the RIKEN library
and a transfer DNA (T-DNA) insertion line (GK-134A10) from the
GABI-Kat library were chractereized. pst20518 contains the Ds
transposon insert in the JAGGER-coding sequence, while GK-
134A10 contains a T-DNA insertion in the JAGGER 3’ untrans-
lated region (Supplemental Figure 1A), as confirmed by PCR
and sequencing. Their homozygous lines were isolated and
named as jagger1l-1—/— and jagger1-2—/—, respectively.
Copies of the inserts were amplified from the genomic DNA
(Supplemental Figure 1B and 1C). Quantitative RT-PCR
detected no JAGGER expression in jagger1-1—/— (Figure 1A),
and only a residual level in jagger1-2—/— (Figure 1B). The
jagger1-1—/— and jagger1-2—/— plants were indistinguishable
from wild-type plants in vegetative growth.

To determine whether the male or the female gametophytes were
affected in the mutant, reciprocal crosses were conducted be-
tween wild-type and the heterozygous mutants. As shown in
Table 1, genetic analyses indicate that jagger male and female
gametophytes transmission efficiencies are not affected.

Expression Pattern of JAGGER in Reproductive Tissues

The JAGGER promoter fused with the GUS (8-glucuronidase) re-
porter gene was used to determine its spatiotemporal expression
pattern in the female reproductive tissues. All flowers analyzed
were between stages 12 and 13 according to Smyth et al. (1990).
GUS activity driven by the JAGGER promoter was strong in the
transmitting tract cells (Figure 2A and 2C), the stigmatic cells
(Figure 2B), and in the integuments close to the micropyle (Figure
2D-2G) in mature ovules. Inside the embryo sac, GUS activity
was detected in the region corresponding to the synergids and
egg cell localization, the egg apparatus (Figure 2D-2G). No GUS
activity was detected in any other reproductive tissues. GUS
activity was undetectable following fertilization (Figure 2H).
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(A) jagger1-1 transmission efficiency

Transmission Cross +/+ +/jag1 % Expected % jag1/+
Male ++ X +/— 55 65 50 54
Female +/— X +/+ 63 52 50 45°

(B) jagger1-2 transmission efficiency

Transmission Cross +/+ Heterozygous % Expected % jag2/+
Male +/+ X +/— 48 72 50 60°
Female +— X +/+ 61 58 50 49°

Table 1. Ds and T-DNA Transmission Analysis of jagger1 (A) and jagger2 (B).
(A) The number of jagger1-1 (+/jag1) and wild-type (+/+) plants among test cross progeny and the percentage of jagger1 mutant progeny (% jag1/+). The
transmission efficiency (TE) represents the percentage of jagger7-1 mutant alleles successfully transmitted through male or female gametes. Chi-square

test for a 1:1 segregation hypothesis was calculated.

(B) The number of jagger1-2 (+/jag2) and wild-type (+/+) plants among test cross progeny and the percentage of jagger1-2 mutant progeny (% jag2/+).
The TE represents the percentage of jagger7-2 mutant alleles successfully transmitted through male or female gametes. Chi-square test for a 1:1 segre-

gation hypothesis was calculated.

342 = 0.416 and %2, = 3,841; 0.416 < 3.841.
42 = 0.526 and %% = 3,841; 0.526 < 3.841.
°y2 = 0.4 and %% = 3,841; 0.4 < 3.841.

942 =0.038 and % = 3,841; 0.038 < 3.841.

In situ hybridization was performed at the same flower stages to
confirm whether the GUS activity pattern obtained with
JAGGERom:GUS reflected the real JAGGER expression; the
presence of JAGGER transcripts closely correlated with GUS ac-
tivity (Figure 3). Hybridization signals for the JAGGER antisense
probe were detected throughout the stigma, style, transmitting
tract, and ovule integuments as well as inside the embryo sac.
No hybridization signals were detected in the reproductive
tissues of the jagger—/— mutant.

Seed Set and Fertilization Analysis

For jagger1-1 and jagger1-2 mutant lines the number of viable
seeds, aborted ovules, and seeds inside the siliques were
analyzed, revealing no significant difference from wild-type si-
liques grown in the same conditions (Supplemental Figure 2).
To examine whether gamete fusion was occurring normally in
jagger—/— mutants, we used a marker line containing the
construct LAT52,,0,:GFP-H3.3mRFP. Plants bearing this
construct produced pollen grains expressing GFP throughout
the pollen grain and pollen tube, and expressed mRFP in the
sperm cells. Cross-pollination experiments were carried out be-
tween jagger1-1—/— and jagger1-2—/— pistils with LAT52,,om:
GFP-H3.3mRFP pollen. The crosses revealed no differences be-
tween the sperm cell fusions with the egg and the central cell in
wild-type or jagger plants (Figure 4).

In Vivo Pollen Tube Growth Assays

Hand-pollination of emasculated wild-type pistils with jagger—/—
pollen grains, followed by aniline blue staining, showed that the
jagger—/— pollen tubes successfully grow through the transmit-
ting tract cells and reach the embryo sac of the jagger—/— ovules
accomplishing double fertilization, completing their journeys by
reaching the bottom of the ovary 24 h after pollination. In the recip-
rocal crosses, wild-type pollen tubes also grow normally along the
transmitting tract cells reaching the micropyle and entering the
embryo sac jagger—/— pistils. In the jagger—/— mutant pistils,
more than one pollen tube was frequently observed to enter a sin-
gle embryo sac (Figure 5A and 5B). This situation is in direct

contrast with observations for wild-type flowers, where each em-
bryo sac received only one pollen tube (Figure 5C).

In jagger—/— no more than two pollen tubes entering the same
embryo sac were ever observed. This phenomenon is called
polytubey (Beale et al., 2012). To better analyze this phenotype,
we calculated the number of polytubey occurrences observed
in wild-type and jagger—/— pistils. Polytubey was observed in
18.7% + 2.9% of jagger1-1—/— pistils pollinated with Nossen
wild-type (Wt) pollen and 1.5% + 0.8% of Wt pistils pollinated
with jagger1-1—/— pollen grains (Student’s t-test: P < 0.0001;
n =600 ovules for jagger1-1—/— x Wt; P =0.1257; n = 200 ovules
for Wt x jagger1-1—/-). For the second allele, polytubey was
observedin 14.1% + 1.9% of crosses between jagger1-2—/— pis-
tils and Wt pollen, while in the reciprocal cross polytubey had
an occurrence of 1.8% + 1.1% (Student’s t-test: P < 0,0001;
n =950 ovules for jagger1-2—/— x Wt; P=0.1149; n = 750 ovules
for Wt x jagger1-2—/—), as depicted in Figure 5D. The same
experiment was performed for jagger1-2+/— pistils. Polytubey
was observed in 2.13% =+ 0.9% of jagger1-2+/— npistils
pollinated with Wt pollen and 3.1% + 1.2% of Wt pistils
pollinated with jagger1-2+/— pollen grains (Student’s t-test:
P = 0.1529; n = 750 ovules for jagger1-2+/— x Wt; P = 0.8281;
n = 450 ovules for Wt X jagger1-2+/—). The polytubey rate in
the Nossen Wt self-crossed pistils was 4% + 1.3% and in the
Col-0 wild-type 3.3% + 1%. No statistically significant differ-
ences between jagger1-2+/— reciprocal crosses and the wild-
type were observed. The observation that the polytubey rates
in heterozygous jagger mutant was the same as in the wild-
type indicates that the defect is of sporophytic origin.

Embryo Sac Cells Develop Normally in jagger—/—

jagger—/— and wild-type flowers were embedded in LR-White
resin, and cross sections of these inclusions were obtained. No
differences were observed between the development of the
jagger—/— and the wild-type ovules. As shown in Figure 6A and
6B, the synergids, the egg cell, and the central cell appear to
develop similarly to the wild-type ovules (Figure 6D and 6E).

Molecular Plant 9, 601-614, April 2016 © The Author 2016. 603
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Figure 2. Histochemical Localization of GUS activity in Transgenic Arabidopsis Pistil Tissues Expressing the JAGGER,,om'GUS

Fusion Gene.

(A) GUS activity driven by the JAGGER promoter is detected in the stigmatic cells (st) and the transmitting tract (tt) cells.

(B) Detail of GUS activity detected in the stigmatic cells (stc) and style cells.

(C) Strong GUS activity detected in the transmitting tract cells at higher magnification.

(D-G) GUS activity driven by JAGGER promoter in the integuments near the micropyle and inside the embryo sac in the egg apparatus (white arrowhead).
(H) Developing seeds after fertilization where GUS activity is reduced compared with the other stages of ovule development seen in (D)-(G).
Allimages were obtained with a differential interference contrast (DIC) microscope. Flowers of stage 12 and stage 13 (Smyth et al., 1990) were used in this
study. i, integuments; st, stigma; tt, transmitting tract. Scale bars, 100 um (A-C and H) and 20 um (D-G).

Moreover, in Figure 6C it is possible to observe the entrance of a
pollen tube into one of the embryo sac synergids, as well as one
of the sperm cells carried inside it. To further check whether
specification of the female gametophytic cells was perturbed,
we crossed jagger—/— plants with independent transgenic
plants containing the following constructs: MYB98,,0,:GFP,
At2920595,,,m:GFP, and EC1.2,,0m:GFP. Each of the lines was
crossed with jagger—/—, and homozygous plants generated for
the marker line and T-DNA insertion mutants. No differences
were observed between the control plants expressing the GFP
reporter under the respective promoter and the ones crossed
with jagger—/— (Supplemental Figure 3). MYB98 ,om:GFP
plants expressed GFP in the synergids, as did the jagger—/—
plants crossed with this marker line (Supplemental Figure 3A
and 3B). At2g20595 ,;om:GFP plants showed GFP expression in
the central cell; the same pattern of expression was observed
in crosses with jagger—/— plants (Supplemental Figure 3C and
3D). GFP driven by the EC1.2 promoter led to its expression in
the egg cell, and the same expression pattern was observed in
crosses with jagger—/— (Supplemental Figure 3E and 3F).

RNAIi Suppression of JAGGER Driven by the SEEDSTICK
Promoter Causes Polytubey Phenotype

We used the SEEDSTICK (STK) promoter to knock down
JAGGER expression in the ovule-specific tissues via RNA inter-

604 Molecular Plant 9, 601-614, April 2016 © The Author 2016.

ference (RNAI). This allowed us to verify whether the
polytubey phenotype was due to the JAGGER expressed in
the transmitting tract, integuments, and/or embryo sac. STK is
ovule specific, being expressed in the integument tissues
(Mizzotti et al., 2014). Transgenic plants carrying the pSTK:
JAGGER_RNAI construct (referred to as jagger RNAI) were
examined. Eight jagger_ RNAi independent lines were
analyzed. By quantitative real-time RT-PCR it was observed
that seven of these lines presented different levels of reduction
of JAGGER expression (Figure 7A). For each jagger_RNAI line,
the frequency of polytubey was calculated (Figure 7B). The
reduction in JAGGER expression for each line correlated with
an increase of polytubey frequency. The line with no reduction
in JAGGER expression revealed a polytubey rate very similar
to the wild-type one. This result not only shows that JAGGER
present in the integuments is responsible for the observed
phenotype, but also supports the sporophytic origin of the
defect observed.

The jagger Mutation Affects Persistent Synergid
Elimination

Transgenic plants carrying the 35s50m:JAGGER construct were
analyzed. Only three lines survived to the BASTA treatment,
two of which corresponded to independent lines overexpressing
the JAGGER gene, lines 1 and 2 (Supplemental Figure 4). These
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lines exhibited normal development and their pollen grains
developed normal pollen tubes when germinated on the stigma
(Figure 8A). However, when aniline blue-stained pistils were
checked for pollen tube growth, a considerable number of
ovules remained unfertilized and callose was found to be
deposited inside the embryo sacs, near the micropyle,
corresponding to the location of the synergids (Figure 8D and
8E). In addition, the nucellar cells and integumentary cell near
the micropyle also stained with aniline blue, indicating
premature cell death (Figure 8D and 8E), although some ovules
still received normally a pollen tube, as in wild-type (Figure 8B
and 8C). The independent line 3, with the 35syom:JAGGER
construct, but without JAGGER overexpression, behaved just
like the wild-type plants, and its ovules received normally a pollen

Molecular Plant

E | Figure 3. JAGGER Expression, Detected by
In Situ Hybridization, in Sections of Wild-
Type and jagger Pistils.

(A) Longitudinal section of a wild-type pistil
revealing JAGGER expression in the transmitting
tract cells of the style and the rest of the pistil.
(B) JAGGER expression in wild-type stigma and
transmitting tract cells at higher magnification.
(C) A transverse section of wild-type pistil showing
JAGGER expression in the ovule integuments and
the egg apparatus. Arrowhead indicates micropyle.
(D and E) jagger pistil sections showing that
JAGGER expression in the mutant pistils was
below the limits of detection. Arrowhead in-
dicates micropyle.

Flowers of stage 12 and stage 13 (Smyth et al.,
1990) were used in this study. i, integuments; ov,
ovule; st, stigma; sty, style; tt, transmitting tract.
Scale bars, 100 um (A, B, D) and 50 um (C, E).

tube (Figure 8F). When seed set was
investigated in ethanol-fixed siliques, large
areas with no seeds, most likely corre-
sponding to aborted ovules and seeds,
were detected (Figure 8G).

Given the phenotype of plants overexpress-
ing JAGGER, we decided to check whether
the cell death of the persisting synergid in
the jagger mutant occurred in a similar way
as that observed in wild-type plants. If the
persisting synergid was alive it would still
be producing pollen tube attractants, which
could explain the polytubey phenotype.
Analysis of cleared ovules of jagger1-2—/—
24 h after pollination with wild-type pollen
revealed that the persisting synergid was
alive even after successful fertilization and
initiation of zygote formation. The presence
of an extra nucleus in the micropylar region
of the ovules, near the zygote, can be clearly
observed (Figure 9B and 9C). In Figure 9D
a persisting synergid is visible even in
a six-nuclei endosperm seed. In wild-type
ovules, analyzed at the same stage and
pollinated with jagger1-2—/—, no surviving
synergid nuclei could be detected in the micropylar region of the
ovule (Figure 9A). Analysis of cleared ovules of jagger?-2+/—
24 h after pollination with wild-type pollen was also performed
(Figure 9E and 9F). The absence of this extra nucleus in
heterozygous jagger, as in wild-type pistils, indicates that the
defect observed is of sporophytic origin.

Ovules of jagger1-2—/— flowers at the same stage and pollinated
with wild-type pollen were included in LR-White resin, sectioned,
and observed under a light microscope. The observations were in
accordance with what was seen in the cleared ovules. A persist-
ing synergid nucleus was visible near the micropylar region of the
ovule side by side with the developing embryo (Figure 10A-10C,
10E and 10F) and zygote (Figure 10D).

Molecular Plant 9, 601-614, April 2016 © The Author 2016. 605
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Figure 4. Crosses between jagger—/—
Pistils and Pollen Grains Containing
the Construct LAT52,,,m:GFP-H3.3mRFP
Reveal that Fertilization Occurs Normally
but the Pollen Tube Block Is Impaired.

(A) Wild-type ovule receiving a pair of sperm
nuclei (SN) represented by the magenta color and
fusing (F) normally with the central and egg cell;
the green signal represents the pollen tube burst
inside the receptive synergid and the beginning of
its degeneration (DSY, degenerating synergid).
(B) jagger—/— embryo sac receiving one pollen
tube with a pair of SN normally released and fused
with the central and egg cell.

(C) jagger—/— ovule receiving two pairs of sperm
cells. The green signal is released from the pollen
tube burst that causes degeneration of the syn-
ergid (DSY); the first SN (magenta signal) fused (F)
with the egg cell and central cell nuclei. Only one
fusion is visible here. The second pair of SN does
not separate and persists unfused (UF).

(D) jagger—/— developing seed receiving a
second pollen tube (PT) with a pair of SN unfused
(UF) at the embryo sac entrance. The PT is in a
different plane, and the dashed lines represent
the PT entering the embryo sac.

(E) jagger—/— developing seed with a visible
zygote (Z, highlighted by the dashed lines)
receiving a second pair of SN unfused (UF;
magenta signal); the green signal represents the
burst of the PT inside the persisting synergid
leading to its degeneration (DpSY).

(F) jagger—/— developing seed that has already
received a pair of SN that fuses normally (high-
lighted by dashed square) and a second pair of
SN unfused (UF) in the region corresponding to

the developing endosperm. In (A and D-F) DIC and fluorescence images are overlaid. All pistils were observed 14-16 h after pollination. Scale bars,
20 pm. For improved visualization the red from RFP was replaced with magenta in images merged with green from GFP.

To prove that the extra cell in the micropylar end is not a zygote or
defective zygote cell, we analyzed jagger—/— plants crossed with
EC1.2510m:GFP. This marker line, besides showing GFP expres-
sion in the egg cell, also marks the zygote and embryo after fertil-
ization (Supplemental Figure 5A and 5D). No extra zygote was
observed in the micropylar region of the ovules of jagger—/—
crossed with EC1.2,,,m:GFP (Supplemental Figure 5B and 5C),
excluding the hypothesis of a possible extra fertilization leading
to the formation of an extra zygote. Even at later stages, when
the embryo starts developing, its development is similar in
EC1.25r0m:GFP wild-type plants and jagger—/— X EC1.2p0m:
GFP (Supplemental Figure 5D-5F).

To prove that this extra nucleus corresponds to the persistent
synergid nucleus, we crossed jagger—/— with AGL62:GFP pollen
(Kang et al., 2008). AGL62:GFP is known to be expressed in the
endosperm but not in the embryo (Kang et al., 2008). As shown
by Maruyama et al. (2015), this line can be used to analyze the
persistent synergid nucleus disorganization. In this study, wild-
type pistils pollinated with AGL62:GFP pollen showed ovules at
the four-nuclei endosperm stage, which did not reveal any GFP
signal in the persistent synergid nucleus (Supplemental
Figure 6A). When crossing jagger—/— with this pollen donor, the
GFP fluorescence was observed in the persistent synergid
nucleus, at the four-nuclei endosperm stage (Supplemental

606 Molecular Plant 9, 601-614, April 2016 © The Author 2016.

Figure 6B). This indicates that the extra nucleus present at the
micropylar region corresponds to the persistent synergid cell
nucleus.

DISCUSSION

JAGGER Is an AGP Essential for Polytubey Block in
Arabidopsis

Polytubey is a term used to describe the condition when an
embryo sac is targeted by more than one pollen tube (Beale
et al.,, 2012). Polytubey may result in the fusion of more than
one sperm cell with a female gamete, a situation termed
polyspermy. To guarantee successful seed development, the
male and female gametophytes must limit the number of sperm
cells delivered into the embryo sac to a single pair of sperm
cells (Scott et al., 2008). Concurrently, the same gametophytes
must assure fertilization of both female gametes in
circumstances of sperm fusion failure with the female gametes
(Kasahara et al, 2012). In several female gametophytic
mutants, for example in feronia/sirene, where the pollen tube
fails to arrest its growth and does not burst, releasing the
sperm cells inside the embryo sac, ovules are capable of
attracting more than one pollen tube (Huck et al., 2003; Rotman
et al., 2003; Boisson-Dernier et al., 2008; Capron et al., 2008;
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Figure 5. Aniline Blue Staining of Reciprocal Crosses between jagger1-1/jagger1-2 and Wild-Type Flowers, and Frequency of

Polytubey Observed.

(A) Cross between a female jagger1-1—/— flower and wild-type pollen where two polytubey occurrences can be observed as indicated by the yellow

asterisks.

(B) Cross between a female jagger1-2—/— flower and wild-type pollen where two instances of polytubey can be observed (yellow asterisks).
(C) Cross between a female wild-type flower and jagger7-1/1-2 pollen where normal single pollen tubes enter each ovule as pointed out by the pink

asterisks.

(D) Frequency of polytubey observed in reciprocal crosses: Col-0 wild-type x Col-0 wild-type (n = 600), jagger1-2—/— x Col-0 wild-type (n = 950), Col-0
wild-type x jagger1-2—/— (n = 750), jagger1-2+/— x Col-0 wild-type (n = 750), Col-0 wild-type x jagger1-2+/— (n = 450), Nossen wild-type x Nossen
wild-type (n = 600), jagger1-1—/— x Nossen wild-type (n = 600), Nossen wild-type (n = 200). Error bars denote mean + SEM. a, the difference is
statistically highly significant, P < 0.05; b, the difference is not statistically significant, P < 0.05.

Scale bars, 50 um (A-C).

Tsukamoto et al., 2010). Even when sperm cells are released in
the embryo sac, but their fusion with the female gametes fails,
as for egg celll (Sprunck et al., 2012; Rademacher and
Sprunck, 2013), ovules are able to attract more than one pollen
tube. For the female gametophyte to block multiple pollen
tubes from entering, it must ensure that double fertilization is
successful and that the two sperm cells fuse with the egg and
the central cell, giving rise, respectively, to the embryo and the

nourishing endosperm (Beale et al., 2012). By using mutants
defective in gamete fusion, hap2 (gcs7) (von Besser et al,
2006), and duol sperm (Durbarry et al., 2005), it was
demonstrated that an embryo sac is capable of receiving up to
four pollen tubes as necessary to guarantee the double
fertilization, and that when this is accomplished the attraction of
more pollen tubes is then blocked (Beale et al., 2012). Kasahara
et al. (2012) carried out a similar study, also using the defective
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Figure 6. Cross Sections of LR-White Embedded Ovules of jagger—/— and Wild-Type Plants.

(A) Section of a jagger—/— ovule showing normal development of the female gametophytic cells central cell, egg cell, and synergids.

(B) Section of a jagger—/— ovule showing normal synergid and egg cell development.

(C) Section of a jagger—/— ovule showing a pollen tube entering the embryo sac (white arrow) and one of the sperm cell nuclei (marked with an asterisk).

Normal synergid, egg, and central cell nucleus are visible.

(D) Section of a wild-type ovule showing normal development, with the central cell, the egg cell, and one of the two synergids in their common positions.
(E) Section of a wild-type ovule showing in more detail the normal development of the two synergids and their filiform apparatus.
Flowers of stage 12 and stage 13 (Smyth et al., 1990) were used in this study. ccn, central cell nucleus; ec, egg cell; ecn, egg cell nucleus; fa, filiform

apparatus; sy, synergid; pt, pollen tube. Scale bars, 30 um.

gamete fusion hap2 (gcs1), duo1, and duo3-2 sperm, to pollinate
wild-type pistils. The primary difference between the studies was
that in the latter case no more than two pollen tubes were ever
observed entering one wild-type embryo sac.

The synergids are known to play a fundamental role as the source
of attractants for pollen tube targeting into the embryo sac micro-
pylar opening, as has been observed for several angiosperms
including Torenia fournieri (Higashiyama et al., 2001; Okuda
et al.,, 2009), Zea mays (Marton et al., 2005), and A. thaliana
(Kasahara et al., 2005; Takeuchi and Higashiyama, 2012).
However, other studies have also highlighted the importance of
the other female gametophytic cells in pollen tube interactions
with the female gametophyte; Chen et al. (2007) showed that
the central cell was essential for pollen tube guidance and
Scott et al. (2008) presented evidence for a polyspermy block
by the egg cell but not by the central cell in Arabidopsis. It is
now known that both the egg and the central cell have the
ability to independently control the attraction of multiple pollen
tubes (Maruyama et al., 2015). Several FIS class mutants such
as medeal/fis1 (Grossniklaus et al., 1998; Kinoshita et al., 1999;
Kiyosue et al., 1999; Luo et al., 1999), fis2 (Chaudhury et al.,
1997; Luo et al., 1999) and fertilization-independent endosperm
(Ohad et al., 1996, 1999) display the polytubey phenotype, as
shown by Maruyama et al. (2013). All these mutants belong to a
class of genes coding for proteins belonging to the Polycomb
Repressive Complex 2 (PRC2), a chromatin-remodeling factor

608 Molecular Plant 9, 601-614, April 2016 © The Author 2016.

responsible for gene silencing, and are shown to be involved in
the blockage of polytubey by the central cell. The study of
ethylene-insensitive transcription factor mutants responsible for
the activation of the ethylene pathway, ein3 and ein2, showed
that ethylene is essential for polytubey blockage via the egg cell
(Volz et al., 2013; Maruyama et al., 2015). Ethylene acts by
triggering a signaling cascade, leading to the death of the
persistent synergid and blocking the production of pollen tube
attractants.

In the present study two independent mutant alleles were stud-
ied, jagger1-1 and jaggeri-2; both bearing the same defects in
pollen tube attraction, the polytubey phenotype. Phenotypic an-
alyses of jagger revealed no impact of the mutation on female
gametophyte development. All cell types were found to be
correctly specified, indicating that mutant embryo sacs reached
maturity and are ready to be fertilized. In jagger, fertilization oc-
curs normally, as revealed by crosses with the sperm cell
marker line, LAT52,,,m:GFP-H3.3mRFP, and by the correct
development of embryo and endosperm in the developing
seeds. The first pollen tube arrives into one of the synergids
bursting and releasing a pair of sperm cells, which fuse normally
with the egg and the central cell. In every case where a second
pollen tube was attracted to the embryo sac, the second pair of
sperm cells was observed near the micropyle or inside the
already developing endosperm. Hence, in this case, similarly
to what was observed for ethylene mutants, despite fertilization
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Figure 7. Analysis of JAGGER Expression

and Polytubey Rate in pSTK:JAGGER_RNAI

Pistils.
’ (A) Relative expression of JAGGER in wild-type
and pSTK:JAGGER_RNAi mutant flowers. Plants
5, 6, 11, 12, 13, 14, 16, and 18 correspond
to independent lines containing the pSTK:
JAGGER_RNAI constructs. From these plants,
only plants 5, 6, 11, 12, 13, 16, and 18 showed
downregulation of JAGGER relative to the wild-
type plants. Plant 14 presented levels of
JAGGER expression similar to those of the wild-
type plants. The relative gene expression was
measured using stably expressed reference

18 mwt

genes (RUBT and ACTS8) in three biological samples, with similar results. The data correspond to the ratio of the expression in wild-type or
pSTK:JAGGER_RNAI lines compared with the wild-type, and are the mean + SD of three technical replicates of a biological sample.
(B) Frequency of polytubey observed in the eight independent lines. The increase in polytubey rate for each plant is directly correlated with a decrease in

JAGGER expression in these plants flowers.
Wt, wild-type.

proceeding normally an additional pollen tube is attracted into
the embryo sac (Volz et al., 2013).

JAGGER Plays a Role in the Elimination of the Persistent
Synergid in Arabidopsis

According to Maruyama et al. (2015), the elimination of the
second synergid occurs 12 h after pollination, by fusion with the
endosperm after successful fertilization. In this work, by using
the AGL62:GFP as pollen donor, we demonstrated that the
persistent nucleus corresponds to the persistent synergid
nucleus. In the jagger mutants no more than two pollen tubes
were observed to enter an embryo sac, as in the case of
Kasahara et al. (2012). This is most probably related to the
presence of only two synergids in each Arabidopsis ovule.
Once one synergid degenerates following the arrival of the first
pollen tube, the second persisting synergid will be the source of
pollen tube attractants, guiding the extra pollen tube. After
invasion of this persisting synergid by a pollen tube, the
production of more pollen tube attractants will be eliminated.
Therefore in jagger, the presence of the persistent synergid
long after fertilization occurs explains the attraction of the
second pollen tube.

Although the polytubey phenotype is not fully penetrant in jagger,
its presence in both mutant alleles shows that JAGGER disrup-
tion has consequences in polytubey block in Arabidopsis, acting
after double fertilization, at the sporophytic level. JAGGER be-
longs to a family of highly glycosylated proteins, the AGPs
(Seifert and Roberts, 2007). Thus, JAGGER itself or its sugar
constituents may be the cause of the observed phenotype by
activating a blockage system to polytubey, either through the
entrance of a JAGGER-primed pollen tube into the embryo sac
or by acting after fertilization, via the ethylene blocking pathway.
JAGGER was already shown to be upregulated in ctr1 (ETR1-
associated protein kinase), which negatively regulates ethylene
signaling, in an MPK4 (MAP kinase 4) dependent way
(Brodersen et al., 2006). It is plausible to speculate that
JAGGER may be acting downstream of the ethylene-signaling
pathway in the polytubey blockage system, as in pistils
overexpressing JAGGER pollen tubes could not be attracted
into the embryo sacs due to premature synergid cell death.

Yet the polytubey phenotype is not fully penetrant in single
mutants, jagger1-1 and jagger1-2, suggesting that other genes
are necessary for this function. Given the large number of
genes included in the AGP family in Arabidopsis, some gene
redundancy is expected (Kafri et al., 2009), as already found for
AGP6 and AGP11 (Coimbra et al., 2010). Therefore, in this
system the analysis of multiple mutants of related AGPs will
also be important.

Both the AGP polypeptide moiety and its attached carbohydrate
groups have been suggested to be important for its biological
functions (Showalter, 2001; van Hengel et al., 2001). However,
the mode of action of AGPs at the molecular level has not yet
been elucidated. In the animal system it has long been known
that several glycoproteins, such as ZP3, Zona Pellucida 3 (Han
et al., 2010), or Izumo (Inoue et al., 2005; Bianchi et al., 2014),
are fundamental for the fertilization process and polyspermy
block. The carbohydrate moieties of AGPs are perfect
candidates for involvement in these steps of sexual plant
reproduction. Studies made with the Yariv reagent, which
binds specifically to the B-1,3-galactoligosaccharides of AGPs
(Yariv et al., 1967; Kitazawa et al., 2013), exhibit impairment in
fertilization in several species such as tobacco (Qin and Zhao,
1996). Exudates produced near the ovules are enriched in
glycosylated compounds (Chao, 1970; Franssen-Verheijen and
Willemse, 1993). Highly glycosylated molecules such as
JAGGER are attractive candidates as components of these
exudates and to play a role in pollen tube growth to the ovules.
In Arabidopsis, a mutant lacking the outer integument near the
micropyle, but not the inner integuments, inner no outer (ino),
fails to target the pollen tubes into the embryo sac entrance
(Baker et al., 1997). Clearly the embryo sac, although essential
for guidance of the pollen tubes, is not sufficient to accomplish
this task. Signals from the sporophytic tissues are essential for
pollen tubes to perceive ovular signaling (Palanivelu and
Preuss, 2006). The expression pattern of JAGGER in the
integuments near the micropylar entrance into the embryo,
together with the polytubey phenotype observed when
downregulating JAGGER under the control of STK promoter,
prompt us to speculate that JAGGER or its carbohydrates are
involved in priming the pollen tube before it enters the embryo
sac in A. thaliana. This JAGGER priming is probably involved in
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Figure 8. Aniline Blue Staining of Female Organs and Fixed Siliques of 35s,,,m:JAGGER Plants.
(A) Pollen grains germinating correctly on the stigma surface of a pistil from a plant overexpressing JAGGER. Pollen tubes grow normally through the style

tissues. Only the callose stained by the aniline blue is visible.
(B) Pollen tube entering the embryo sac of a wild-type ovule.
(C) Pollen tube entering the embryo sac of a 355,,,m:JAGGER ovule.

(D) Callose accumulation inside the embryo sac and the micropyle region of the 35s,,,m:JAGGER ovule, including the adjacent integuments.
(E) Callose accumulation inside the embryo sac and the micropyle region of a 35s,,,,m:JAGGER ovule with a pollen tube passing nearby, but not entering,

the ovule.

(F) Pollen tube entering the embryo sac of a pistil from a 35s,,0m:JAGGER line 3 plant (wild-type like).
(G) Ethanol-fixed siliques showing a reduced number of seeds per silique, with large areas without seeds (white arrowheads) when compared with a wild-

type silique (WT).

es, embryo sac; mp, micropyle; pg, pollen grain; pt, pollen tube. Scale bars, 50 um.

eliminating the persisting synergid, and therefore in the
cessation of pollen tube attractant production, consequently
avoiding polytubey.

METHODS

Plant Material and Growth Conditions

A. thaliana wild-type ecotypes Col-0 and No-0, along with two jagger
mutant lines, were used in this work; jagger7-1 is the RIKEN pst20518
(Ito et al., 2005) and jagger1-2 is the GABI-Kat 34A10 line (Kleinboelting
et al., 2012). The marker lines for the central cell (At2g20595,,0m:GFP),
egg cell (EC1.2,,0m:GFP), and synergid cell (MYB98,,,m:GFP) were also
used (Steffen et al., 2007), as well as the marker line for the pollen tube
and the sperm cells, LAT52,,,m:GFP-H3.3:mRFP.

The plants were sown directly on soil and grown in an indoor growth
facility with 60% relative humidity and a day/night cycle of 16 h light
at 21°C and 8 h darkness at 18°C. For crosses with dehiscent anthers,
closed flower buds were emasculated 24-48 h before pollination, at
stage 11-12, according to Smyth et al. (1990). Gametophytic cell
marker lines bearing the jagger mutant allele were obtained by
crossing jagger with the At2920595,0m:GFP, EC1.2,m:GFP and
MYB98,rom:GFP lines, and maintained by self-crossing. For PAT (phos-
phinotricin-acetyltransferase) selection, the seedlings were sprayed with
200 mg I~ glufosinate ammonium (BASTA; Bayer Crop Science) supple-
mented with 0.1% (v/v) Tween 20, three or four times, every 2 days,
during a 10-day period.

Genotyping

For the jagger7-1 mutant line a PCR-based approach was employed to
confirm the Ds insertion and identify the homozygous mutant. Genotyping
primers LP-GK-134A10, RP-GK-134A10, and DS34 were used. For the
jagger1-2 mutant line the same approach was used. Genotyping primers
were LP-GK-134A10, RP-GK-134A10, and 08409. All primers sequences
are listed in Supplemental Table 1.

610 Molecular Plant 9, 601-614, April 2016 © The Author 2016.

Constructs Generation and Plant Transformation

A DNA fragment encoding the promoter region of JAGGER was amplified
by PCR using the primers AtP_4390 and AtP_4391 (Supplemental
Table 1), including 3051 bp upstream of the 5’ untranslated region. The
amplified fragment was cloned into pDONR207™ (Invitrogen). The
promoter fragment was transferred into the binary vector pBGWFS7
(Karimi et al., 2002) to obtain the JAGGERyom:GUS construct. An
overexpression vector was obtained using a 763-bp DNA fragment
corresponding to the JAGGER-coding sequence. This DNA fragment
was amplified by PCR using the primers AtP_4486 and AtP_4487
(Supplemental Table 1). The amplified fragment was cloned into
pDONR207™  (Invitrogen) and thereafter transferred into the
overexpression vector pB2GW7 (Karimi et al., 2002) to obtain the
358pr0m:JAGGER construct. To construct pSTK:JAGGER_RNAI, we
amplified a specific JAGGER fragment (231 bp) using primers AtP_4339
and AtP_4340, and recombined into RNAi vector pFGC5941 (Karimi
et al.,, 2002) through an LR reaction (Invitrogen). The CaMV 35S
promoter of the pFGC5941 vector was removed and substituted by the
STK promoter (amplified using primers AtP_590 and AtP_591) (Kooiker
et al., 2005). All constructs were confirmed by DNA sequencing.
A. thaliana Col-0 was transformed by the floral dip method (Clough and
Bent, 1998).

Pollen Tube Staining with Aniline Blue

Arabidopsis flowers were fixed in 10% (v/v) acetic acid in ethanol for
approximately 16 h, washed three times with water and softened with
1 M NaOH for a further 16 h, washed three times with water, and incubated
overnight in 0.1% (w/v) decolorized aniline blue at 4°C. The specimens
were observed with a Zeiss Axiophot D1 microscope. Images were
captured on an Axiocam MRc5 camera (Zeiss) using the Axiovision pro-
gram (version 4.1).

Preparation of Live Plant Material for Microscopy

Emasculated pistils were observed 2 days after pollination, kept in 50 mM
sodium phosphate buffer (pH 7.5) or water, and dissected under a
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Figure 9. Cleared Whole Mounts of Wild-Type, jagger—/—, and jagger+/— Seeds.

(A) Wild-type developing seed with a four-nuclei endosperm (white arrowheads) and a recently formed zygote (black arrowhead).

(B) jagger—/— developing seed with a four-nuclei endosperm (white arrowheads), a zygote (black arrowhead), and a persisting synergid (white arrow).
(C) jagger—/— developing seed with two endosperm nuclei (white arrowhead, only one is visible) with a recently formed zygote (black arrowhead), and a

persisting synergid (white arrow).

(D) jagger—/— developing seed with six visible endosperm nuclei (white arrowheads), a developing zygote (black arrowhead), and a persisting synergid

(white arrow).

(E and F) jagger+/— with a four-nuclei endosperm (white arrowheads) and a zygote (black arrowhead).

Scale bars, 50 um.

stereomicroscope (Model C-DSD230, Nikon) using hypodermic needles
(0.4 x 20 mm; Braun). The opened carpels and the ovules that remained
attached to the septum were maintained in mounting medium and
covered with a coverslip. Pistils pollinated with the LAT52;0m:GFP-
H3.3:mRFP pollen were observed using a Zeiss Axiophot D1 microscope
(http://www.zeiss.com) equipped with differential interference contrast
optics. Images were recorded using an Axiocam MRc5 camera (Zeiss)
with Axiovision version 4.1.

For phenotypic characterization, ovules at different developmental stages
were cleared and analyzed as described previously (Brambilla et al.,
2007). Samples were observed using a Zeiss Axiophot D1 microscope
equipped with differential interference contrast optics. Images were
captured on an Axiocam MRc5 camera (Zeiss) using the Axiovision
program (version 4.1). Aniline blue analyses of 35sy,0m:JAGGER pistils
were observed under an inverted microscope (Eclipse Ti-S; Nikon) and
images were captured with a ProgRes MF cool monochromatic camera
(Jenoptik, Jena, Germany), and processed with ProgRes CapturePro
2.8.8 software.

Preparation of Fixed Plant Material for Light Microscopy

Pistils were fixed in 2% (v/v) paraformaldehyde and 2.5% (v/v) glutaralde-
hyde in phosphate buffer (0.025 M [pH 7], with one micro drop of Tween
80), placed under vacuum for 1 h, and incubated at 4°C overnight. After
dehydration in a graded ethanol series, the material was embedded in
LR-White embedding resin (London Resin Company Ltd, London, UK).

Thick sections (0.5 um) were obtained with a Leica Reichert Super-
nova microtome, placed on glass slides, and stained with a solution of
0.05% (w/v) toluidine blue in a phosphate-citrate buffer (pH 4-6) and
counterstained with 1% (w/v) aqueous safranin O for observation by light
microscopy. Bright-field observations were made on a Leica DMLB epi-
fluorescence microscope (objectives were Leica N-Plan). Black and white
images were captured with a ProgRes MF cool monochromatic
camera (Jenoptik) in automatic exposure mode, and processed with
ProgRes CapturePro 2.8.8 software. Color images were captured
using a Zeiss Axiocam MRc3 camera using Zen Imaging Software (Zen
2011 SP1).

Siliques were fixed overnight at 4°C in 1:9 acetic acid/ethanol. The siliques
were transferred to 90% ethanol for 1 h at room temperature and left in
70% ethanol at 4°C overnight. Ethanol-fixed siliques were observed under
a stereomicroscope (Model C-DSD230; Nikon) and images were captured
using a Zeiss Axiocam MRc3 camera using Zen Imaging Software (Zen
2011 SP1).

GUS Assays

GUS assays were performed overnight on inflorescences as described by
Liliegren et al. (2000). After chemical GUS detection, the samples were
incubated at 4°C overnight in clearing solution (160 g of chloral hydrate
[Sigma-Aldrich] dissolved in a solution consisting of 100 ml of water and
50 ml of glycerol). A Zeiss Axiolmager AZ microscope equipped with
differential interference contrast optics was used to observe the assay;

Molecular Plant 9, 601-614, April 2016 © The Author 2016. 611


http://www.zeiss.com

Molecular Plant

JAGGER and Persistent Synergid Degeneration

R
58

[
S
380
>

h=,
pSYn
3

Figure 10. LR-White Cross Sections of Embedded jagger—/— Seeds.

(A-C, E, and F) jagger—/— seed with a developing embryo and a persistent synergid next to it, near the micropylar region.

(D) jagger—/— seed with a zygote and a persistent synergid nucleus near the micropylar end of the ovule.

en, endosperm nucleus; em, embryo; pSY, persistent synergid; pSYn, persistent synergid nucleus; zy, zygote. Scale bars, 30 um.

images were captured with a Zeiss Axiocam MRc3 camera using Zen
Imaging Software (Zen 2011 SP1).

RNA Extraction, cDNA Synthesis, and Real-Time RT-PCR

Total RNA was extracted from emasculated pistils using PureZol RNA
Isolation Reagent (Bio-Rad) following the manufacturer’s instructions.
DNA was removed by a DNase (Thermo Scientific) treatment. The isolated
RNA samples were reverse transcribed using RevertAid First Strand cDNA
Synthesis kit (Thermo Scientific) and oligo(dT),g primers to initiate the re-
actions. cDNA was amplified using the SSoFast SYBR Green Supermix on
an iQ5 Real-Time PCR Detection System (Bio-Rad) using the primers
listed in Supplemental Table 1. Real-time RT-PCRs were run in triplicate.
After 3 min at 95°C followed by a 10-s denaturation step at 95°C, samples
were run for 40 cycles of 10 s at 95°C and 30 s at 60°C. After each run, a
dissociation curve was acquired to check for amplification specificity by
heating the samples from 60°C to 95°C. At the end of the PCR cycles,
data were analyzed with iQ5 2.0, Standard Edition Optical System Soft-
ware (Bio-Rad).

In Situ Hybridization

For in situ hybridization analysis, A. thaliana flowers were fixed and
embedded in paraffin as described previously. Sections of plant tissue
were probed with digoxigenin-labeled JAGGER antisense RNA corre-
sponding to nucleotides 35-399 (see Supplemental Table 1 for primers
used for probe synthesis). Hybridization and immunological detection
were performed as described by Masiero et al. (2004).

Image Processing

All images were processed for publication using Imaged (Schneider et al.,
2012) and Paint.NET (copyright dotPDN LLC and Rick Brewster).

Statistical Analysis

Data were statistically treated using GraphPad software (www.graphpad.
com).
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