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Abstract
Reproductive isolation is a prerequisite to form and maintain a new species. Multiple prezygotic and postzygotic reproduc-
tive isolation barriers have been reported in plants. In the model plant, Arabidopsis thaliana conspecific pollen tube prece-
dence controlled by AtLURE1/PRK6-mediated signaling has been recently reported as a major prezygotic reproductive isola-
tion barrier. By accelerating emergence of own pollen tubes from the transmitting tract, A. thaliana ovules promote self-
fertilization and thus prevent fertilization by a different species. Taking advantage of a septuple atlure1null mutant, we
now report on the role of AtLURE1/PRK6-mediated signaling for micropylar pollen tube guidance. Compared with wild-
type (WT) ovules, atlure1null ovules displayed remarkably reduced micropylar pollen tube attraction efficiencies in modi-
fied semi-in vivo A. thaliana ovule targeting assays. However, when prk6 mutant pollen tubes were applied, atlure1null
ovules showed micropylar attraction efficiencies comparable to that of WT ovules. These findings indicate that AtLURE1/
PRK6-mediated signaling regulates micropylar pollen tube attraction in addition to promoting emergence of own pollen
tubes from the transmitting tract. Moreover, semi-in vivo ovule targeting competition assays with the same amount of pol-
len grains from both A. thaliana and Arabidopsis lyrata showed that A. thaliana WT and xiuqiu mutant ovules are mainly
targeted by own pollen tubes and that atlure1null mutant ovules are also entered to a large extent by A. lyrata pollen
tubes. Taken together, we report that AtLURE1/PRK6-mediated signaling promotes conspecific micropylar pollen tube at-
traction representing an additional prezygotic isolation barrier.

Introduction

Reproductive isolation is an essential cause of speciation
and diversity. Plant species are typically isolated by multiple

prezygotic and postzygotic reproductive barriers (Howard,
1999; Widmer et al., 2009; Baack et al., 2015). During their
life cycle, prezygotic barriers act earlier than the postzygotic
barriers and contribute more significantly to reproductive
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isolation (Lowry et al., 2008). In flowering plants, the
strength of prezygotic isolation is approximately twice than
that of postzygotic isolation (Lowry et al., 2008).

In higher terrestrial plants, siphonogamy evolved as a
new mechanism to promote fertilization independent of a
moist environment. Sperm cells are enclosed by the vege-
tative pollen tube cell and transported as passive cargo
via a long tube toward the female gametophyte (Zhang
et al., 2017a; Glöckle et al., 2018). During their journey,
pollen tubes intensively interact and communicate with
different female tissues to secure successful germination,
growth, guidance, and reception inside the ovule
(Dresselhaus and Franklin-Tong, 2013; Qu et al., 2015;
Johnson et al., 2019; Zhong and Qu, 2019a). Each germi-
nated pollen tube competes with others to deliver and re-
lease its sperm cell cargo, while ovules simultaneously aim
to promote own tubes and prevent those from other spe-
cies. Conspecific pollen precedence was proposed to play
an essential role in such competitions between closely re-
lated species by facilitating own pollen tubes to complete
fertilization first (Howard, 1999; Baack et al., 2015; Meng
et al., 2019). It seems very likely that conspecific pollen
precedence occurs during many phases of the pollen tube
journey.

Pollen tubes are guided toward receiving ovules. This pro-
cess is divided into two major phases named as preovular
and ovular guidance (Lausser et al., 2010; Higashiyama and
Takeuchi, 2015). Preovular guidance starts when pollen
tubes grow along stigmatic papilla cells toward the transmit-
ting tract, is continued in the transmitting tract, and termi-
nates when tubes emerge out of the septum to grow
toward the funiculus, which connects the ovule with the
placenta. The process in which pollen tubes eventually grow
toward and inside the micropylar opening of the ovule is
called ovular guidance, which terminates with the process of
pollen tube reception and sperm cell release inside the re-
ceptive synergid cell. In the past few years, the synergid cell-
secreted defensin-like peptides AtLURE1s were reported in
the model plant Arabidopsis thaliana to participate in pollen
tube guidance by interacting with their pollen tube receptor,
the membrane-localized receptor-like kinase PRK6 (Takeuchi
and Higashiyama, 2012, 2016; Liu et al., 2013; Zhang et al.,
2017b). Recently, we adopted the CRIPSR/Cas9 technology
to generate septuple mutants (named as atlure1null) with
all seven AtLURE1 genes mutagenized and found that the ef-
ficiency of A. thaliana pollen tube emerging from the trans-
mitting tract toward the funiculus was significantly lower in
atlure1null pistils compared with wild-type (WT) pistils.
Notably, this phenomenon occurred only for A. thaliana
pollen tubes, thus own tubes, but not for pollen tubes of re-
lated species. It was concluded that AtLURE1/PRK6-
mediated signaling plays an important role in promoting
conspecific pollen precedence and thus contributes to pre-
zygotic genetic isolation (Li et al., 2019; Zhong et al., 2019;
Zhong and Qu, 2019b). AtLURE1-related defensin-like pepti-
des XIUQIUs, which are also secreted from the synergid cells,

were identified as general pollen tube attractants promoting
pollen tube emergence in a weaker, nonspecies-specific
manner in the genus Arabidopsis (Zhong et al., 2019; Zhong
and Qu, 2019b).

Because AtLURE1s are secreted from synergid cells and
diffuse along the surface of the funiculus toward the sep-
tum (Takeuchi and Higashiyama, 2012), it is reasonable to
hypothesize that AtLURE1/PRK6-mediated signaling may
also regulate conspecific pollen tube precedence at the mi-
cropyle. This hypothesis, however, is rather difficult to
prove in planta because defects in preovular guidance
stages, that is growth of pollen tubes in the transmitting
tract and/or emerging of pollen tubes from the septum,
would mask defects occurring later at ovular guidance
stages, that is micropylar guidance of pollen tubes, pollen
tube reception, and fertilization (Guan et al., 2014). A semi-
in vivo ovule targeting assay appeared as a very useful tool
to overcome this difficulty, as it bypasses the stage of the
pollen tube emergence from septum and allows pollen
tubes emerging from style to directly interact with ovules
so that ovular guidance can be studied independently from
preovular guidance. Therefore, we adopted this assay to in-
vestigate whether AtLURE1/PRK6-mediated signaling is also
involved in conspecific pollen tube precedence at the
micropyle.

Results

AtLURE1s accelerate micropylar pollen tube
attraction
To elucidate the role of AtLURE1s in micropylar attraction
of pollen tubes, we first employed a semi-in vivo ovule tar-
geting assay (Palanivelu and Preuss, 2006) to compare the
ovule targeting ratio of A. thaliana pollen tubes toward WT
and atlure1null mutant ovules. Removal of the septum also
eliminates the barrier that prevents multiple pollen tubes
emerging from the transmitting tract and ultimately allows
to evaluate whether the atlure1null mutant is capable of
attracting pollen tubes or not. Only those pollen tubes that
enter micropyles and thus are tightly associated with the
ovules were considered and scored as successfully targeted
pollen tubes in order to distinguish them from the pollen
tubes that randomly target ovules. Green fluorescence pro-
tein (GFP)-labeled pollen tubes, that is LAT52pro:GFP trans-
genic pollen tubes, were used as A. thaliana WT tubes
(Muschietti et al., 1994). We found that at 4 hours after pol-
lination (HAP) ovule targeting efficiency of WT pollen tubes
to WT ovules was similar to atlure1null mutant ovules
(95.0± 3.3%, nr = 5, no = 110; 95.2± 3.5%, nr = 5, no = 112;
P = 0.95; Supplemental Figure S1, A, B, and D), suggesting
that atlure1null ovules are capable of attracting WT pollen
tubes with a comparable efficiency as WT ovules. However,
in ovule competition assays, when atlure1null ovules were
placed head-to-head next to WT ovules, about 93.4% ± 3.9%
of first arriving WT pollen tubes (nr = 5, no = 103) were
attracted to enter micropyles of WT ovules (Figure 1, A and
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B). This pollen tube attraction preference was reversed
when atlure1null was transformed with
AtLURE1.2pro:AtLURE1.2 (Figure 1, C and D; Supplemental
Figure S1, C and D). Altogether these findings demonstrate
that AtLURE1s promote attraction competitiveness of pollen
tubes at the micropyle. Notably, in most cases atlure1null
ovules would eventually be targeted by later-arriving WT
pollen tubes at 12 HAP (Supplemental Figure S2, A and B;
95.4± 3.4%, nr = 4, no = 102), consistent with a previously

report showing that atlure1null mutants lack fertility defects
(Zhong et al., 2019).

The “dragging” method is useful and efficient in
pollen tube targeting as well as pollen tube and
ovule competition assays
Compared with GFP-labeled WT pollen tubes, it is usually
difficult to judge whether a pollen tube lacking fluorescence
targets an ovule or not (Supplemental Figure S3, A and B).

Figure 1 atlure1null ovules exhibit weak micropylar pollen tubes attracting activity compared with WT ovules. A, Semi-in vivo pollen tube compe-
tition assay with WT and atlure1null ovules targeted by A. thaliana LAT52pro:GFP (WT) pollen tubes (indicated by white arrows). B, Statistical
analysis of (A). Five repeats of semi-in vivo ovule targeting assays with more than 20 ovules each were conducted. Data are mean values ± SD.
***P5 0.01 (Student’s t test). C, Two representative examples showing the semi-in vivo pollen tube competition assay with WT and AtLURE1.2
rescued atlure1null ovules (AtLURE1.2R/atlure1null; indicated by white arrowheads) targeted by A. thaliana LAT52pro:GFP (WT) pollen tubes (in-
dicated by white arrows). D, Statistical analyses of (C). Three repeats of semi-in vivo ovule targeting assays with 30–40 ovules each were con-
ducted. Data are mean values ± SD. P4 0.05 means no significant difference (Student’s t test). Scale bars, 50 lm.
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Therefore, we first established a modified semi-in vivo ovule
targeting method by using a glass needle to drag ovules.
This allowed to better visualize whether a pollen tube lack-
ing fluorescence has successfully targeted and penetrated an
ovule. The rationale is as follows: if a pollen tube has suc-
cessfully targeted an ovule, the pollen tube would be tightly
associated with the ovule and would not be separated from
the ovule by the dragging force. We then tested and vali-
dated the feasibility of this method in different experiments,
that is pollen tube targeting as well as pollen tube and ovule
competition assays. First, we tested WT pollen tube target-
ing efficiency on WT ovules. Using this method, we found
that 94.6% ± 4.5% WT pollen tubes lacking fluorescence and
95.6% ± 1.4% LAT52pro:GFP WT pollen tubes (with green
fluorescence) were attracted by WT ovules. We did not ob-
serve significant differences (nr = 4, no = 107 and nr = 4,
no = 113, respectively; P = 0.67; Figure 2, A–C). This finding
demonstrates that the dragging method is well suited to
measure efficiency of successful pollen tube targeting. Next,
we analyzed whether this method could also be successfully
used to compare the targeting efficiency of two different
pollen tube types in ovule targeting assays. When a pistil
was pollinated with a mixture of the same amount of WT
and LAT52pro:GFP WT pollen grains, we found that these
two types of WT pollen tubes targeted WT ovules at a com-
parable efficiency (51.2% ± 4.9% versus 48.8% ± 4.9%, nr = 4,
no = 134, P = 0.5; Figure 2, D and E). These numbers indi-
cate that the method is reliable in pollen tube competition
assays. We also tested whether the method is suitable to
compare the attraction ability of two different types of
ovules (i.e. ovule competition assays). We found that first ar-
riving WT pollen tubes were almost exclusively attracted by
WT ovules compared with atlure1null ovules (92.4% ± 1.8%
versus 7.6% ± 1.8%, nr = 3, no = 143, P5 0.01; Figure 2, F
and G). This is consistent with the data shown in Figure 1A,
suggesting that the dragging method is also reliable in ovule
competition assays. Altogether, the above results demon-
strate that the dragging method is well suited for ovule tar-
geting as well as pollen tube and ovule competition assays.

The AtLURE1 receptor PRK6 is required to
accelerate micropylar pollen tube attraction
We next tested whether PRK6, the receptor of AtLURE1s, is
also involved in accelerating micropylar pollen tube attrac-
tion. Using the dragging method, we found that prk6-2 mu-
tant pollen tubes were successfully attracted by both WT
and atlure1null ovules (97.0% ± 2.4%, nr = 4, no=102 vs
95.3% ± 0.6%, nr = 4, no = 107, respectively; P = 0.23;
Supplemental Figure S4, A–C). Loss of PRK6 function did
not affect micropylar pollen tube attraction, consistent with
the targeting ratio of pollen tubes attracted to atlure1null
ovules (Supplemental Figure S1). In ovule competition
assays, we found that prk6-2 pollen tubes exhibited a com-
parable ovule targeting efficiency toward both WT and
atlure1null ovules (50.8% ± 1.7% versus 49.2% ± 1.7%, respec-
tively; nr=4, no = 105, P = 0.21; Figure 3, A–C). Ultimately,

almost all ovules were penetrated by prk6-2 pollen tubes
(Supplemental Figure S5, A and B). When equal amounts of
LAT52pro:GFP (WT) and prk6-2 pollen grains were mixed to
pollinate WT pistils, the majority of WT ovules
(71.9% ± 3.3%, nr = 4, no = 110) were targeted by
LAT52pro:GFP (WT) pollen tubes. This efficiency was almost
three times higher compared with ovules targeted by prk6-2
mutant pollen tubes (28.1% ± 3.3%, nr = 4, no = 110;
Figure 3, D and G). When the same amount of WT and
PRK6pro:PRK6-GFP complemented prk6-2 pollen grains was
used, a comparable targeting efficiency was observed
(49.7% ± 1.7% versus 50.3% ± 1.7%, respectively; nr = 3, no =
185, P = 0.68) indicating full complementation of the mu-
tant (Figure 3, E and G). This indicates that LAT52pro:GFP
(WT) pollen tubes outcompeted prk6-2 pollen tubes and
that this prepotency was indeed caused by PRK6. Notably,
when atlure1null mutant ovules were tested, the targeting
ratio of LAT52pro:GFP (WT) pollen tubes was comparable
with that of prk6-2 mutant pollen tubes (51.0% ± 3.8% vs
49.0% ± 3.8%, respectively; nr = 4, no = 112, P = 0.46;
Figure 3, F and G). Altogether, these results further confirm
that loss of either AtLURE1 or PRK6 function reduces attrac-
tion competitiveness of pollen tubes at the micropyle.

We next tested whether nonspecies-specific pollen tube
attractants XIUQIUs require PRK6 for micropylar attraction
of pollen tubes. In the ovule competition assays with WT
and xiuqiu ovules, the majority of prk6-2 pollen tubes were
preferentially attracted by WT ovules instead of xiuqiu
ovules (64.5% ± 5.2% versus 35.5% ± 5.2%, respectively; nr =
4, no = 98, P5 0.01; Figure 3, H and I). This result indicates
that, when lacking AtLURE1/PRK6-mediated signaling, WT
ovules have stronger pollen tube-attracting activities at the
micropyle than xiuqiu ovules. This finding suggests that the
function of XIUQIU peptides in micropyle attraction of pol-
len tubes is independent of PRK6.

AtLURE1/PRK6-mediated signaling promotes
conspecific micropylar pollen tube precedence
It has been reported previously that AtLURE1/PRK6-
mediated signaling promotes pollen tube emergence from
the septum in a species-specific manner, therefore, serving
as a conspecific pollen tube precedence factor during preov-
ular guidance (Zhong et al., 2019; Zhong and Qu, 2019b).
Thus, we next investigated whether AtLURE1/PRK6-
mediated signaling may also act as a conspecific pollen tube
precedence factor for ovular guidance. To address this ques-
tion, we exposed WT and atlure1null mutant ovules to both
A. thaliana LAT52pro:GFP (WT) and Arabidopsis lyrata pol-
len tubes. We found that A. thaliana WT and atlure1null
ovules were successfully targeted by A. lyrata pollen tubes at
high efficiencies (96.7% ± 2.3%, nr = 4, no=109% versus
95.0% ± 2.5%, nr = 4, no = 111, P = 0.39; Figure 4, A–C). This
observation indicated that A. thaliana ovules are capable of
attracting A. lyrata pollen tubes at the micropyle in an
AtLURE1-independent manner. However, when the same
amount of pollen grains of the two species was applied
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simultaneously in a mixed pollen competition assay, A. thali-
ana WT ovules mainly attracted own pollen tubes and dis-
criminated A. lyrata pollen tubes (89.5% ± 3.0% versus
10.5% ± 3.0%, respectively, nr = 4, no = 105; Figure 4, D and
G). This observation indicated that A. thaliana pollen tubes
outcompeted A. lyrata pollen tubes at the micropyle of WT
ovules. When atlure1null ovules were used for the mixed
pollination competition assay (Figure 4E), 34.6% ± 4.1% A.
lyrata pollen tubes (nr = 4, no = 101) successfully targeted
atlure1null ovules (Figure 4, E and G). This number was
more than three times higher than that of A. lyrata pollen
tubes targeting A. thaliana WT ovules. In conclusion, these
findings demonstrate that AtLURE1s also promote conspe-
cific pollen tube precedence during micropylar pollen tube
guidance.

Finally, we also conducted ovule targeting assays with xiu-
qiu ovules. We first determined that the targeting ratios of A.

thaliana and A. lyrata pollen tubes to xiuqiu ovules were
93.3% ± 1.5% (nr = 3, no = 179) and 93.8% ± 2.5% (nr = 3, no

= 117), respectively, being almost identical (Supplemental
Figure S6, A–C). This result shows that both A. thaliana and
A. lyrata pollen tubes exhibited a high, while compatible, tar-
geting efficiency to xiuqiu ovules, suggesting that there exist
other nonspecies-specific pollen tube attractants in addition
to XIUQIUs. In the subsequent pollen tube competition
assays, 84.4% ± 3.0% of the A. thaliana pollen tubes were tar-
geted to xiuqiu ovules (nr = 4, no = 101; Figure 4, F and G).
This targeting ratio was slightly lower than that of WT ovules
(89.5% ± 3.0%, nr = 4, no = 105, Figure 4, D and G), suggest-
ing that the lack of XIUQIUs did not change much of the at-
traction precedence of the A. thaliana pollen tubes at the
micropyle and that XIUQIUs function as nonspecies-specific
pollen tube attractants. Meanwhile, this targeting ratio was
significantly higher than that of atlure1null ovules

Figure 2 The “dragging” method can be used in semi-in vivo pollen tube targeting as well as pollen and ovule competition assays in Arabidopsis.
A–C, Semi-in vivo pollen tube targeting with WT (indicated by black arrows) and LAT52pro:GFP transgenic pollen tubes (indicated by white
arrows), respectively. A, Bright field images showing WT pollen tubes targeting ovules. Before dragging (left) and after dragging (right). B, Merged
images showing LAT52pro:GFP transgenic pollen tubes (green fluorescence-labeled, indicated by white arrows) targeting ovules (red autofluores-
cence) in a semi-in vivo assay. C, Statistical analysis of (A) and (B). Four repeats with more than 25 ovules each were conducted. D and E, Semi-
in vivo pollen tube competition assay of WT (indicated by black arrows) and LAT52pro:GFP transgenic pollen tubes targeting WT ovules. Bright
field and GFP channel-merged images are shown before and after dragging, as indicated. E, Statistical analysis of (D). Four repeats of semi-in vivo
ovule targeting assays with 30–40 ovules each were conducted. F and G, Semi-in vivo ovule competition assay of WT pollen tube (indicated by
black arrows) targeting WT and atlure1null ovules shown before and after dragging, as indicated. G, Statistical analysis of (F). Three repeats of
semi-in vivo ovule targeting assays with 30–60 ovules were each conducted. Data are mean values ± SD. P4 0.05 means no significant difference
(Student’s t test). Scale bars, 50 lm.
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Figure 3 AtLURE1/PRK6-mediated signaling enhances micropylar pollen tube attraction. A and B, Bright field images of semi-in vivo ovule compe-
tition assays using prk6-2 pollen tubes targeting WT (A) and atlure1null (B) ovules before and after dragging, as indicated. C, Statistical analysis of
(A and B). Four repeats each with 425 ovules were conducted. Data are mean values ± SD. P4 0.05 means no significant difference (Student’s t
test). Scale bars, 50 lm. D–F, Semi-in vivo pollen tube competition assays using mixed WT and prk6-2 as well as mixed WT and PRK6pro:PRK6-
GFP rescued prk6-2 pollen tubes targeting WT ovules and atlure1null ovules, as indicated. Images are shown before and after dragging. G,
Statistical analysis of (D–F). Three or four repeats each with 20–70 ovules were conducted. White arrows indicate A. thaliana LAT52pro:GFP trans-
genic pollen tubes (WT, green fluorescence-labeled) and black arrows indicate prk6-2 mutant pollen tubes. H, Semi-in vivo ovule competition
assays using prk6-2 pollen tubes targeting WT and xiuqiu ovules before and after dragging, as indicated. I, Statistical analysis of (H). Data are mean
values ± SD. P5 0.01 means significant difference (Student’s t test). Scale bars, 50 lm.
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(65.4%± 4.1%, nr = 4, no = 101; Figure 4, E and G), suggest-
ing that AtLURE1s contribute primarily to the attraction pre-
cedence of A. thaliana pollen tubes at the micropyle. This
result supports the role of AtLURE1s as species-specific pollen
tube attractants at the micropyle.

Discussion
Prezygotic reproductive isolation in plants is mainly associ-
ated with arrested and defective pollen tube growth and
guidance, respectively. It is believed that each process along
the pollen tube journey could potentially become a genetic
barrier contributing to reproduction isolation (Baack et al.,
2015). This includes pollen–stigma recognition, pollen tube
penetration into the stigma and style, growth in the

transmitting tissue, pollen tube emergence out of the sep-
tum, further growth toward ovules where pollen tubes pen-
etrate the micropylar region of the ovule, and ultimately
pollen tube reception culminating in sperm cell release and
gamete fusion (Dresselhaus and Franklin-Tong, 2013).
Reproductive isolation barriers associated with self-
incompatibility during pollen stigma interaction and initial
tube growth are well investigated in the Brassicaceae and
Papaveraceae (Nasrallah, 2019; Wang et al., 2019). But our
molecular understanding of how the other processes may
contribute to reproductive isolation is still scarce. In con-
trast to its relatives like A. lyrata, a self-incompatible spe-
cies that only allows foreign pollen of the own species to
grow inside the pistil and toward ovules, A. thaliana is a
self-compatible species lacking early mechanisms to

Figure 4 Although A. thaliana WT and xiuqiu ovules are mainly targeted by own pollen tubes, atlure1null mutant ovules are also entered by A. lyr-
ata pollen tubes. A and B, Bright field images showing semi-in vivo pollen tube targeting of A. lyrata pollen tubes toward A. thaliana WT and
atlure1null ovules, respectively, before and after dragging, as indicated. C, Statistical analysis of (A) and (B). Four repeats each with more than 25
ovules were conducted. Data are mean values ± SD. P4 0.05 (Student’s t test). D–F, Semi-in vivo pollen tube competition assays with WT, atlure1-
null, and xiuqiu ovules targeted by mixed pollen tubes from LAT52pro:GFP (A. thaliana) and A. lyrata, as indicated. G, Statistical analysis of (D–F).
Four repeats each with more than 20 ovules were conducted. White arrows indicate A. thaliana LAT52pro:GFP transgenic pollen tubes (WT, green
fluorescence-labeled) and black arrows show A. lyrata pollen tubes. Data are mean values ± SD. P5 0.01 means significant difference (Student’s
t test). Scale bars, 50 lm.
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discriminate between own and foreign pollen of related
species (Nasrallah, 2019). Recently, AtLURE1/PRK6-
mediated signaling was reported to contribute to repro-
ductive isolation by promoting emergence of own pollen
tubes from the septum to grow toward the ovule for fer-
tilization (Zhong et al., 2019). The goal of this study was
to clarify whether AtLURE1s and their receptors are also
involved in formation of a prezygotic reproductive isola-
tion barrier at the micropyle.

To answer this question, we adopted the semi-in vivo
ovule targeting assay (Palanivelu and Preuss 2006), a very
useful method to study solely micropylar effects as it
bypasses the earlier stages described above. Furthermore, the
semi-in vivo ovule targeting assay was used in three different
ways: (1) to test general ovule targeting efficiencies of pollen
tubes, (2) in pollen tube competition assays to test competi-
tiveness of two different types of pollen tubes that target
the same ovule type, and (3) in ovule competition assays to
test competitiveness of two different types of ovules to at-
tract pollen tubes. In order to confirm that a pollen tube
has indeed successfully targeted an ovule, we further devel-
oped the “dragging” method, which we described to be well
suited to discriminate between loosely associated pollen
tubes, pollen tubes that successfully entered the micropyle,
as well as fluorescent and nonfluorescent tubes. By using
this modified method, we demonstrate that AtLURE1s and
their receptor PRK6 are involved in promoting attraction of
own pollen tubes at the micropyle. Together with our previ-
ous report (Zhong et al., 2019), it is now clear that the
AtLURE1/PRK6 signaling pathway promotes conspecific pol-
len precedence at two stages, that is pollen tube emergence
from the septum to the funiculus and pollen tube attraction
at the micropyle, thus playing a major role during the whole
process of ovular pollen tube guidance (Hater et al., 2020).
The AtLURE1/PRK6-mediated signaling pathway thus guar-
antees a strong and biased precedence for own pollen tubes
and contributes to prezygotic reproductive isolation in the
genus Arabidopsis. Notably, previously reported XIUQIUs,
nonspecies-specific pollen tube attractant peptides of the
Brassicaceae were shown in this study to attract pollen
tubes independent of PRK6 and to not be involved in dis-
criminating pollen tubes of A. thaliana from those of A. lyr-
ata at the micropyle.

In conclusion, by extending studies on AtLURE1/PRK6-
mediated signaling using modified semi-in vivo ovule tar-
geting assays, we demonstrated in this study that conspe-
cific micropylar pollen tube guidance represents another
mechanism to promote own pollen tubes in A. thaliana.
In addition, our previous and this study have collectively
demonstrated that AtLURE1/PRK6-mediated signaling pro-
motes conspecific pollen tube precedence for A. thaliana
both at the septum emergence point and at the micro-
pyle. This adds another layer to our understanding of
how signaling mechanisms contribute to the complexity
of the formation of reproductive isolation barriers in
plants.

Materials and methods

Plant material and growth conditions
Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used
as WT. The prk6-2 (Salk_076923C) mutant was obtained
from the Arabidopsis Biological Resource Center (ABRC).
Arabidopsis lyrata ssp. lyrata was provided by Dr Ya-Long
Guo’s laboratory (Institute of Botany, Chinese Academy of
Sciences). All seeds were sown on half-strength Murashige
and Skoog medium (Murashige and Skoog, 1962). Plates
with seeds were placed at 4�C for 2 d and then transferred
toward a growth incubator with 16-h light/8-h dark cycles
for 10 d at 22�C. Seedlings were transferred to soil and
grown in the greenhouse with LED lights (GPL production
modules DR/W and DR/B/FR, Philips) under long-day condi-
tions (16-h light/8-h dark) at 22�C± 2�C.

Semi-in vivo ovule targeting assay
The semi-in vivo ovule targeting assay was conducted as de-
scribed previously (Willemse et al., 1995; Palanivelu and
Preuss, 2006). We used male sterile 1 (ms1; CS301367, Col-0
genetic background) pistils as acceptors of pollen grains
(Yang et al., 2007). In brief, ms1 stigmata were handcut from
the pistil and placed onto solid pollen germination medium
(SPGM: 14% w/v sucrose, 0.001% w/v boric acid, 1.27 mM
Ca(NO3)2, 0.4 mM MgSO4, pH adjusted to 7.0 with KOH in
1.5% w/v low gelling temperature agarose) in a small culture
dish with a 2-mm-thick, 14-mm-diametral cover glass in the
bottom center. After detached stigmata were pollinated,
ovules were placed at appropriate positions below cut stig-
mata and then, culture dishes were placed into a 22�C incu-
bator allowing pollen germination, growth, and attraction.
To investigate whether pollen tubes without fluorescence
entered the micropyle, each of the corresponding ovules
was gently dragged with a glass needle (with the diameter
of the needle tip about 40 lm) by hand under a �10/0.25
objective in a NIKON ECLIPSE TS100 inverted microscope. If
a pollen tube was dragged into a straight line, and could
not be separated from the ovule, it was considered as a pol-
len tube that had successfully entered the ovule.

Imaging
Images of the ovule targeting assays were acquired with a
Zeiss Axio Imager D2 microscope equipped with a
Yokogawa CSU-X1 spinning disk. The Plan-Apochromat
�10/0.45 and Plan-Apochromat �20/0.8 objectives were
used under 488 nm (intensity 60%, collection bandwidth
500–550 nm, gains 800) and 561 nm (intensity 35%, collec-
tion bandwidth 598–660 nm, gains 400) for LAT52pro:GFP
transgenic pollen tubes (green fluorescence-labeled) and
ovules with autofluorescence observation, respectively, and
under bright field (5.10 V for intensity, gains 89) for
nonfluorescence-labeled pollen tube targeting assays.

Supplemental data
The following supplemental materials are available.
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Supplemental Figure S1. LAT52pro:GFP pollen tube tar-
geting efficiencies to WT and atlure1null mutant and
AtLURE1.2 rescued atlure1null mutant ovules, respectively.

Supplemental Figure S2. Final status of WT and
LAT52pro:GFP pollen tubes in the semi-in vivo ovule com-
petition assay.

Supplemental Figure S3. Estimation of the targeting sta-
tus in GFP channel and bright field.

Supplemental Figure S4. prk6-2 mutant pollen tube tar-
geting efficiencies to WT and atlure1null mutant ovules,
respectively.

Supplemental Figure S5. Confirmation of final status of
prk6-2 pollen tubes in the semi-in vivo ovule competition
assay by the “dragging” method.

Supplemental Figure S6. Pollen tube targeting efficiencies
of LAT52pro:GFP pollen tube and A. lyrata pollen tube to
xiuqiu mutant ovules, respectively.
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