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Abstract: The role of ArabinoGalactan Proteins (AGPs) in the sexual reproduction of gymnosperms is
not as well documented as that of angiosperms. In earlier studies, we demonstrated that AGPs play
important roles during ovule differentiation in Larix decidua Mill. The presented results encouraged us
to carry out further studies focused on the functions of these unique glycoproteins during pollen/pollen
tube and ovule interactions in Larix. We identified and analyzed the localization of AGPs epitopes by
JIM4, JIMS, JIM13 and LM2 antibodies (Abs) in male gametophytes and ovule tissue during pollination,
the progamic phase, and after fertilization and in vitro growing pollen tubes. Our results indicated that
(1) AGPs recognized by JIM4 Abs play an essential role in the interaction of male gametophytes and
ovules because their appearance in ovule cells is induced by physical contact between reproductive
partners; (2) after pollination, AGPs are secreted from the pollen cytoplasm into the pollen wall and
contact the extracellular matrix of stigmatic tip cells followed by micropylar canal cells; (3) AGPs
synthesized in nucellus cells before pollen grain germination are secreted during pollen tube growth into
the extracellular matrix, where they can directly interact with male gametophytes; (4) in vitro cultured
pollen tube AGPs labeled with LM2 Abs participate in the germination of pollen grain, while AGPs
recognized by JIM8 Abs are essential for pollen tube tip growth.

Keywords: gymnosperms; ArabinoGalactan Proteins (AGPs); pollen grain; pollen tube; ovule;
extracellular matrix (ecm); progamic phase; fertilization

1. Introduction

In seed plants, the extracellular matrix (ecm) of the female reproductive organs is
the site of interactions with the male gametophyte, which begins during pollination and
continues throughout the progamic phase. Many studies of model angiosperm plants have
revealed the important role of pectins (HomoGalacturonans, HGs) and ArabinoGalactan
Proteins (AGPs) in these processes [1-4]. The interaction results in a change in the activity
of the wall enzymes of both reproductive partners, leading to alterations in the composition
of the extracellular matrix (ecm), including the level of Ca®* ions relevant for germination,
pollen tube growth and double fertilization [5-7]. Given their unique structural properties,
such as the diversity of the core protein, GPI (glycosylphosphatidylinositol) anchor and
heterogeneity of the glycan chains, the large family of AGPs represents crucial candidates
in these processes [8-10]. First, AGPs affect the properties of the cell wall. By interact-
ing with 3-glycans, AGPs control cell wall rigidity and extensibility. Type II AGPs may
act as crosslinkers and bind with HGs chains or other cell wall polysaccharides, which
strengthens the cell wall structure [9,11-15]. On the other hand, a small amount of AGPs
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incorporated into the pectin gel can cause a significant increase in its porosity [16]. The com-
position and plasticity of the cell wall are very important for tip-growing cells, including
pollen tubes [17-21]. Moreover, GPI-anchored AGPs link the plasma membrane with the
cytoskeleton and are involved in controlling cell shape by influencing cortical microtubule
orientation and actin polymerization [22-24]. Second, AGPs can also bind Ca?* ions and
serve as extracellular calcium capacitors. Thus, AGPs are involved in calcium-mediated
signaling pathways and create an environment for ovule development, pollen tube growth
and guidance, fertilization and polytubey block [15,25-27]. Third, AGPs may act as signal-
ing molecules participating in numerous reproductive processes. GPI-anchored AGPs can
be released to the extracellular matrix through specific phospholipases and are involved in
cell-to-cell interactions [9,28,29]. Additionally, specific sugar chains cleaved from AGPs by
specific endogluconases may act as signals that move long distances and as morphogens
and nutrients [30,31]. AGPs act as chemoattractants for growing pollen tubes [32-35].

The role of AGPs in the sexual reproduction of gymnosperms is not as well docu-
mented as that of angiosperms. Few studies have shown the presence of AGPs in the
pollination drop [36] and the cell wall of the pollen grain and pollen tube of several
species [37-40]. In our earlier work [41], we also identified and characterized the spa-
tial and temporal distribution of AGPs during ovule differentiation in Larix decidua Mill.
Here, we wanted to demonstrate the immunolocalization of AGPs in male gametophytes
and ovules during their interaction. Similar to that in other gymnosperms, the processes of
the pollination and germination of pollen grains in larch occurs in the different regions of
the ovule. In L. decidua, the progamic phase is long and takes approximately two months.
The pollen grains captured by the stigmatic tip of the ovule rest at the distal end of the
micropylar canal and are then transferred upward to the nucellus apex. This transfer
occurs after the canal is filled with secreted fluid. In the micropylar canal, pollen grains
hydrate, shed their exine and germinate on the nucellus surface when the prothallium
contains mature archegonia. Within a few days, the growing pollen tube penetrates the
nucellus followed by neck cells and ventral canal cells and grows into the egg cell (Figure 1).
This process differs from that noted in flowering plants, in which the stigma is both the site
of pollination and germination of pollen grains and growing pollen tubes penetrate the
pistil transmitting track to reach the embryo sac [1,42,43].

(&

integument nucellus

B’ o3

Figure 1. Successive stages of pollen-ovule interaction in L. decidua. (A) Mature pollen grain contain-
ing tube cell, generative cell, sterile cell and two degenerated prothallial cells; (B) unpollinated ovule
(megasporocyte stage), (B”) unpollinated stigmatic tip, (C) pollinated ovule (stage of megaspores),
(C’) stigmatic tip with pollen grains, (D) free nuclear gametophyte stage—pollen grains are engulfed
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into the micropylar canal and shed their exine, (E) cellular gametophyte stage—pollen grains are
carried to the nucellar apex through the micropylar canal filled with secretions, (E’) at the cellular
gametophyte central cell is visible, (F) mature ovule—pollen grains germinate on the surface of
the nucellus when the prothallium contains mature archegonia and grow into the egg cell, (F) the
germinating pollen grain on the surface of the nucellus filled with secretions, (G) in vitro germinating
pollen grain. g generative cell, t tube cell, s sterile cell, p prothallial cells, nu nucleus, SC sterile
cell, nu nucleus, in integument, st stigmatic tip, pst pollinated stigmatic tip, n nucellus, pg pollen
grain ¢ tapetum, M megasporocyte, DM degenerating megaspores, FM functional megaspore, FNG
free nuclear gametophyte, ex exine, mc micropylar canal, v vacuole, CC central cell, CG cellular
gametophyte, me micropylar canal exudate, EC egg cell, P prothallium, gp germinating pollen grain,
ne nucellus exudate, dt degenerating tapetum, pt pollen tube. Bars 10 um.

In Larix, two male gametes that form from the generative cell during pollen tube
growth in the nucellus are discharged in the egg cell, and fertilization can occur. In the
zygote second sperm cell and tube cell degenerate, while maternal and paternal organelles
accumulate around the nucleus and are involved in the formation of the so-called neocyto-
plasm [41,44]. In angiosperms, the receptive synergid cell becomes the site of delivery of
two sperm cells that participate in the process of double fertilization with egg cells and
central cells, forming embryo and endosperm, respectively [45-47].

2. Results
2.1. Mature Pollen Grains and Unpollinated Ovule

In the mature, hydrated pollen grain, all examined AGPs were present in the cytoplasm
of pollen cells (Figure 2A-D), excluding prothallial cells, where the JIM4 Abs signal was not
observed (Figure 2A). In the pollen wall, single spots of analyzed epitopes in addition to JIM4
Abs were detected (Figure 2A-D). In epidermal and subepidermal cells of the unpollinated
stigmatic tip, only AGPs recognized by LM2 (Figure 2F) and JIM13 (Figure 2H) Abs were
visible. The labeling was present in the cell wall and the cytoplasm of these cells.

2.2. The Pollination Stage

In pollen grains adhering to the stigmatic tip, all examined AGPs were mostly present
in the tube cell cytoplasm (Figure 20-R). Interestingly, pollination induced a reduction
in JIM4 Abs labeling in pollen cells and the appearance of a weak signal in the pollen
wall (Figure 20). The patterns of LM2 (Figure 2P), JIM8 (Figure 2Q) and JIM13 (Figure 2R)
Abs distribution in all pollen cells were similar to those observed in these cells before
pollination. Only in the pollen wall the increase in the signals of AGPs recognized by LM2
(Figure 2P) and JIM8 Abs (Figure 2Q)) was detected.

Immediately after pollination in the stigmatic tip in the region of pollen grain adhesion,
weak fluorescence derived from JIM4 Abs appeared (Figure 20). LM2 (Figure 2P) and
JIM13 (Figure 2R) Abs labeling was reduced compared with that noted before pollination.
Epitopes detected with LM2 Abs were exclusively observed in the apoplast of the stigmatic
cells, while the cytoplasm of these cells was not labeled. The highest level of these AGPs was
visible at the surface of the stigmatic tip exactly at the site of pollen adhesion (Figure 2P).
Before pollination, the epitopes recognized by the JIM8 Abs were not detected in these cells
(Figure 2Q)). At this stage of ovule development, strong fluorescence of LM2 (Figure 25),
JIMS (Figure 2T) and JIM13 (Figure 2U) Abs was visible in the integument cells, while the
epitopes recognized by JIM4 Abs were not detected.



Int. J. Mol. Sci. 2021, 22, 4298

40f16

Figure 2. Immunolocalization of AGPs in larch male gametophytes and ovules. Mature pollen (A-D):
JIM4 (A), LM2 (B), JIMS8 (C,D) JIM13 Abs, all examined AGPs were present in the cytoplasm of all
cells, weak signals of LM2, JIM8, and JIM13 Abs were visible in the pollen wall; (E-H) Unpollinated
stigmatic tip: labeling with (F) LM2 and (H) JIM13 Abs was visible in the cytoplasm and in the cell
wall, whereas (E) JIM4 and (G) JIM8 Abs were not detected; (I-K) in vitro growing pollen tube: JIM4
Abs were localized in the pollen tube wall (I), LM2 Abs were observed in the cell wall of aperture
region (J), JIM8 Abs were detected at the tip of the pollen tube, only single spots of the fluorescence
were also visible in the cytoplasm (K); (L-N) the control reactions: JIM13 Abs fluorescence was
not observed in ovules preincubated with inhibitor-arabic gum prior to immunolocalization (L), no
labeling was visible in the pollen grain when LM2 Abs were omitted (M) and the ovule which was
not incubated with JIM13 Abs (N); (O-R) pollinated stigmatic tip: JIM4 Abs—the fluorescent signal
was lower in the pollen compared with that noted before pollination, the low labeling appeared in the
pollen wall and on the surface of the stigmatic tip (O), LM2 Abs—the higher signal in the wall and in
the cytoplasm of the pollen was observed, whereas weak fluorescence was visible in stigmatic tip cells
(P), JIM8 Abs were present in the pollen cells and on the surface of the pollen wall, the signal was not
visible in the stigmatic tip cells (Q), JIM13 Abs—high fluorescence was detected in pollen cells, weak
labeling in the cell wall and the cytoplasm of stigmatic tip cells was visible (R); (§-U) integument:
LM2 Abs in the cells of stigmatic tip and integument (S), JIM8 Abs labeling was visible only in the
integument cells below the stigmatic tip (T), JIM13 Abs—weak fluorescence in the stigmatic tip and
the high level of the labeling in integument cells were observed (U). g generative cell, f tube cell, s
sterile cell, p prothallial cell, w pollen/pollen tube wall, pg pollen grain, fg female gametophyte, st
stigmatic tip, mc micropylar canal, n nucellus, in integument, nu nucleus, ¢ cytoplasm, red—signal of
the immocytochemical reaction, blue—DAPI staining, green—autofluorescence. Bars 10 um.
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2.3. Pollen Grains in the Micropylar Canal

At the time of pollen grain engulfment into the micropylar canal, the strong signals
after labeling with LM2 (Figure 3B), JIMS8 (Figure 3C) and JIM13 (Figure 3D) Abs remained
present in the pollen cells cytoplasm, while weak fluorescence was visible in the pollen wall.
JIM4-reactive AGPs were localized at low levels in the cytoplasm of pollen cells (Figure 3A”),
and the material formed as a result of stigmatic tip degeneration. In the apoplast of
stigmatic tip cells, epitopes recognized by LM2 (Figure 3B) and JIM13 (Figure 3D) but not
JIMB8 (Figure 3C) Abs were present. However, in the integument, cells were still labeled by
all three Abs (Figure 3B-D). The fluorescence signal from these Abs was clearly reduced in
the cells adjacent to the pollen grain. JIM4 Abs labeling was noted in small single spots
of fluorescence in the ecm of stigmatic tip cells, while this fraction of the AGPs was not
detected in the integument cells (Figure 3A).

In the nucellus, only the fluorescence derived from both JIM8 (Figure 3G) and JIM13
(Figure 3H) Abs was observed. In epidermis and subepidermis cells, the signal was
localized in the apoplast. The signal was also localized in the cytoplasm in the cells situated
deeper. In this stage, no labeling by JIM4 (Figure 3E) or LM2 (Figure 3F) Abs was detected
in nucellus surface cells.

During transfer to the nucellus, pollen grains shed their exine, and crucial changes
in the localization of AGPs epitopes were observed. The distribution of JIM4 (Figure 3I)
and LM2 (Figure 3]) Abs varied in different pollen grains. Some pollen grains were almost
completely devoid of labeling, whereas intense fluorescence was detected in the tube and
sterile cells in other pollen grains. Comparable levels of signals from JIM8 and JIM13 Abs
were noted in all pollen grains. Interestingly, none of the examined epitopes were observed
in generative cells (Figure 3I-L). In the pollen wall, only a strong signal of LM2 Abs labeling
was detected (Figure 3]), while the signals of JIM4 (Figure 3I), JIM8 (Figure 3K) and JIM13
(Figure 3L) Abs were weak.

During this period, considerable changes in the distribution of different AGPs were
observed in the integument. In the wall coating micropylar canal, AGPs recognized by
JIM4 Abs appeared (Figure 3I), while LM2 (Figure 3]) and JIMS8 (Figure 3K) Abs labeling
substantially decreased in all integument cells. The weak fluorescence signal was visible
only on the surface of the micropylar canal. The epitopes recognized by the JIM13 Abs
were particularly localized in the subepidermal cells of the integument, while the wall
coating micropylar canal was almost completely devoid of labeling (Figure 3L).

When pollen grains engulfed the micropylar canal, changes in the distribution of AGP
epitopes were also observed in the nucellus. As previously noted, JIM4 Abs labeling was
not detected (Figure 3M), while nucellus cells were still labeled with the JIM8 (Figure 30)
and JIM13 (Figure 3P) Abs. Fluorescence indicating LM2 Abs detection also appeared. The
distribution of these AGPs epitopes was comparable. On the surface layer of the nucellus,
the signal was localized in the apoplast. However, the signal was also localized in the
cytoplasm in cells situated in the central region of the nucellus.

2.4. Pollen Grain Germination and Pollen Tube Growth

Pollen grain germination and pollen tube growth are periods of archegonia maturity.
At this time, all studied AGPs were detected in the cytoplasm of tube cell in the pollen
grain (Figure 4A-D). The signals of all Abs were also clearly visible on the surface of the
pollen. Nucellus cells localized in the region of the germinating pollen grain were weakly
labeled with JIM4 (Figure 4A) and LM2 (Figure 4B) Abs in contrast to the cells situated
below the nucellus apex, in which a strong signal was observed. The JIM4 Abs (Figure 4A)
were distributed evenly in the cytoplasm, while the LM2 Abs (Figure 4B) were mainly
localized in the apoplast of these cells. Epitopes recognized by JIM8 (Figure 4C) and JIM13
Abs (Figure 4D) were present in all nucellus cells and adjacent to the germinating pollen
grain. The fluorescence signal was visible both in the cytoplasm and in the ecm.

In nucellus cells surrounding the growing pollen tube, only single spots of fluores-
cence from JIM4 Abs (Figure 4E) were observed in contrast to the LM2 (Figure 4F), JIM8
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(Figure 4G) and JIM13 Abs (Figure 4H), in which increased signal was noted in the cyto-
plasm and apoplast. At this time, the fluorescence intensities of all examined Abs were
clearly reduced only in the epidermal cells.

Figure 3. Immunolocalization of AGPs in larch pollinated ovules. (A-H) The pollen in the micropylar
canal. (A-D) Micropylar canal: The epitopes recognized by JIM4 Abs occurred in the material that
formed as a result of the degeneration of the stigmatic tip cells, while labeling was not observed
in the integument (A), the fluorescent signal of JIM4 Abs in pollen grain was also visible (A”), LM2
Abs—the signal was present in the cytoplasm and the pollen wall and stigmatic tip cells (arrow), the
fluorescence was present mainly in integument cell cytoplasm, the region of pollen grain adhesion
and the apoplast (B), JIMS8 (C) and JIM13 (D) Abs—labeling was present in the pollen grain and in the
integument cells away from the region of the pollen adhesion; (E-H) Nucellus: cells were completely
devoid of the fluorescence from JIM4 (E) and LM2 (F) Abs, only JIM8 (G) and JM13 (H) Abs were
observed; (I-P) pollen grain in the micropylar canal. All studied AGPs occurred in the cytoplasm of
the pollen grain—JIM4 (I), LM2 (J), JIMS8 (K), JIM13 (L), only LM2 Abs was visible in the pollen wall
(J), small clusters of signal from examined Abs were also present in the surface of the micropylar
canal (J, arrow), only JIM13 Abs labeling was localized in the subepidermal cells in the integument
(L); (M-P) Nucellus: JIM4 Abs labeling was not visible (M), LM2 (N), JIM8 (O) and JIM13 (P) Abs
were widely localized in the ecm in the apical region of the nucellus and the central area of this tissue
in the cytoplasm. g generative cell, t tube cell, s sterile cell, p prothallial cell, w pollen wall, pg pollen
grain, st stigmatic tip, mc micropylar canal, n nucellus, in integument, nu nucleus. red—signal of the
immocytochemical reaction, blue—DAPI staining, green—autofluorescence. Bars 10 pum.
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Figure 4. Inmunolocalization of AGPs in larch ovules during pollen germination and pollen tube
growth. (A-D) Nucellus with germinating pollen: all examined AGPs occurred in the cytoplasm
and wall (arrow) of the germinating pollen—JIM4 (A), LM2 (B), JIM8 (C), JIM13 (D) Abs, in the
nucellus JIM4 (A) and LM2 (B) Abs were present in the cells localized under its surface, whereas
JIM8 (C) and JIM13 (D) Abs were visible in the cytoplasm and in the ecm of cells surrounding the
germinating pollen tube; (E-H) Pollen tube growth: the cells adjacent the growing pollen tube were
almost devoid of JIM4 (E) Abs labeling, whereas LM2 (F), JIMS8 (G) and JIM13 (H) Abs were present
in the cytoplasm as well as in the ecm of these cells; (I-M) ovule after fertilization: toluidine blue
staining, in the micropylar region of the fertilized egg cell, at the site of the pollen tube entry the
polysaccharide plug was visible, the zygote nucleus was surrounded by neocytoplasm (arrow), in the
egg cell second sperm cell was also present (I); (J-M) Immunolocalization of AGPs in the fertilized
ovule: JIM4 Abs—the prothallium and fertilized egg cell were devoid of the labeling, the signal was
only localized in the nucellus (J); LM2 Abs—a strong signal in the nucellus apoplast and numerous
foci of fluorescence in the perinuclear area of egg cell were observed (K). JIM8 (L) and JIM13 (M)
Abs labeling was visible in the fertilized egg cell and the apoplast of the nucellus as well as the
prothallium. e epidermis, eg egg cell, n nucellus, nc neocytoplasm, p prothallium, pg pollen grain, ps
polysaccharide plug, pt pollen tube, sc sperm cell, v vacuole, zn zygote nucleus. red—signal of the
immocytochemical reaction, blue—DAPI staining, green—autofluorescence. Bars 10 pm.
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2.5. Fertlization

In L. decidua, the pattern of the immunocytochemical localization of examined epitopes
of AGPs in the archegonium and the egg cell before fertilization was described previously
by Rafiriska et al. [41]. In this work, we focused on the last stage of the interaction between
male gametophyte and ovule when the pollen tube penetrates archegonium and grows
into the egg cell. In the micropylar region of the egg cell at the site of pollen tube entry, a
polysaccharide plug was visible (Figure 4I). Fertilized egg cells also contain large vacuole
and sperm cells that do not participate in the process of fertilization. At this time, the
zygotic nucleus is surrounded by the neocytoplasm. In the zygote epitopes recognized by
JIM4 Abs (Figure 4]), no labeling was detected; however, the labeling of JIM8 (Figure 4L)
and JIM13 (Figure 4M) Abs was intense. LM2 Abs were localized either as single (Figure 4K)
or numerous (Figure 4K") clusters of fluorescence, especially around the perinuclear space.
Spots of the fluorescence of JIM8 Abs (Figure 4L) were also found in the polysaccharide
plug. After fertilization, all studied AGPs were still localized in the ecm of the nucellus
cells (Figure 4J-M).

2.6. In Vitro Growing Pollen Tubes

Using light microscopy, we could not confirm whether the observed localization of the
studied AGPs epitopes was present in the wall of growing in vivo pollen tubes or only in
the ecm of nucellus. Thus, we assessed AGPs in pollen tubes growing in vitro (Figure 2I-K).
Our results revealed that epitopes binding JIM4 (Figure 2I) and JIM8 Abs (Figure 2K) were
localized throughout the pollen tube wall, while epitopes binding by LM2 Abs (Figure 2J)
were limited to the cell wall in the aperture region (Figure 2]). The accumulation of JIM8
Abs signals was observed in the tip of the growing pollen tube, and a small signal was also
visible in the cytoplasm (Figure 2K). AGPs recognized by JIM13 Abs were not identified.

2.7. Control Reactions

Control sections incubated in the absence of primary antibody or with a mixture of
JIM13 Abs with the corresponding inhibitor were devoid of immunolabeling (Figure 2L-N).

Temporal and spatial changes in the distribution of the different categories of AGPs
during male gametophyte—ovule interaction in L. decidua are summarized in Figure 5.
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Figure 5. Schematic localization of AGPs (red colour) (A) during successive stages of male game-

tophyte and ovule interactions and (B) in vivo developing male gametophyte and in vitro growing
tube of L. decidua.

3. Discussion

In mature pollen, all examined AGPs were present in the cells” cytoplasm. The pollen
wall was devoid of the AGPs recognized by JIM4 Abs, and only a small pool of epitopes
binding LM2, JIM8 and JIM13 Abs was detected. Additionally, the cells of the unpollinated
stigmatic tip were deprived of AGPs binding JIM4 Abs, and only AGPs recognized by LM2
and JIM13 Abs were observed. Pollination induced a significant qualitative change in the
distribution of AGPs in the pollen wall and stigmatic tip cells. In the pollen grain, AGPs
were secreted from the cytoplasm to the sporoderm. This AGPs pool may participate in the
adhesion of pollen to the ovule. Additionally, in the region of physical contact between
the stigmatic cells and the pollen wall, AGPs bound by JIM4 Abs appeared. It is possible
that, in Larix, the appearance of AGPs recognized by JIM4 Abs in stigmatic cells and the
pollen wall may reflect the acquisition of receptivity by the ovule and play an important
role during the early interaction steps between the reproductive partners. In stigma cells
of angiosperms, AGPs [2,48-50] are responsible for the adhesion of pollen grains [51].
Sage et al. [50] postulate that AGPs and HGs form a hydrophilic network that allows the
transport of water and molecules responsible for the interaction of the pollen grain and
stigma. Thus, we suggest that in Larix, AGPs may exhibit a similar function [41].

Significant changes in the distribution of AGPs in pollen grains occur during their
transfer to the nucellus apex. Exine rupture and shedding occur during this period.
AGPs secreted from pollen, especially those labeled by LM2 Abs, can be associated with
pollen wall hydration and swelling. During pollen grain hydration in N. tabacum and
Lycopersion peruvianum, AGPs secretion was also observed [52]. Moreover, in A. thaliana,
AGPs participate not only in the control of pollen grain hydration but also at the time of
germination [53]. In the double mutant, agp6 and agp11 pollen grains germinate in the
anther, indicating that these categories of AGPs prevent the premature growth of pollen
tubes. In light of these data, we suggest that the precise control of these two processes in
Larix seems to be very important because pollen hydration and germination are separated
in “time and space” and must be synchronized with female gametophyte development.
However, the participation of AGPs in these processes requires further study.
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In L. decidua, during pollen grain movement in the micropylar canal upward to the
nucellus before they germinate to the pollen tubes, a small pool of studied AGPs, including
AGPs recognized by JIM4 Abs, is secreted from the epidermal cells onto the inner surface of
the integument. Initially, these AGPs were located near the pollen grains and then into the
cells of the entire structure. Immediately before fluid secretion, the integument surface lining
the micropylar canal is further coated by a hydrophilic membrane in L. eurolepsis [54]. This
integumentary membrane of the micropylar canal of Pseudotsuga is created from membrane
portions of vesicles formed in the cytoplasm of inner epidermal cells of the integument that
traverse through the cell wall and release their contents on its surface [55]. In gymnosperms,
the presence of the integumentary membrane may be an element of the mechanism responsi-
ble for pollen transfer to the nucellus apex [54]. In the Larix fluid secreted in the micropylar
canal examined, AGPs fractions were not found. This finding indicates that either they are
not secreted into the micropylar canal or are undergoing such modifications that they cannot
be bound by the anti-AGPs Abs used. In contrast to Taxus x media, the epitopes recognized
by LM2 and JIM3 Abs were localized in pollination drop [36]. In the future, we will perform
more precise experiments in Larix to verify this hypothesis.

During the germination of pollen grains, AGPs recognized by JIM4 Abs appeared for
the first time in the cytoplasm followed by the apoplast of the nucellus cells. It is possible
that this specific category of AGPs is a marker of the next stage of ovule development and
reflects the preparation of the nucellus/archegonium to receive pollen tubes. Then, during
pollen tube growth, this fraction of AGPs is metabolized, as evidenced by their decreasing
levels. During the germination of pollen grains AGPs bound by LM2, JIM8 and JIM13
Abs were still present in the cytoplasm of the nucellus cells. When the pollen tubes grew
in the nucellus, the pool of AGPs recognized by LM2 Abs increased, and all fractions of
AGPs were secreted to the apoplast, where they directly physically interacted with male
gametophyte. A similar distribution of AGPs was observed in the ecm of the nucellus
cells of T. x media, where AGPs were bound by LM2 and JIM13 Abs [36]. In Larix, it is
possible that AGPs present in the apoplast of the nucellus become the part of secretion and
may act as adhesive, nutrient or chemotactic molecules. Numerous studies performed in
angiosperms show that AGPs are commonly found on the stigma and in the transmission
tissue of the pistil, where ecm is the site of adhesion and germination of pollen and pollen
tube growth. The specific accumulation of AGPs recognized by LM2 Abs and its secretion
into the apoplast of nucellus may indicate that this fraction of AGPs in larch may be related
to pollen tube reception by the mature receptive gametophyte so that it can grow directly
into an egg cell, which is similar to that noted in flowering plants [33,56-59].

After fertilization in the cytoplasm of the egg cell, the high pool AGPs recognized by
JIMS8 and JIM13 Abs were localized, while AGPs bound to JIM4 Abs were not detected.
We observed a similar pattern of localization of these AGPs in the cytoplasm of egg cell
before fertilization [41]. It is possible that these fractions of AGPs can be markers of material
designed for degradation, e.g., from the pollen tube, and participate in the reorganization
of the egg cytoplasm [41]. In A. thaliana, AGP4, which is also named JAGGER, is a cell death
marker for persistent synergid degeneration and polytubey block [60,61]. Thus, AGPs
recognized by LM2 Abs localized around the zygote nucleus may be involved in the orga-
nization of the neocytoplasm. During this process, around the condensing nucleus of the
fertilized egg cell, the accumulation of the organelles of the pre-embryo was observed [41].

The role of AGPs in early plant embryogenesis is known and has been described in
both zygotic and somatic embryogenesis [62—-66]. AGPs participate in embryo development
and nutrient absorption and may also be involved in the formation of a new cell wall during
cell division [63,66-68]. The addition of purified AGPs to the culture of embryogenic cells,
stimulated or inhibited somatic embryogenesis in the gymnosperm Picea abies depending
on the fraction of AGPs [69,70].

Studies with Yariv reagent have revealed the effect of AGPs on pollen tube growth [71].
AGPs induce cell wall modification by altering the localization of cellulose and HGs and
the secretion of callose [56,72]. These modifications play a significant role in the mechanical
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properties of the pollen tube wall [73]. In L. decidua, we suggest that AGPs recognized
by LM2 Abs localized in in vitro growing pollen tubes only in the germinal aperture may
play an important role during pollen germination and tip formation. Thus, pollen tube
tip elongation and signaling from female gametophyte are likely mainly related to AGPs
recognized by JIM8 Abs. This pool of AGPs was localized in the wall and cytoplasm of
in vitro growing pollen tubes, especially in the tube apex. In male gametophytes, JIM8 Abs
were specifically localized in the ecm of neck cells through which the pollen tube grew into
egg cells [41]. Costa et al. [20] proposed that, in A. thaliana, AGP6/AGP11 may be involved
in signaling, endocytosis (recycling) and secretion processes in the pollen tube apical
dome during pollen tube growth, promoting the remodeling of the plasma membrane
and maintaining the loosened wall essential for growth. In turn, in the subapical zone,
HG cross-linking calcium impedes AGPs contact with signal molecules, making AGPs
inactive [74]. The proposed model for the signaling role of AGPs during pollen tube tip
growth is very attractive, and future studies will address this possibility in L. decidua.

In in vitro growing pollen tubes of Larix, we did not detect AGPs labeling by JIM13
Abs; however, this category of proteins was present in the cytoplasm of mature pollen
grains. A similar localization of this fraction of AGPs was observed in Nicotiana alata. In this
species, AGPs bound by MAC207, JIMS8 and JIM13 Abs were also noted in pollen grains,
but their presence was not revealed in growing pollen tubes [52]. JIM13 Abs labeling was
not detected in pollen tubes of A. thaliana [75,76].

4. Materials and Methods
4.1. Sample Preparations

Female cones of Larix decidua Mill. were collected from March to June twice a week
from trees growing in the garden of the Faculty of Biological and Veterinary Sciences, Nico-
laus Copernicus University, Torun, Poland. Based on the correspondence between the male-
female gametophytes, the ovules were isolated at the successive stages of development:
(1) megasporocyte—period of the pollen shed, (2) the functional megaspore—stigmatic
tip of the ovule is pollinated, (3) free nuclear stage—pollen grains are engulfed into the
micropylar canal of the ovule, (4) cellular stage—pollen grains are carried to the nucellar
apex, (5) mature ovule—pollen tubes penetrate the nucellus [44]. Dissected ovules were
immediately fixed in 4% paraformaldehyde and 0.25% glutaraldehyde (Sigma, St. Louis,
MO, USA) in PBS pH 7.2 for 24 h in 4 °C and then the material was dehydrated in a graded
ethanol series containing 10 mM dithiothreitol (DTT, Thermo Fisher Scientific, Waltham,
MA, USA) and embedded in BMM resin (butyl methacrylate, methyl methacrylate) with
0.5% benzyl ethyl ether (Sigma, St. Louis, MO, USA) and 10 mM DTT (Thermo Fisher
Scientific, Waltham, MA, USA) at —20 °C under UV light for polymerization. Then, the
ovules were cut on a Leica UCT ultramicrotome (Leica, Wetzlar, Germany) into semithin
section (1 pm) and placed on microscope slides coated with biobond (British Biocell Inter-
national, Cardiff, UK). Before performing immunocytochemical reactions, the BMM resin
was removed by washing the sections in pure acetone twice for 10 min and then in water
and, finally, in PBS pH 7.2 [7,44,77].

Mature male cones were collected in March and April. Next, they were sterilized in
70% ethanol for 40 s and in 10% sodium hypochloride for 45 s. The material was rinsed in
distilled water and then dried in sterile Petri dishes covered with sterile filter paper. Pollen
grains were stored for approximately 2 months until the ovules matured. Before culturing,
pollen grains were hydrated for 24 h at 24 °C in sterile condition and then placed in culture
medium contained Brewbaker and Kwack minerals diluted in 1:10 supplemented with
18% PG 4000, 7% sucrose, 0.4% phytagel, nystatin (0.0041 g/25 mL) and chloramphenicol
(0.0014 g/25 mL), and the pH was adjusted to 5.2. Additionally, sterilized nucelli isolated
from mature female cones were added to the cultures. The cultivation was carried out
for 7-14 days in the dark. Next, pollen tubes were fixed in 4% paraformaldehyde and
0.25% glutaraldehyde (Sigma, St. Louis, MO, USA) in PBS pH 7.2 for 2 h at RT and
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then individually transferred to cover glasses coated with a drop of poly-L-lysine (Sigma,
St. Louis, MO, USA) [44].

4.2. Immunolocalization Experiments

Semithin serial section of the ovules and in vitro germinating pollen grains and pollen
tubes after blocking with 0.5% BSA (Sigma, St. Louis, MO, USA) in PBS pH 7.2 for 10 min
at RT were incubated with the primary Abs diluted 1:50 in 0.1% BSA in PBS pH 7.2
overnight at 4 °C. We used anti-AGP LM2, JIM4, JIMS8 and JIM13 Abs listed in Table 1.
After washing with PBS pH 7.2, signals were detected using secondary anti-rat IgG Abs
that was conjugated with Cy3 (Jackson ImmunoResearch Laboratories, West Baltimore
Pike, PA, USA) diluted 1:1000 in 0.2% BSA (Sigma, St. Louis, MO, USA) in PBS pH 7.2 for
1 h at RT in the dark. After washing with PBS pH 7.2 DNA was stained with DAPI (Sigma,
St. Louis, MO, USA). Then, the sections were washed in distilled water, dried at RT and
covered with 0.5% w/v N-phenylenediamine (Sigma, St. Louis, MO, USA). A control was
performed without primary antibody, or JIM13 Abs were preincubated with the specific
inhibitor-arabic gum (Sigma, St. Louis, MO, USA) for 1 h prior to immunolocalization [78].

Table 1. Antibodies used to detect AGPs epitopes.

Antibody Epitopes References
JIM4 -D-GlcpA-(1—3)-a-D-GalpA-(1—2)-L-Rha and possibly others unknown data [79]
LM2 B-D-GlcpA, B-D-GlepA(1-O-Me) and possibly other unknown data [80]
JIM8 Carbohydrate portion of AGP [81]
JIM13 -D-GlcpA-(1—3)-a-D-GalpA-(1—2)-L-Rha and possibly other unknown [79]

Semithin sections were observed in a Nikon Eclipse 80i fluorescence microscope
equipped with a Plan Fluor 40x (numerical aperture, 0.75) lens and narrow band filters (UV-
2EC, B-2EC, G-2EC) (Nikon Europe BV, Badhoevedorp, The Netherlands). Results were
photographed using a Nikon DS-5Mc color cooled digital camera and Lucia G 5.30 image
analysis software. Camera settings were kept constant for exposure time, gain and offset.
In turn in vitro growing pollen tubes were analyzed with Nikon Eclipse TE300 confocal
laser scanning microscope using an argon-ion laser emitting light with a wavelength of 488
nm (autofluorescence) and helium-neon laser emitting light with wavelength of 543 nm
(Cy3). A 100x (N.A. 1.3) Plan Fluor H/N2 oil immersion lens was used. The EZ 2000
Viewer software package for image processing and analysis was used (Nikon Europe BV,
Badhoevedorp, The Netherlands) [44].

5. Conclusions

Taken together, our studies reveal that in L. decidua, AGPs are involved in the interac-
tion between the male gametophyte and the ovule:

1. A special role in these processes is that AGPs recognized by JIM4 Abs always appear
in the ovule in the contact region with the pollen grain or the pollen tube, i.e., in the
pollinated stigmatic tip cells during the transfer of the pollen grain to the nucellar
apex and in the nucellus overgrown by the pollen tubes.

2. AGPs accumulate in the cytoplasm of mature pollen and are secreted into the pollen
wall after pollination, probably participating in their adhesion to the ovule.

3. AGPsrecognized by LM2 Abs are probably involved in the hydration and germination
of pollen grains, while AGPs labeled by JIM8 Abs are essential for pollen tube tip
growth and signaling with the female gametophyte.

4. The distribution of AGPs in the nucellus reflects its preparation for interactions with
pollen tubes. AGPs are synthesized and stored in the cytoplasm of nucellus cells.
During pollen tube growth, these molecules are secreted into the ecm, where they can
directly interact with the male gametophyte.
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5. AGPs recognized by LM2 Abs are likely to participate in the reorganization of the
cytoplasm of fertilized egg cells.

Author Contributions: Conceptualization, methodology E.B.-K., K.R.; formal analysis E.B.-K., K.R.,
K.N.; investigation, K.R.; technical assistance to K.R,, M.S.; writing—original draft preparation, K.N.,
K.R.; writing—review and editing E.B.-K., ].N.; supervision and project administration, E.B.-K. All
authors have read and agreed to the published version of the manuscript.

Funding: This project was supported by Nicolaus Copernicus University (Torun, Poland) for research
programs of the Department of Cellular and Molecular Biology. K.R. is a member of Toruni Center of
Excellence “Towards Personalized Medicine” operating under Excellence Initiative-Research University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lenartowska, M.; Rodriguez-Garcia, M.I.; Bednarska, E. Inmunocytochemical localization of esterified and unesterified pectins
in unpollinated and pollinated styles of Petunia hybrida Hort. Planta 2001, 213, 182-191. [CrossRef]

2. Coimbra, S.; Duarte, C. Arabinogalactan proteins may facilitate the movement of pollen tubes from the stigma to the ovules in
Actinidia deliciosa and Amaranthus hypochondriacus. Euphytica 2003, 133, 171-178. [CrossRef]

3.  Coimbra, S.; Almeida, J.; Junqueira, V.; Costa, M.L.; Pereira, L.G. Arabinogalactan proteins as molecular markers in Arabidopsis
thaliana sexual reproduction. J. Exp. Bot. 2007, 58, 4027-4035. [CrossRef] [PubMed]

4. Leszczuk, A.; Szczuka, E.; Zdunek, A. Arabinogalactan proteins: Distribution during the development of male and female
gametophytes. Plant Physiol. Biochem. 2019, 135, 9-18. [CrossRef] [PubMed]

5. Bednarska, E.; Lenartowska, M.; Niekra$, L. Localization of pectins and Ca?* ions in unpollinated and pollinated wet (Petunia
hybrida Hort.) and dry (Haemanthus albiflos L.) stigma. Folia Histochem. Cytobiol. 2005, 43, 249-259. [PubMed]

6.  Lenartowska, M.; Krzestowska, M.; Bednarska, E. Pectin dynamic and distribution of exchangeable Ca?* in Haemanthus albiflos
hollow style during pollen-pistil interactions. Protoplasma 2011, 248, 695-705. [CrossRef]

7. Niedojadlo, K.; Hyjek, M.; Bednarska-Kozakiewicz, E. Spatial and temporal localization of homogalacturonans in Hyacinthus
orientalis L. ovule cells before and after fertilization. Plant Cell Rep. 2015, 34, 97-109. [CrossRef]

8.  Gaspar, Y,; Johnson, K.L.; McKenna, J.A.; Bacic, A.; Schultz, C.J. The complex structures of arabinogalactan-proteins and the
journey towards understanding function. Plant Mol. Biol. 2001, 47, 161-176. [CrossRef]

9.  Seifert, G.J.; Roberts, K. The biology of arabinogalactan proteins. Annu. Rev. Plant Biol. 2007, 58, 137-161. [CrossRef]

10. Ellis, M.; Egelund, J.; Schultz, C.J.; Bacic, A. Arabinogalactan-proteins: Key regulators at the cell surface? Plant Physiol. 2010, 153,
403-419. [CrossRef]

11.  Kjellbom, P.; Snogerup, L.; Stohr, C.; Reuzeau, C.; McCabe, P.F.; Pennell, R.I. Oxidative cross-linking of plasma membrane
arabinogalactan proteins. Plant J. 1997, 12, 1189-1896. [CrossRef] [PubMed]

12. Tan, L.; Eberhard, S.; Pattathil, S.; Warder, C.; Glushka, J.; Yuan, C.; Hao, Z.; Zhu, X.; Avci, U.; Miller, J.S.; et al. An Arabidopsis
cell wall proteoglycan consists of pectin and arabinoxylan covalently linked to an arabinogalactan protein. Plant Cell 2013, 25,
270-287. [CrossRef] [PubMed]

13. Hijazi, M.; Roujol, D.; Nguyen-Kim, H.; del Rocio Cisneros Castillo, L.; Saland, E.; Jamet, E.; Albenne, C. Arabinogalactan protein
31 (AGP31) a putative network —forming protein in Arabidopsis thaliana cell walls? Ann. Bot. 2014, 114, 1087-1097. [CrossRef]

14. Hijazi, M.; Velasquez, S.M.; Jamet, E.; Estevez, ].M.; Albenne, C. An update on post-translational modifications of hydroxyproline-
rich glycoproteins: Toward a model highlighting their contribution to plant cellarchitecture. Front. Plant Sci. 2014, 5, 395.
[CrossRef] [PubMed]

15. Seifert, G.J. On the Potential Function of Type II Arabinogalactan O-Glycosylation in Regulating the Fate of Plant Secretory
Proteins. Front. Plant Sci. 2020, 11, 563735. [CrossRef]

16. Lamport, D.T.A; Kieliszewski, M.]. Stress uparegulates periplasmic arabinogalactan proteins. Plant Biosyst. 2005, 139, 60—64.
[CrossRef]

17.  Mollet, J.C.; Kim, S; Jauh, G.Y.; Lord, E.M. Arabinogalactan proteins, pollen tube growth, and the reversible effects of Yariv
phenylglycoside. Protoplasma 2002, 219, 89-98. [CrossRef]

18. Levitin, B.; Richter, D.; Markovich, I.; Zik, M. Arabinogalactan proteins 6 and 11 are required for stamen and pollen function in
Arabidopsis. Plant J. 2008, 56, 351-363. [CrossRef]

19. Coimbra, S.; Costa, M.L.; Mendes, M. A ; Pereira, A.; Pinto, J.; Pereira, L.G. Early germination of Arabidopsis pollen in a double

null mutant for arabinogalactan protein genes AGP6 and AGP11. Sex. Plant Reprod. 2010, 23, 199-205. [CrossRef]


http://doi.org/10.1007/s004250000498
http://doi.org/10.1023/A:1025564920478
http://doi.org/10.1093/jxb/erm259
http://www.ncbi.nlm.nih.gov/pubmed/18039740
http://doi.org/10.1016/j.plaphy.2018.11.023
http://www.ncbi.nlm.nih.gov/pubmed/30496891
http://www.ncbi.nlm.nih.gov/pubmed/16382894
http://doi.org/10.1007/s00709-010-0231-8
http://doi.org/10.1007/s00299-014-1690-8
http://doi.org/10.1023/A:1010683432529
http://doi.org/10.1146/annurev.arplant.58.032806.103801
http://doi.org/10.1104/pp.110.156000
http://doi.org/10.1046/j.1365-313X.1997.12051189.x
http://www.ncbi.nlm.nih.gov/pubmed/9418056
http://doi.org/10.1105/tpc.112.107334
http://www.ncbi.nlm.nih.gov/pubmed/23371948
http://doi.org/10.1093/aob/mcu038
http://doi.org/10.3389/fpls.2014.00395
http://www.ncbi.nlm.nih.gov/pubmed/25177325
http://doi.org/10.3389/fpls.2020.563735
http://doi.org/10.1080/11263500500055106
http://doi.org/10.1007/s007090200009
http://doi.org/10.1111/j.1365-313X.2008.03607.x
http://doi.org/10.1007/s00497-010-0136-x

Int. J. Mol. Sci. 2021, 22, 4298 14 of 16

20.

21.

22.

23.

24.

25.

26.
27.

28.
29.

30.
31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

Costa, M.; Nobre, M.S.; Becker, ].D.; Masiero, S.; Amorim, M.L; Pereira, L.G.; Coimbra, S. Expression-based and co-localization
detection of arabinogalactan protein 6 and arabinogalactan protein 11 interactors in Arabidopsis pollen and pollen tubes.
BMC Plant Biol. 2013, 13, 7. [CrossRef]

Castro, A.J.; Suarez, C.; Zienkiewicz, K.; Alché, ].D.; Zienkiewicz, A.; Rodriguez-Garcia, M.I. Electrophoretic profiling and
immunocytochemical detection of pectins and arabinogalactan proteins in olive pollen during germination and pollen tube
growth. Ann. Bot. 2013, 112, 503-513. [CrossRef]

Andéme-Onzighi, C.; Sivaguru, M.; Judy-March, J.; Baskin, T.I,; Driouich, A. The reb 1-1 mutation of Arabidopsis alters the
morphology of trichoblasts, the expression of arabinogalactan-proteins and the organization of cortical microtubules. Planta 2002,
215,949-958. [CrossRef]

Sardar, H.S.; Yang, J.; Showalter, A.M. Molecular interactions of arabinogalactan proteins with cortical microtubules and F-actin
in Bright Yellow-2 tobacco cultured cells. Plant Physiol. 2006, 142, 1469-1479. [CrossRef]

Nguema-Ona, E.; Bannigan, A.; Chevalier, L.; Baskin, T.I.; Driouich, A. Disruption of arabinogalactan proteins disorganizes
cortical microtubules in the root of Arabidopsis thaliana. Plant J. 2007, 52, 240-251. [CrossRef]

Lamport, D.T.; Varnai, P. Periplasmic arabinogalactan glycoproteins act as a calcium capacitor that regulates plant growth and
development. New Phytol. 2012, 197, 58-64. [CrossRef]

Lamport, D.T.; Varnai, P; Seal, C.E. Back to the future with the AGP-Ca?* flux capacitor. Ann. Bot. 2014, 114, 1069-1085. [CrossRef]
Zhang, Y.; Held, M.A.; Showalter, A.M. Elucidating the roles of three beta-glucuronosyltransferases (GLCATs) acting on
arabinogalactan-proteins using a CRISPR-Cas9 multiplexing approach in Arabidopsis. BMIC Plant Biol. 2020, 20, 221.

Knox, J.P. Up against the wall: Arabinogalactan-protein dynamics at the cell surfaces. New Phytol. 2006, 169, 443—445. [CrossRef]
Schultz, C.J.; Gilson, P.; Oxley, D.; Youl, ].J.; Bacic, A. GPI-anchors on arabinogalactan-proteins: Implications for signalling in
plants. Trends Plant Sci. 1998, 3, 426—431. [CrossRef]

Showalter, A.M. Arabinogalactan-proteins: Structure, expression and function. Cell. Mol. Life Sci. 2001, 58, 1399-1417. [CrossRef]
Van Hengel, A.].; Tadess, Z.; Immerzeel, P.; Schols, H.; van Kammen, A.; de Vries, S.C. N-acetylglucosamine and glucosamine-
containing arabinogalactan proteins control somatic embryogenesis. Plant Physiol. 2001, 125, 1880-1890. [CrossRef]
Nguema-Ona, E.; Coimbra, S.; Vicre-Giboutin, M.; Mollet, ].C.; Driouich, A. Arabinogalactan proteins in root and pollen tube
cells: Distribution and functional aspects. Ann. Bot. 2012, 110, 383—404. [CrossRef]

Pereira, A.M.; Lopes, A.L.; Coimbra, S. Arabinogalactan proteins as interactors along the crosstalk between the pollen tube and
the female tissues. Front. Plant Sci. 2016, 7, 1895. [CrossRef]

Noyszewski, A.K,; Liu, Y.C.; Tamura, K.; Smith, A.G. Polymorphism and structure of style-specific arabinogalactan protein as
determinants of pollen tube growth in Nicotiana. BMC Evol. Biol. 2017, 17, 186. [CrossRef]

Mizuta, Y.; Higashiyama, T. Chemical signaling for pollen tube guidance at a glance. J. Cell Sci. 2018, 131, jcs208447. [CrossRef]
O’Leary, S.J.B.; Joseph, C.; von Aderkas, P. Origin of arabinogalactan proteins in the pollination drop of Taxus x media. Aust. ].
For. Sci. 2004, 120, 35-46.

Mogami, N.; Nakamura, S.; Nakamura, N. Immunolacalization of the cell wall components in Pinus densiflora. Protoplasma 1999,
2016, 1-10. [CrossRef]

Yatomi, R.; Nakamura, S.; Nakamura, N. Inmunochemical and cytochemical detection of wall components of germinated pollen
of gymnosperms. Grana 2002, 41, 21-28. [CrossRef]

Chen, KM.; Wu, G.L,; Wang, YH,; Tian, C.T,; éamaj, J.; Baluska, E; Lin, J.X. The block of intracellular calcium release affect
the pollen tube development of Picea wilsonii by changing the deposition of cell wall components. Protoplasma 2008, 233, 39—-49.
[CrossRef]

Fang, K.; Wang, Y; Yu, T.; Zhang, L.; Balusak, F.; éamaj, J.; Lin, J. Isolation of de-exined pollen and cytological studies of the
pollen intines from Pinus bungeana Zucc. Ex. Endl and Picea wilsonii Mast. Flora 2008, 203, 332-340. [CrossRef]

Rafinska, K.; Bednarska, E. Localization pattern of homogalacturonan and arabinogalactan proteins in developing ovules of the
gymnosperm plant Larix decidua Mill. Sex. Plant Reprod. 2011, 24, 75-87. [CrossRef] [PubMed]

Lord, E.M.; Russell, S.D. The mechanisms of pollination and fertilization in plants. Annu. Rev. Cell Dev. Biol. 2002, 18, 81-105.
[CrossRef] [PubMed]

Dresselhaus, T.; Franklin-Tong, N. Male-female crosstalk during pollen germination, tube growth and guidance, and double
fertilization. Mol. Plant 2013, 6, 1018-1036. [CrossRef]

Rafiriska, K.; Swidziriski, M..; Bednarska-Kozakiewicz, E. Homogalacturonan deesterification during pollen-ovule interaction in
Larix decidua Mill: An immunocytochemical study. Planta 2014, 240, 195-208. [CrossRef] [PubMed]

Russell, S.D. Double fertilization. Int. Rev. Cytol. 1992, 140, 357-388.

Higashiyama, T.; Yabe, S.; Sasaki, N.; Nishimura, Y.; Miyagishima, S.; Kuroiwa, H.; Kuroiwa, T. Pollen tube attraction by the
synergid cell. Science 2001, 293, 1480-1483. [CrossRef]

Higashiyama, T. The synergid cell: Attractor and acceptor of the pollen tube for double fertilization. J. Plant Res. 2002, 115,
149-160. [CrossRef]

Du, H,; Simpson, R.J.; Moritz, R.L.; Clarke, A.E.; Bacic, A. Isolation of the protein backbone of an arabinogalactan-protein from
the styles of Nicotiana alata and characterization of a corresponding cDNA. Plant Cell 1994, 6, 1643-1653.

Hristova, K.; Lam, M.; Field, T.; Sage, T.L. Transmitting tissue ECM distribution and composition, and pollen germinability in
Sarcandra glabra and Chloranthus japonicus (Chloranthaceae). Ann. Bot. 2005, 96, 779-791. [CrossRef]


http://doi.org/10.1186/1471-2229-13-7
http://doi.org/10.1093/aob/mct118
http://doi.org/10.1007/s00425-002-0836-z
http://doi.org/10.1104/pp.106.088716
http://doi.org/10.1111/j.1365-313X.2007.03224.x
http://doi.org/10.1111/nph.12005
http://doi.org/10.1093/aob/mcu161
http://doi.org/10.1111/j.1469-8137.2006.01640.x
http://doi.org/10.1016/S1360-1385(98)01328-4
http://doi.org/10.1007/PL00000784
http://doi.org/10.1104/pp.125.4.1880
http://doi.org/10.1093/aob/mcs143
http://doi.org/10.3389/fpls.2016.01895
http://doi.org/10.1186/s12862-017-1011-2
http://doi.org/10.1242/jcs.208447
http://doi.org/10.1007/BF01279247
http://doi.org/10.1080/00173130260045468
http://doi.org/10.1007/s00709-008-0310-2
http://doi.org/10.1016/j.flora.2007.04.007
http://doi.org/10.1007/s00497-010-0154-8
http://www.ncbi.nlm.nih.gov/pubmed/21069390
http://doi.org/10.1146/annurev.cellbio.18.012502.083438
http://www.ncbi.nlm.nih.gov/pubmed/12142268
http://doi.org/10.1093/mp/sst061
http://doi.org/10.1007/s00425-014-2074-6
http://www.ncbi.nlm.nih.gov/pubmed/24793355
http://doi.org/10.1126/science.1062429
http://doi.org/10.1007/s102650200020
http://doi.org/10.1093/aob/mci235

Int. J. Mol. Sci. 2021, 22, 4298 15 of 16

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Sage, T.L.; Hristova-Sarkovski, K.; Koehl, V.; Lyew, J.; Pontieri, V.; Bernhardt, P.; Weston, P.; Bagha, S.; Chiu, G. Transmitting tissue
architecture in basal-relictual angiosperms: Implications for transmitting tissue origins. Am. J. Bot. 2009, 96, 183-206. [CrossRef]
Cheung, A.Y.; Wu, HM. Arabinogalactan proteins in plant sexual reproduction. Protoplasma 1999, 208, 87-98. [CrossRef]
Ferguson, C.; Bacic, A.; Anderson, M.A.; Read, S.M. Subcellular distribution of arabinogalactan proteins in pollen grains and
tubes as revealed with a monoclonal antibody raised against stylar arabinogalactan proteins. Protoplasma 1999, 206, 105-117.
[CrossRef]

Coimbra, S.; Costa, M.; Jones, B.; Mendes, M.A.; Pereira, L.G. Pollen grain development is compromised in Arabidopsis agp6 agp11
null mutants. J. Exp. Bot. 2009, 60, 3133-3142. [CrossRef]

Takaso, T.; Owens, ].N. Pollen movement in the micropylar canal of Larix and its simulation. J. Plant Res. 1997, 110, 259-264.
[CrossRef]

Takaso, T.; Owens, ].N. Postpollination-prezygotic ovular secretions into the micropylar canal in Pseudotsuga menziesii (Pinaceae).
J. Plant Res. 1996, 109, 147-160. [CrossRef]

Jauh, G.; Lord, E. Localization of pectins and arabinogalactan-proteins in lily (Lilium longiflorum L.) pollen tube and style, and
their possible roles in pollination. Planta 1996, 199, 251-261. [CrossRef]

Coimbra, S.; Jones, B.; Pereira, L.G. Arabinogalactan proteins (AGPs) related to pollen tube guidance into the embryo in
Arabidopsis. Plant Signal. Behav. 2008, 3, 455-456. [CrossRef]

Pereira, A.M.; Masiero, S.; Nobre, M.S.; Costa, M.L.; Solis, M.T.; Testillano, P.S.; Sprunck, S.; Coimbra, S. Differential expression
patterns of arabinogalactan proteins in Arabidopsis thaliana reproductive tissues. |. Exp. Bot. 2014, 65, 5459-5471. [CrossRef]
Losada, ].M.; Herrero, M. Arabinogalactan proteins mediate intercellular crosstalk in the ovule of apple flowers. Plant Reprod.
2019, 32, 291-305. [CrossRef]

Pereira, A.M.; Lopes, A.L.; Coimbra, S. JAGGER an AGP essential for persistent synergid degeneration and polytubey block in
Arabidopsis. Plant Signal. Behav. 2016, 11, €1209616. [CrossRef]

Pereira, A.M.; Nobre, M.S.; Pinto, S.C.; Lopes, A.L.; Costa, M.L.; Masiero, S.; Coimbra, S. ‘Love is strong, and You're so sweet”:
JAGGER is essential for persistent synergid degeneration and polytubey block in Arabidopsis thaliana. Mol. Plant 2016, 9, 601-614.
[CrossRef] [PubMed]

Hu, Y; Qin, Y.; Zhao, J. Localization of an arabinogalactan protein epitope and the effects of Yariv phenylglycoside during zygotic
embryo development of Arabidopsis thaliana. Protoplasma 2006, 229, 21-31. [CrossRef] [PubMed]

Yu, M.; Zhao, J. The cytological changes of tobacco zygote and proembryo cells induced by beta-glucosyl Yariv reagent suggest
the involvement of arabinogalactan proteins in cell division and cell plate formation. BMC Plant Biol. 2012, 12, 126. [CrossRef]
Zhong, J.; Ren, Y,; Yu, M.; Ma, T.; Zhang, X.; Zhao, ]. Roles of arabinogalactan proteins in cotyledon formation and cell wall
deposition during embryo development of Arabidopsis. Protoplasma 2011, 248, 551-563. [CrossRef]

El-Tanawy, A.A.; Solis, M.T.; Costa, M.L.; Coimbra, S.; Resuetio, M.C.; Testillano, P.S. Arabinogalactan protein profiles and
distribution patterns during microspore embryogenesis and pollen development in Brassica napus. Plant Reprod. 2013, 26, 231-243.
[CrossRef]

Ma, T;; Dong, E; Luan, D.; Hu, H.; Zhao, J. Gene expression and localization of arabinogalactan proteins during the development
of anther, ovule, and embryo in rice. Protoplasma 2019, 256, 909-922. [CrossRef] [PubMed]

Qin, Y.; Zhao, ]. Localization of arabinogalactan proteins in egg cells, zygotes, and two-celled proembryos and effects of beta-
D-glucosyl Yariv reagent on egg cell fertilization and zygote division in Nicotiana tabacum L. . Exp. Bot. 1996, 57, 2061-2074.
[CrossRef]

Qin, Y.; Zhao, ]. Localization of arabinogalactan-proteins in different stages of embryos and their role in cotyledon formation of
Nicotiana tabacum L. Sex. Plant Reprod. 2007, 20, 213-224. [CrossRef]

Egersdotter, U.; von Arnold, S. Importance of arabinogalactan-proteins for the development of somatic embryos of Norway
spruce (Picea abies). Physiol. Plant. 1995, 93, 334-345. [CrossRef]

Toonen, M.A J.,; Schmidt, E.D.L.; Hendriks, T.; Verhoeven, H.A.; de Vries, S.C. Expression of the JIMS8 cell wall epitope in carrot
somatic embryogenesis. Planta 1996, 200, 167-173. [CrossRef]

Roy, S.; Jauh, G.Y.; Hepler, PK.; Lord, E.M. Effects of Yariv phenylglycoside on cell wall assembly in the lily pollen tube. Planta
1998, 204, 450-458. [CrossRef] [PubMed]

Qin, Y,; Chen, D.; Zhao, J. Localization of arabinogalactan proteins in anther, pollen, and pollen tube of Nicotiana tabacum L.
Protoplasma 2007, 231, 43-53. [CrossRef]

Leszczuk, A.; Koziol, A.; Szczuka, E.; Zdunek, A. Analysis of AGP contribution to the dynamic assembly and mechanical
properties of cell wall during pollen tube growth. Plant Sci. 2019, 281, 9-18. [CrossRef]

Pereira, A.M.; Gustavo, L.; Coimbra, S. Arabinogalactan proteins: Rising attention from plant biologist. Plant Reprod. 2015, 28,
1-15. [CrossRef]

Pereira, L.G.; Coimbra, S.; Oliveira, H.; Monteiro, L.; Sottomayor, M. Expression of arabinogalactan protein genes in pollen tubes
of Arabidopsis thaliana. Planta 2006, 223, 374-380. [CrossRef]

Dardelle, F.; Lehner, A.; Ramdani, Y.; Bardor, M.; Lerouge, P.; Driouich, A.; Mollet, J.C. Biochemical and immunocytochemical
characterizations of Arabidopsis pollen tube cell wall. Plant Physiol. 2010, 153, 1563-1576. [CrossRef]

Niedojadto, K.; Lenartowski, R.; Lenartowska, M.; Bednarska-Kozakiewicz, E. Late progamic phase and fertilization affect
calreticulin expression in the Hyacinthus orientalis female gametophyte. Plant Cell Rep. 2015, 34, 2201-2215. [CrossRef]


http://doi.org/10.3732/ajb.0800254
http://doi.org/10.1007/BF01279078
http://doi.org/10.1007/BF01279257
http://doi.org/10.1093/jxb/erp148
http://doi.org/10.1007/BF02509314
http://doi.org/10.1007/BF02344540
http://doi.org/10.1007/BF00196566
http://doi.org/10.4161/psb.3.7.5601
http://doi.org/10.1093/jxb/eru300
http://doi.org/10.1007/s00497-019-00370-z
http://doi.org/10.1080/15592324.2016.1209616
http://doi.org/10.1016/j.molp.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26774620
http://doi.org/10.1007/s00709-006-0185-z
http://www.ncbi.nlm.nih.gov/pubmed/17019527
http://doi.org/10.1186/1471-2229-12-126
http://doi.org/10.1007/s00709-010-0204-y
http://doi.org/10.1007/s00497-013-0217-8
http://doi.org/10.1007/s00709-019-01349-3
http://www.ncbi.nlm.nih.gov/pubmed/30675653
http://doi.org/10.1093/jxb/erj159
http://doi.org/10.1007/s00497-007-0058-4
http://doi.org/10.1111/j.1399-3054.1995.tb02237.x
http://doi.org/10.1007/BF00208305
http://doi.org/10.1007/s004250050279
http://www.ncbi.nlm.nih.gov/pubmed/9684368
http://doi.org/10.1007/s00709-007-0245-z
http://doi.org/10.1016/j.plantsci.2019.01.005
http://doi.org/10.1007/s00497-015-0254-6
http://doi.org/10.1007/s00425-005-0137-4
http://doi.org/10.1104/pp.110.158881
http://doi.org/10.1007/s00299-015-1863-0

Int. J. Mol. Sci. 2021, 22, 4298 16 of 16

78.

79.

80.

81.

Yates, E.A.; Knox, ].P. Investigation into the occurrence of plant cell surface epitopes in exudates gums. Carbohydr. Polym. 1994, 24,
281-286. [CrossRef]

Yates, E.A.; Valdor, ]J.F.; Haslam, S.M.; Morris, H.R.; Dell, A.; Mackie, W.; Knox, ].P. Characterization of carbohydrate structural
features recognized by anti-arabinogalactan-protein monoclonal antibodies. Glycobiology 1996, 6, 131-139. [CrossRef]
Smallwood, M.; Yates, E.A.; Willats, W.G.T.; Martin, H.; Knox, J.P. Inmunochemical comparison of membrane-associated and
secreted arabinogalactan-protein in rice and carrot. Planta 1996, 198, 452—459. [CrossRef]

Pennel, R.I; Janniche, L.; Kjellbom, P.; Scofield, G.N.; Peart, ]. M.; Roberts, K. Developmental regulation of plasma membrane
arabinogalactan protein epitope in oilseed rape flowers. Plant. Cell 1991, 3, 1317-1326. [CrossRef]


http://doi.org/10.1016/0144-8617(94)90072-8
http://doi.org/10.1093/glycob/6.2.131
http://doi.org/10.1007/BF00620063
http://doi.org/10.2307/3869311

	Introduction 
	Results 
	Mature Pollen Grains and Unpollinated Ovule 
	The Pollination Stage 
	Pollen Grains in the Micropylar Canal 
	Pollen Grain Germination and Pollen Tube Growth 
	Fertlization 
	In Vitro Growing Pollen Tubes 
	Control Reactions 

	Discussion 
	Materials and Methods 
	Sample Preparations 
	Immunolocalization Experiments 

	Conclusions 
	References

