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Abstract

The pollen tube is an extension of the male gametophyte in plants and mediates sexual reproduction by delivering the sperm
cells to the female gametophyte. To accomplish this task, the elongating pollen tube must break through the thick wall of the
pollen grain and penetrate multiple pistillar tissues. Both processes require the loosening of cell wall material—that of the pol-
len intine and that of the apoplast of the transmitting tract. The enzymatic toolbox for these cell wall modifying processes
employed by the invading male gametophyte is elusive. We investigated the role of the pectin-digesting pectate lyase-like
(PLL) by combining mutant analysis with microscopy observations, fluorescence recovery after photo-bleaching experiments,
and immuno-detection. We show that in Arabidopsis (Arabidopsis thaliana), PLLs are required for intine loosening during the
first steps of pollen tube germination. We provide evidence that during pollen tube elongation, PLLs are released by the pollen
tube into the extracellular space, suggesting that they may be employed to soften the apoplast of the transmitting tissue. The
synergistic enzymatic action of PLLs in the pollen grain, the pollen tube, and the transmitting track contribute to an effective

fertilization process.

Introduction

The pollen tube, or male gametophyte, is responsible for de-
livering the sperm cells to the ovary to perform double fertil-
ization leading to fruit formation and seed set. It is a rapidly
growing, cylindrical protuberance that is formed by the pol-
len grain upon landing on a receptive stigma. To perform its
task, the pollen tube has to invade the tissues that separate
the pollen grain from the female gametophyte: stigma, style,
placenta, and ovule. Depending on the species, long distances
(up to tens of centimeters) must be covered, especially while
traversing the style. To navigate the style, depending on the
species, the tube has to proceed either through a tissue-lined
canal or by invading the solid transmitting tissue filling the
central cavity of the style. Particularly in the case of a solid
style, pollen tube growth is challenged mechanically by the
impedance presented by the apoplast of the densely packed
transmitting tissue (Reimann et al. 2020). In Arabidopsis

(Arabidopsis thaliana), the transmitting tract is made of cy-
lindrical cells surrounded by a fibrous extracellular matrix
(Lennon et al. 1998). Depending on the species, the pollen
tube is thought to employ various methods to facilitate inva-
sive growth by adapting its mechano-sensitive growth behav-
ior to the anatomy of the pistil (Reimann et al. 2020) and by
softening the transmitting tissue, for example by inducing
programed cell death and/or secreting digestive enzymes
presumed to target the apoplast (Ori et al. 1990; Cordeiro
et al. 1994; Sessa and Fluhr 1995; Ramalho-Santos et al.
1997; Vieira et al. 2001; Chen et al. 2002). However, although
numerous cell wall-digesting enzymes are known to be pro-
duced by the pollen tube (Bosch and Hepler 2005), no direct
experimental proof has been brought forward that these are
actually released to the outside, which would be a require-
ment for their activity in digesting the apoplast of the trans-
mitting tract. The reason for this lack of information is the
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fact that pollen tube growth proper also requires the action
of cell wall modifying enzymes for its own morphogenesis
(Chebli and Geitmann 2017). Teasing apart the enzymes’
morphogenetic role from the penetration-facilitating func-
tion has been a challenge.

The pollen tube grows by the constant addition of cell wall
material at the apical plasma membrane. The apical cell wall
continuously yields under the internal pressure of the tube
(Geitmann and Steer 2006) and morphogenesis of the elong-
ating cylindrical cell relies on the spatial and temporal con-
trol of the stiffening and maturation processes in the cell
wall material (Fayant et al. 2010; Chebli et al. 2012). This mat-
uration is reflected in the polar distribution of the cell wall
components along the longitudinal axis of the tube (Fayant
et al. 2010; Geitmann 2010). Many biochemical pathways in-
volving numerous enzymes were shown to be implicated in
regulating pollen tube cell wall expansion and pollen tube
growth (Bosch and Hepler 2005; Geitmann and Steer 2006;
Chebli and Geitmann 2007; Wolf et al. 2012). Among the cru-
cial biochemical processes during pollen tube morphogenesis
is the transformation of pectin during the maturation of the
wall material (Chebli and Geitmann 2007; Chebli et al. 2012).
Pectins are secreted in highly methyl-esterified form at the
apex, and their de-esterification allows gelation and stiffening
by calcium ions. Various pectin-modifying enzymes such as
pectin-methyl-esterase, polygalacturonase, and pectate lyase
(PL) are known to be implicated in the regulation of the pec-
tin biochemistry in plant cell walls in general and pollen
tubes in particular (Bosch and Hepler 2005). These biochem-
ical reactions contribute to the regulation of cell wall me-
chanics by balancing between the required degrees of
stiffness, elasticity, and plasticity of the wall, thus ensuring
the morphogenesis of a perfectly cylindrical cell.

One of the cell wall-modifying enzyme families produced
by the pollen tube is the PL family. These hydrolytic enzymes
have been shown to be implicated in pectin hydrolysis during
cell wall expansion, cell adhesion, and differentiation, and
during the maturation and senescence of fruits. PLs are
also major allergens for humans (Radauer et al. 2008;
Shahali et al. 2012; Suzuki et al. 2012). In tomato (Solanum
lycopersicum) (Marin-Rodriguez et al. 2002), banana (Musa
acuminata) (Pua et al. 2001), and strawberries (Fragaria
Xananassa, Duch., cv Chandler) (Jimenez-Bermudez et al.
2002), PL activity enhances fruit maturation and their ab-
sence delays senescence. The enzyme acts on the pectic
chains by cleaving the a-1,4-polygalacturonic acid chain by
a B-elimination mechanism (Herron et al. 2000). A humber
of studies have shown that PL and PL-like (PLL) genes are
highly expressed in pollen grains from alfalfa (Medicago sati-
va) (Wu et al. 1996), Japanese cedar (Cryptomeria japonica)
(Taniguchi et al. 1995), tobacco (Nicotiana tabacum) (Wing
et al. 1990; Kulikauskas and McCormick 1997), and
Arabidopsis (Kulikauskas and McCormick 1997). More than
20 PL and PLL genes are expressed in pollen grains of
Arabidopsis (Pina et al. 2005) prompting the speculation
that they might be implicated in the early stages of pollen
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germination or in the digestion of the transmitting tract.
However, no experimental proof has been provided hitherto
to show that the enzyme has the function to act on the sur-
rounding growth substrate and that it is not simply impli-
cated in the pollen tube morphogenesis by acting on its
own wall.

Here we used a semi-in vivo experimental design
(Supplemental Fig. S1) to investigate the role of the 3 genes
coding for PLL enzymes: At1g14420 (PLL1), At2g02720
(PLL2), and At3g01270 (PLL3) during Arabidopsis pollen
tube germination and elongation. Through fluorescence mi-
croscopy analysis we show that PLLs are important for the
initiation of pollen tube germination and for pollen tube
elongation. We also demonstrate that PLLs are released by
the pollen tube, suggesting that they may be employed to
loosen the transmitting tissue apoplast in its path to facilitate
its elongation.

Results

PLL expression in pollen grains

The 3 PLL genes investigated here (At1g14420 [PLL1],
At2g02720 [PLL2], and At3g01270 [PLL3]) were selected be-
cause of their high expression levels in pollen grains (Pina
et al. 2005) and their very low or absence of expression in
other mature organs such as the pistil. In immature growing
organs such as 1 to 3-d old flowers or in siliques, the level of
expression of the 3 PLLs is higher than in other organs. In ma-
ture Arabidopsis flowers, the 3 investigated PLLs are only ex-
pressed in anthers (Supplemental Fig. S2; Pina et al. 2005;
Winter et al. 2007; Klepikova et al. 2016). RT-PCR performed
on pollen grains imbibed for 3 h in a liquid culture medium
(at which time >75% of the pollen grains had germinated
and displayed a length of 200 um) showed that PLL1, PLL2,
and PLL3 are expressed in pollen tubes (Fig. 1A).

To examine the effect of the lack of a given PLL on pollen
tube development, T-DNA insertion lines were used. RT-PCR
confirmed that, in hydrated pollen grains and pollen tubes,
PLLT and PLL2 were not expressed in the respective T-DNA
insertion lines, whereas PLL3 was expressed, but at lower le-
vels compared within the wild type (WT) (Fig. 1B).

To assess how the absence or reduction of PLL expression
affects pollen tube growth, pollen tubes were grown both in
vitro on a solidified agar medium and in semi-in vivo condi-
tions (Supplemental Fig. S1). Only pollen grains from homo-
zygous knock-out lines were used. The germination
percentage of pollen from the 3 knock-out lines was less
than half of that observed in the WT pollen (Fig. 2A). In in
vitro conditions, WT pollen grains started to germinate
30 min after imbibition whereas germination in pll2 pollen
grains was delayed, occurring 1 h after imbibition, and pll1
and plI3 pollen grains germinated only 2 h after imbibition.
Pollen grains were considered germinated when the pollen
tube length was greater than the diameter of the pollen grain
(Tuinstra and Wedel 2000). In both in vitro and semi-in vivo
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Figure 1. Expression of PLLs in WT and knock-out lines. PCR was per-
formed on cDNA from WT pollen tubes (cDNA PT) A) and on hydrated
pollen grain cDNA from WT (WT c¢DNA HP) and knock-out lines (KO
cDNA HP) using a different set of primers B). As a positive control, PCR
on genomic DNA was also performed with the same sets of primers.
Each gel represents the amplification of one PLL gene or ACTIN.
Values of the molecular weight markers are indicated at the right of
each gel.

conditions, the pollen tube length at 6 h after imbibition was
reduced by 47% in the knock-out lines compared with WT
pollen tubes (Fig. 2B). However, after 24 h of semi-in vivo
growth, the length of the WT and knock-out pollen tubes
was similar. To assert that the observed phenotypes were
due to the lack of PLL expression, we complemented the
pl1, pli2, and plI3 knock-out lines with their respective fluor-
escently tagged PLL genes expressed under their respective
native promoters. Pollen grains from homozygous comple-
mented lines started to germinate 20 min after imbibition
and although their germination rates were 18% to 25% lower
than that of the WT, their germination rates were 30% to
40% higher than those of the corresponding knock-out lines.
Pollen tube length after 6 h of imbibition was not significant-
ly different from that of the WT, but significantly different
from those observed in the corresponding knock-out lines
(Fig. 2B).

Attempts were made to obtain double knock-out lines by
crossing 2 different homozygous knock-out lines and then
selfing. Crossing the resulting double heterozygous lines
never yielded a double homozygous mutant. For all crossings,
segregation in T2 was WT (8.1% + 3%), double T-DNA het-
erozygous (33% =+ 3%), T-DNA homozygous for one gene
and T-DNA heterozygous for the other (48.7% + 3%) and
WT for one gene and T-DNA homozygous for the other
(10.2% =+ 3%).

PLLs are enriched at the collar region of the pollen
grain aperture and the tip of the pollen tube

To determine the subcellular localization and to monitor the
intracellular dynamics of PLL1, PLL2, and PLL3, we trans-
formed Arabidopsis WT plants with the genes for their fluor-
escently tagged versions, controlled either by the respective
native promoter or by the strong, anther specific protein
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Figure 2. Germination phenotypes of WT, PLL knock-out, and comple-
mented lines. Percentage of germination A) and pollen tube length at
6 h B) in knock-out lines (dark gray), complemented lines (light gray),
and WT (black) grown in in vitro conditions. Gray bars represent the
standard error from 5 repeats. The central lines represent the median
values. The whisker lines indicate variability outside the upper and low-
er quartiles. The lower quartile represents the values under which 25%
of data points are found. The upper quartile represents the value under
which 75% of data points are found. Individual points represent the va-
lues of individual experiments. For each experiment, >50 pollen grains
or tubes were analyzed. Crosses (¥) indicate that the corresponding
sample is statistically different from the WT. Asterisks (*) indicate
that the corresponding sample is statistically different from the knock-
out mutant. (2-way t-test, P < 0.001 for all samples).

LAT52 promoter (Twell et al. 1991). The rationale for using
2 different approaches was (i) to understand the effect of
PLL over-expression on pollen tube development, (ii) to be
able to localize the fluorescently tagged PLLs in case the na-
tive promoter was weak, and (iii) to compare the subcellular
localization in both cases, because the expression of a gene
controlled by different promoters is known to affect its local-
ization (Rockel et al. 2008).

Confocal laser scanning micrographs of pollen with the
fluorescently tagged proteins showed that PLLs were
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Figure 3. Localization of PLLs in pollen grains and tubes. Single confocal midsections of hydrated pollen grains A, E, and 1), germinating pollen grains
B, F, and ), and pollen tubes longer than 45 um C, D, G, H, K, and L) expressing fluorescently tagged PLLs PLL1 A to D), PLL2 E to H) and PLL3 I to L)
under the native promoter A, B, E, F, G, |,J,and K) or pLAT52 D, H, and L). Scale bar in ) applies to all pollen grains A, B, E, F, |, and J) and scale bar in L

applies to all pollen tubes C, D, G, H, K, and L). Scale bars = 10 ym.

abundant in the cytoplasm of hydrated pollen grains (Fig. 3,
A, E and ). Immediately before germination, PLLs were spe-
cifically located at the collar region delineating the site of
outgrowth of the future pollen tube (Fig. 3, B, F, and )).
Under their respective native promoters, PLL1 and PLL2
were located specifically at a narrow region on the apex of
pollen tubes longer than 45pm (Fig. 3, C and G and
Supplemental Movie 1), whereas they could not be detected
in the distal regions of the same tubes (Fig. 3 and
Supplemental Movies S1 and S2). In tubes shorter than
45 pym, PLL1 and PLL2 could be seen at the very tip and in
the distal region close to the aperture but they were large-
ly absent from the subapical region. Just as for PLL1 and
PLL2, PLL3 was predominantly localized at the apex of
the pollen tube, but unlike the 2 others, PLL3 was quite
abundant in the subapical and distal parts of the tube, rais-
ing the question of putative specific roles of the different
PLLs during pollen tube elongation (Fig. 3K and Supplemental
Movie 3).

Remarkably, while prolonged observation in the confocal
laser scanning microscope caused tagged PLL fluorescence
in the shank region to gradually bleach, the label in the con-
tinuously elongating apex did not bleach during observation
(Supplemental Movie 2). This suggests that newly trans-
ported, unbleached protein was continuously delivered to
the growing apex, consistent with the high exocytosis rate
occurring in this region.

To prove that PLLs were not associated with the plasma mem-
brane but with the apoplastic space, growing pollen tubes were
treated with a 50% sucrose solution. In plasmolyzed pollen
tubes, tagged PLLs were not localized with the plasma
membrane but were mainly enriched in the periplasmic
space between the retracted plasma membrane and the

apical cell wall (Fig. 4). Weaker label was also visible at
the apical cell wall.

When PLL1-CFP and PLL3-YFP were expressed under
pLAT52, the proteins were detected at the apical cell wall
and were highly concentrated in cytoplasmic organelles, pos-
sibly Golgi, endosomes, and/or endoplasmic reticulum (Fig. 3,
D and L). As this localization appeared to be an artifact in-
duced by over-expression due to the strong promoter, fur-
ther characterization of these organelles was not pursued.
The pattern of subcellular localization of PLL2 when
PLL2-YFP was expressed under pLAT52 was virtually identical
to that observed when it was expressed under its native pro-
moter (Fig. 3, G and H).

To assert that the chimeric genes expressed under their re-
spective native promoters were not substantially overex-
pressed in the mutants, we assessed their relative
expression levels in the inflorescence. The presence of the
chimeric genes caused a decrease in the expression of the re-
spective native genes. Expression of PLLT-CFP was substan-
tially higher than the endogene expression, PLL2-YFP
expression was statistically lower than the endogene expres-
sion and PLL3-YFP expression was similar to the correspond-
ing endogene expression (Supplemental Fig. S3).

PLLs are released by the pollen tube at the apex

The absence of PLLs in the distal region of the pollen tube
suggests that the enzymes either exert their function in the
apical cell wall of the tube proper or that they are released
into the surrounding growth substrate which would enable
them to exert their role in the apoplast of the transmitting
tissue. If the target of the PLLs was the pollen tube cell wall
proper, an explanation for the spatially highly confined local-
ization at the apex is warranted. Other enzymes inserted into
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Figure 4. Periplasmic localization of PLL2-YFP in plasmolyzed pollen
tubes. A) Differential interference contrast micrograph, B) confocal la-
ser scanning micrograph of PLL2-YFP, and C) merged image. The arrow
indicates the localization of the retracted plasma membrane. Bar =
10 pm.
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the pollen tube cell wall such as pectin methyl esterase can
be found in the entire pollen tube cell wall (Rockel et al.
2008). However, a protein inhibitor of this enzyme, the pectin
methyl esterase inhibitor is located only at the pollen tube
apex and the spatial confinement of its localization has
been hypothesized to be ensured by removal from the wall
through endocytosis in the flanks of the tube (Rockel et al.
2008). Such a reincorporation mechanism could also be en-
visaged for the highly pole-focused localization of PLLs. It
could then be hypothesized that the enzyme removed
from the wall in the subapical region would be recycled im-
mediately to the pole of the cell thus minimizing the amount
of new PLLs to be synthesized and delivered to the apex. To
test this hypothesis, we photobleached an area in the shank
region enriched in secretory vesicles on their way to be deliv-
ered to the apex. If PLLs at the pole were predominantly ob-
tained from the putative PLL pool reincorporated at the
subapex, this bleaching would not be expected to have a dra-
matic effect on the fluorescence intensity of the PLL label at
the pole. The results did not support this hypothesis. When
shank-located vesicles containing fluorescently tagged PLLs
were bleached, the fluorescence at the nonbleached pole dis-
appeared almost completely for a period of 1 to 3 s (reduc-
tion of 80% and 75% of the fluorescence intensity of PLL1
and PLL2, respectively). This suggests that the majority of
the tip-localized PLLs is not recycled in the subapical flanks
but derive from the shank localized sites of synthesis, likely
the Golgi. FRAP analysis showed that the half-time recovery
for PLL1 and PLL2 was between 30 and 40 s and that the mo-
bile fraction was 80% and 60%, respectively (Fig. 5). The find-
ings were further confirmed by the fact that no
internalization of fluorescence was visible at the apical plas-
ma membrane. Interestingly, for PLL3, although the mobile
fraction (75%) was within the same range as PLL1 and

Pollen tube tip

Bleached area

Recovery, t=60S  m—

Time (s)

Figure 5. FRAP analysis of PLL1-CFP dynamics in the apex of a growing pollen tube. Single optical sections of a bleached pollen tube A to D) taken
before bleaching A), immediately after bleaching B), 15 s C), and 50 s D) after bleaching. E) Normalized fluorescence intensity in the bleached area
(squares) and at the tip of tube (diamonds). Frame in B identifies the bleached area. Arrow in E) indicates the time of bleaching. Purple star (*)
indicates approximate half-time recovery of the pollen tube tip fluorescence. Bar = 10 ym.
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Figure 6. Immuno-detection of PLL2-GFP in the pollen tube growth
medium by protein gel blot. A) PLL2-GFP detection and B) actin detec-
tion in PLL2-GFP pollen tube growth medium, in whole protein extract
from PLL2-GFP hydrated pollen grains, in WT hydrated pollen grains,
and in WT pollen tube growth medium. The black arrow indicates
the band of PLL2-GFP at the expected ~60 kDa.

PLL2, the recovery rate calculated from the 15 s halftime re-
covery point was twice that determined for PLL1 and PLL2
(Supplemental Fig. S4). These findings indicate that PLL3
might be produced in higher quantities than PLL1 and
PLL2, explaining also the fact that PLL3, contrary to PLL1
and PLL2, is highly enriched in the subapical and distal re-
gions of the cell wall (Fig. 4K and Supplemental Movie 3).

Newly biosynthesized PLLs are constantly delivered to the
apex (as suggested by the absence of bleaching under con-
tinuous laser illumination during imaging), but not reincor-
porated by endocytosis (as indicated by the FRAP
approach). However, if confocal scanning is used intermit-
tently only (i.e. no bleaching expected), the fluorescence in-
tensity of PLLs at the pole or the meridional width of the
PLL-rich domain does not increase over time. This suggests
that the continuously delivered PLLs are released into the
surrounding medium. This would be consistent with the
periplasmic localization of PLLs upon plasmolysis which sug-
gests that PLLs are highly soluble. To further corroborate that
PLLs are truly released from the tube, we grew pollen tubes
expressing PLL2-GFP in the semi-in vivo setup until they
emerged from the cut end of the stigma into the liquid me-
dium. The stigma and pollen tubes were then removed, and
the medium was processed to test for secreted proteins. Salts
and sugar were removed from the liquid medium by purifica-
tion and a protein gel blot was performed to detect GFP. The
blot showed that GFP-labeled PLL2 was present in the liquid
medium, indicating that the chimeric enzyme had been re-
leased by the pollen tubes (Fig. 6). Label with anti-actin anti-
body was used as a negative control to demonstrate that the
GFP-PLLs on the blot were not released as a result of pollen
tube bursting.

Chebli and Geitmann

Discussion

PLs-like are required during the initiation of pollen
grain germination

The pollen grain wall is made of 2 thick and robust layers,
the exine formed from sporopollenin, tryphine, and wax and
the intine composed largely of cellulose and pectins (Van
Aelst and Van Went 1992; Rowland and Domergue 2012).
Together these wall layers form a very stiff envelope that pro-
tects the pollen grain from environmental stresses. To be able
to emerge during germination, the pollen tube has to pass
through the intine either by softening the different compo-
nents through digestion or breaking of polymer linkages or
by exerting sufficient force to push outwards or a combination
of both (Geitmann 2010). A multitude of cell wall hydrolyzing
enzymes and agents is produced by plants, fungi, and bacteria
(Willats et al. 2001; Vincken et al. 2003; Cosgrove 2005) and
among these many are accumulated in pollen. Proteomic
and genomic data have indicated the accumulation of xyla-
nase, xyloglucan endotransglycolase/hydrolase, expansins,
polygalacturonases, pectin methyl-esterases, and PLs in pollen
grains of Arabidopsis (Pua et al. 2007; Pina et al. 2005). Some of
these enzymes have been shown and others have been stipu-
lated to play important roles in the first stages of pollen
tube initiation by hydrolyzing and loosening the grain wall at
the aperture before germination (Bosch and Hepler 2005;
Dai et al. 2007; Suen and Huang 2007; Valdivia et al. 2009).
Other components such as reactive oxygen species appear dur-
ing pollen hydration and during the lag phase before germin-
ation and were also shown to be important for pollen tube
emergence (Speranza et al. 2012).

PLLs in particular, were shown to be accumulated in pollen
grains (Pua et al. 2007; Pina et al. 2005). PLLs were stipulated
to be involved in pollen wall softening but their temporal ac-
tivation and subcellular localization have remained elusive
(Kulikauskas and McCormick 1997; Pua et al. 2001; Bosch
and Hepler 2005; Pina et al. 2005). It was hypothesized that
their role during pollen germination is to cleave the pectin
matrix of the intine. This would result in locally loosening
the intine cover in the aperture, thus allowing the turgor
pressure inside the hydrated pollen grain to initiate germin-
ation by pushing the cell wall outwards. Vesicles filled with
cell wall precursors (mainly pectins) would then fuse at the
collar region and elongation of the pollen would begin
(Taylor and Hepler 1997). Evidence for the respective roles
of enzymatic actions during the pollen grain germination
had been elusive, but our results confirm that PPLs may
play a role in modifying the cell wall composition of the pol-
len grain during the first steps of protrusion and germination.

Using RT-PCR and fluorescence localization we showed
that PLLs are produced in hydrated pollen grains and that
PLL1, PLL2, and PLL3 are abundant and specifically localized
at the aperture of the pollen grain before germination. Pollen
performance of knock-out lines showed that the germination
percentage was reduced by up to 60% as a result of the sup-
pression of a single PLL. Importantly, those grains that did
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germinate required more time to do so, consistent with a role
of PLL in intine loosening. Taken together these results sug-
gest that PLLs are implicated in the initiation of pollen ger-
mination, likely by locally softening the intine wall, thus
providing a specifically localized surface region that is condu-
cive to the formation of a protuberance.

The pollen tubes that were able to emerge from the grains
of knock-out lines were shorter than their WT counterparts
at 6 h of semi-in vivo culture but not after 24 h. This suggests
that individual PLLs may enhance pollen performance but
are not essential for the overall capacity of the pollen tube
to elongate in vitro. Their action seems to be more critical
during the first stages of pollen germination since the per-
centage of germinated pollen grains was markedly reduced
in the knock-out lines. Delayed germination due to a missing
PLL would also explain why obtaining double homozygous
mutants was not possible. According to normal Mendelian
segregation, the percentages resulting from the self crossing
of a double heterozygous t-DNA insertion line would be
6.25% WT for both genes, 50% homozygous for one gene,
and heterozygous for the other, 25% double heterozygous,
12.5% homozygous for one gene and WT for the other
and 6.25% double homozygous. This was not the case in
the observed crossings, where no double homozygous
individuals were obtained and the number of double het-
erozygous individuals increased drastically to 33%. One ex-
planation for this would be that the double knock-out
pollen grains (25% of the population of pollen grains formed
by a heterozygous plant) were disadvantaged by delayed
germination in comparison to the pollen grains containing
only a single knock-out (50% of the population). Assuming
that only WT and single knock-out pollen tubes would suc-
ceed in fertilizing the ovules, the expected theoretical ratios
would be very close to those that were obtained: 8.3% WT
(8.1% obtained), 25% double heterozygous (33% obtained),
50% homozygous for one gene and heterozygous for the
other (48.7% obtained), 16.7% homozygous or one gene
and WT for the other (10.2% obtained) and 0% double
homozygous (0% obtained). Although the double knock-
out pollen grains might eventually germinate, all available
ovules would be fertilized by the time their tubes reach
the ovary.

PLs-like are released by the pollen tube and may
digest the transmitting tissue

When growing inside the pistil, the pollen tube has to invade
the apoplastic space of the transmitting tract. The expansive
growth activity of the pollen tube is located in the shoulder
of its hemisphere-shaped apex (Geitmann and Dumais 2009).
Therefore, this region is most exposed to friction forces cre-
ated by the contact of the elongating pollen tube with the
surrounding cells of the transmitting tract (Sanati Nezhad
and Geitmann 2013). To minimize these friction forces and
to facilitate pollen tube elongation within the pistil environ-
ment, plants have developed 2 major strategies: (i) the acti-
vation of programed cell death of the transmitting tissue
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and/or (ii) the induction of secretion of auto-digesting en-
zymes by the style. Both of these strategies allow the loosen-
ing of the transmitting tract which facilitates pollen tube
elongation. In tobacco styles, the programed cell death of
the transmitting tissue is triggered by the landing of compat-
ible pollen on the pistil. This leads to a change in the RNA
stability and to substantial morphological changes in the sty-
lar cells ultimately leading to the death of the transmitting
tissue (Wang et al. 1996; Wu and Cheung 2000). Cell death
has been hypothesized to be necessary to provide nutrients
to growing pollen tubes but also to facilitate pollen tube
penetration. Auto-digestion of the stylar tissues by hydrolytic
enzymes is involved in the degradation and remodeling of
the apoplast of the transmitting tract shortly before and dur-
ing pollen tube growth. The style-specific B-glucanase SP41 in
tobacco reaches its peak 2 d before anthesis and remains high
until style senescence (Ori et al. 1990; Sessa and Fluhr 1995).
Aspartic proteinases in Arabidopsis transmitting tissue
(Chen et al. 2002) and in cardoon (Cynara cardunculus)
transmitting tissue, stigmatic papilla and epidermal cells of
the style degrade the transmitting tract and facilitate pollen
tube penetration (Cordeiro et al. 1994; Ramalho-Santos et al.
1997; Vieira et al. 2001).

The auto-digestive activity of the transmitting tract is likely
to considerably aid pollen tube invasion, but it has long been
hypothesized that the pollen tube ensures successful passage
by adding its own enzymes to the mix. The pollen tube is
known to produce and therefore thought to secrete wall-
digesting enzymes and agents such as xylanase (Suen and
Huang 2007), B-expansins (Valdivia et al. 2009), or polygalac-
turonases (Marin-Rodriguez et al. 2002), but the actual release
of these agents from the cell into the surrounding substrate
has not been proven experimentally. Our findings show clearly
that the Arabidopsis pollen tube releases PLLs into the in vitro
growth medium. This is consistent with bio-informatics stud-
ies using several prediction models (Supplemental Results and
Supplemental Fig. S5) showing that once exocytosed, the PLL’s
N-terminal domain is cleaved. This suggests that PLLs are not
attached to the plasma membrane but rather relocated into
the cell wall or, as suggested by our findings, into the extracel-
lular space. It is therefore reasonable to presume that in planta
these enzymes are used to soften of the cell walls and/or mid-
dle lamellae of the transmitting tissue. We propose that this
process may decrease the friction forces between the advan-
cing tube and the style and may facilitate invasion similar to
a lubricant.

During pollen tube elongation, PLL localization in the cell
wall is mostly confined to the tip of the pollen tube. No ac-
cumulation was visible in the distal maturing cell wall, except
for PLL3. Confocal laser scanning microscopy and FRAP ex-
periments showed that newly biosynthesized PLLs are con-
tinuously delivered to the tip of the pollen tube without
accumulating in the wall, suggesting that PLLs are secreted
into the extracellular environment. This was corroborated
by evidence from protein gel blot analysis revealing the pres-
ence of GFP-labelled PLL2 in the liquid in vitro growth
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medium. If PPLs were recycled in the subapical flanks or into
the cytoplasm, an inward fluorescent movement would have
been detected, as is the case with bilipidic membranes
stained with styryl dyes and GFP-labelled membrane proteins
that are internalized at the shank of the tube (Bove et al.
2008; van Oostende-Triplet et al. 2017; Kaneda et al. 2019).
Moreover, upon plasmolysis, the PLLs accumulated in the
periplasmic region, indicating that the enzymes are highly
soluble and are likely to be continuously released during pol-
len tube growth. When expressing the fluorescently tagged
PLLs under the strong LAT52 promoter, PLL1, and PLL3
were not restricted to the apical cell wall but were also loca-
lized inside cytoplasmic organelles. The mislocalization of a
protein when its gene is expressed under a strong promoter
is a common phenomenon that was observed for example
for the pectin methyl esterase inhibitor expressed under
LAT52 instead of its native promoter (Rockel et al. 2008).
Given that PLLs are pectin degrading enzymes and highly sol-
uble, high amounts may be toxic to the pollen tube if se-
creted in excess because it might damage its own cell wall.
The relocalization of excess PLLs into cytoplasmic organelles
(possibly endosomes) may therefore be a strategy to prevent
the auto-destruction of the pollen tube’s own wall.

PLL3 might be implicated in the regulation of the
pollen tube cell wall properties

PLL3 is localized at the apex of the pollen tube like PLL1 and
PLL2 but is also enriched in the subapical and distal parts of
the pollen tube cell wall. Moreover, FRAP experiments
showed that PLL3 might be produced more abundantly
than PLLT and PLL2 during pollen tube elongation. These
findings suggest that, in addition to being implicated in the
loosening of the pollen grain cell wall and the digestion of
the transmitting track, PLL3 might also play a role in regulat-
ing the biochemistry of the pollen tube cell wall during its
elongation. The localization of PLL3 in the pollen tube shoul-
der cell wall, where pectins are demethyl-esterified but not
yet fully cross-linked with Ca®* raises the possibility that
PLL3 might, at this location, digest the demethylated pectins,
contributing to the delicate equilibrium of strain and stress
required at this location for the proper formation of the cy-
lindrical shape of the pollen tube (Fayant et al. 2010; Chebli
et al. 2012). PLL3 pollen tube knock-out mutants did not dis-
play any characteristic phenotype distinct from the WT or its
PLL7 and PLL2 counterparts, suggesting that the role of PLL3
in regulating the cell wall properties is either non-essential or
that, in this single mutant, mechanisms involving other pec-
tin digesting enzymes might compensate for the absence of
PLL3. Further investigation is warranted to understand if
and how PLL3 activity affects the pectin organization and
the mechanical properties of the pollen tube cell wall.

Digested pectins could act as signaling molecules
The potential role of PLL-mediated digestion of the apoplast of
the transmitting tract may not be limited to a mechanical role

Chebli and Geitmann

of lubrication but could be further reaching. PLs cleave long
pectin chains into oligogalacturonides. Oligogalacturonides
play the role of signaling molecules; they are known to induce
plant defense mechanismes, to regulate plant growth and devel-
opment, and be implicated in the molecular communication
between rhizobia and legumes (Ridley et al. 2001; Field 2009;
Hématy et al. 2009; Moscatiello et al. 2012; Wolf et al. 2012).
One could, therefore, argue that oligogalacturonides resulting
from PLL activity may serve as signals that lead the pollen
tube through the most “liquefied” path of the style. Though fur-
ther investigation is required to reveal whether and how the oli-
gogalacturonides resulting from pectin digestion may be
involved in pollen tube guidance and in pollen tube-sensing
by the synergid cell (Duan et al. 2020), the notion that sugar-
rich components (such as arabinogalactan proteins) contribute
to guiding the pollen tube throughout the style has been
brought forward earlier (Coimbra and Pereira 2012). It is pos-
sible that the pollen tube itself actually causes these signaling
molecules to be generated and might play a pivotal role in its
own guidance. How these signals are integrated with other ex-
ternal cues provided by the ovary and ovule tissues remains to
be investigated. Only a few guiding molecules have been iden-
tified so far, these include chemocyanin in lily (Lilium sp.), cal-
cium, EGG APPARATUS (EA1) in maize, and the defensin-like
cysteine-rich LURE peptides in the wishbone flower (Torenia
fournieri) (Cheung and Wu 2001; Higashiyama et al. 2003;
Geitmann and Palanivelu 2007; Higashiyama and Hamamura
2008; Dresselhaus and Marton 2009; Higashiyama 2010;
Palanivelu 2011; Palanivelu and Tsukamoto 2012). PLLs are es-
sential for the initiation of pollen germination and they are re-
leased by the elongating tube, likely to facilitate its invasive
growth by digesting the pectins composing the apoplast of
the transmitting tissue. During the pollen tube growth in the
pistil, the change in the mechanical environment properties
(such as a softening of the transmitting tissue) alters the growth
rate behavior of the pollen tube, suggesting that the pollen re-
sponds to environmental mechanical cues with a specific
feedback-based control mechanism that is yet to be identified
(Ghanbari et al. 2018; Reimann et al. 2020; Kapoor and
Geitmann 2022). Figure 7 summarizes our conceptual model
for PLL localization and dynamics during pollen tube develop-
ment. Our findings open the door to a better understanding of
the interaction between the male gametophyte and the
gynecium.

Materials and methods

Plant material

Arabidopsis (A. thaliana) ecotype Columbia 0 plants were
grown in trays in a greenhouse at 22°C day temperature
and 20°C night temperature, 50% humidity under 16 h day-
light, and 300 ME m~* s~ light intensity. Plants were irrigated
every day and fertilized every second day with Plant-Prod
20-20-20 fertilizer at 200 ppm. Pollen was collected every
day during anthesis using a modified vacuum cleaner as
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Figure 7. Overview of the localization and dynamics of PLLs during pol-
len tube development. Schematic of the localization A to D) of PLLs
(green) in hydrated pollen grains A), in pollen grains few seconds before
germination B), during the first minutes of pollen tube elongation C)
and during sustained pollen tube growth. E to ) Intracellular and extra-
cellular dynamics of PLLs. E) The pollen tube (dark gray, centre) invades
the transmitting tract and is in physical contact with the neighboring
walls (blue) of the transmitting tissue cells. PLLs (green pacman sym-
bols) are released at the pollen tube tip and may contribute to soften-
ing the transmitting tract cell walls and loosening the middle lamella.
The relative stiffness of the walls is color-coded with dark blue repre-
senting stiffer walls and light blue softened walls. F) Intracellular trans-
port of PLLs to the pollen tube apex occurs in secretory vesicles
containing cell wall precursors (gray) or enzymes (green). G) PLLs are
anchored to the vesicle membrane by their N-terminal (light green
line symbol) is cleaved upon exocytosis H). I) PLLs are released into
the periplasmic space and cell wall before their release into the extracellu-
lar medium (green pacman symbols in E). Objects are not drawn to scale.
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described by Johnson-Brousseau and McCormick (2004). The
T-DNA mutants used for At1g14420 (GK-074A12-011892)
and At2g02720 (GK-557E02-023923), were generated in the
context of the GABI-Kat program and provided by Bernd
Weisshaar (MPI for Plant Breeding Research; Cologne,
Germany) (Rosso et al. 2003). The T-DNA mutant used for
At3g01270 (GK-703E10-025186) was obtained from the
National Arabidopsis Stock Center (NSAC) (Scholl et al.
2000). T-DNA insertion lines and lines expressing fluorescent
tagged PLL genes were grown on a MS medium with the ap-
propriate antibiotic (50 yg mL™' kanamycin, 50 ug mL™"
hygromycin, and/or 5.25 ug mL™" sulfadiazine) before being
transferred to the soil. Male sterile Arabidopsis Landsberg
erecta plants were obtained from Ravishankar Palanivelu
(University of Arizona).

In vitro and semi-in vivo pollen tube growth

In vitro pollen germination was conducted on solidified
Arabidopsis pollen tube growth medium (Bou Daher et al.
2009) for 3 to 6 h depending on the experiment. Pollen grains
were considered germinated when the length of the pollen
tube exceeded the diameter of the pollen grain. Pollen
tube length was measured after 6 h of imbibition. For semi-in
vivo germination, stigmas of male sterile Arabidopsis plants
were cut and placed on a solidified germination medium
(Supplemental Fig. S1). Hydrated pollen grains were placed
on the stigma and left to germinate for 3 to 24 h depending
on the experiment. Two-way t-test was performed to assess
the statistical differences in pollen germination rates and pol-
len tube length.

Fluorescent tagging of PLs

For native expression, the constructs included the promoter
sequence 5-UTR (about 1,000 bp), the 3-UTR, and the ter-
minator region (about 200 bp). The location of the fluores-
cent tag relative to the target gene was determined based
on computer-assisted predictions of protein folding, cleavage
sites, and functional domain probabilities. Arabidopsis plants
expressing PLL1 (At1g14420), PLL2 (At2g02720), and PLL3
(At3g01270) were generated using the fluorescent tagging
of full-length protein technique (Tian et al. 2004). Briefly, 2
sets of primers P1-P2 and P3-P4 were designed to amplify
each of the target genes in 2 fragments. P1 and P4 contained
attB1 and attB2 recombination sites respectively in addition
to gene-specific sequences. P2 and P3 contained gene-
specific sequences and fluorescent tag specific sequences.
PLL1 was labeled with the cyan variant of the yellow fluores-
cent protein (CFP) while PLL2 and PLL3 were labeled with
yellow fluorescent protein (YFP). Primer sequences are listed
in Supplemental Table S1.

The fluorescent tag was combined with the 2 PCR frag-
ments using a triple template PCR with a forward primer
containing the attB sites. Individual PCR fragments were
amplified using Phusion (Finnzymes) DNA polymerase and
triple template PCR was performed using ExTaq (TaKaRa)
DNA polymerase. DNA was extracted from gel using
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QIAquick gel extraction kit (Qiagen). Final PCR fragments
were introduced into pDONR Zeo (Invitrogen) entry vector
using a BP recombination reaction according to the manu-
facturer’s instructions (Invitrogen). Positive clones were veri-
fied by sequencing. The chimeric gene was introduced in
pBIN-GW (Tian et al. 2004) and pMDC107 (obtained from
the Arabidopsis Biological Resource Center) (Curtis and
Grossniklaus 2003) destination vectors using LR recombin-
ation reaction according to the manufacturer manual
(Invitrogen). Plasmid extraction from bacteria was done
with QlAprep spin miniprep kit (Qiagen).

For PLLs expressed under the control of pLAT52, total
RNA from leaves was extracted with Trizol (Invitrogen) ac-
cording to the manufacturer manual. 5 ug was used to syn-
thesize ¢cDNA using the SuperScript IIl First-Strand
Synthesis SuperMix (Invitrogen) in an Eppendorf AG
22331 thermocycler. PLL corresponding cDNA was ampli-
fied using the primer sequence shown in Supplemental
Table S1. PCR fragments were amplified using ExTaq
(TaKaRa) DNA polymerase. Final PCR fragments were intro-
duced into pENTR TOPO vector (Invitrogen) using a TOPO
cloning reaction according to the manufacturer manual
(Invitrogen). Positive clones were verified by sequencing.
The chimeric gene was introduced between the 3"-end of
pLAT52 and the 5-end of a GFP coding sequence in a modi-
fied pMDC107 vector.

Agrobacterium-mediated transformation

PLL1, PLL2, and PLL3 knock-out lines and their corresponding
WT of Arabidopsis were transformed using Agrobacterium
mediated transformation. PLL1, PLL2, and PLL3 knock-out
plants were transformed with their respective fluorescent
tagged PLLs expressed under the native promoter or under
the LAT52 promoter. Agrobacterium tumefaciens cells (strain
GV3101) were grown overnight in 500 mL of LB-medium
supplemented with kanamycin (50 ug mL™"), rifampicin
(100 yg mL™"), and gentamycin (50 yg mL™") until an OD
of 1.7. After centrifugation at 4,000 X g for 15 min, the cells
were suspended in 400 mL of a 4% (w/v) sucrose solution
and 0.02% (v/v) Silwett 77 (v/v). Arabidopsis plants were sub-
merged upside-down in the Agrobacterium solution for 15 s,
then gently shaken for 5's, wrapped in plastic foil, and kept
on their side overnight. On the second day, plants were un-
wrapped and left to grow in the conditions stated above.
Seeds were left to dry before collection.

Genotyping

Knock-out lines were verified by a triple primer PCR with a
specific T-DNA primer and 2 specific gene primers
(Supplemental Table S1). Arabidopsis lines expressing
fluorescent-tagged PLLs were first verified by confocal laser
scanning microscopy as described below and then by PCR
using a primer specific to the gene and a primer specific to
the fluorescent protein. Only homozygous lines were used
in this study.

Chebli and Geitmann

RT-PCR

RT-PCR was used to determine whether PLLs were expressed
in whole flowers, hydrated pollen grains, and pollen tubes of
WT and knock-out lines. Total RNA was extracted, and cDNA
was synthesized as described above. Supplemental Table S2
summarizes the different PCR conditions. Primer sequences
are listed in Supplemental Table S1. A total of 7 uL of each
reaction mix was loaded on a 1% (w/v) agarose gel stained
with ethidium bromide and band intensity on the photo-
graphs was quantified using Image) software (Schneider
et al. 2012). The endogenous expression levels in the trans-
genic lines expressing fluorescent PLLs under their respective
native promoters were used as a reference value for expres-
sion after normalization based on the actin expression pro-
file. In order to amplify only the transgene, the
corresponding reverse primer was chosen on the fluorescent
protein.

Microscopy

In vitro and semi-in vivo grown pollen tubes were observed
with a Zeiss Imager-Z1 microscope equipped with a Zeiss
AxioCam MRm Rev.2 camera and AxioVision Release 4.5 soft-
ware. Pollen tubes expressing fluorescent PLLs were observed
with a Zeiss LSM 510 META/LSM 5 LIVE/Axiovert 200M sys-
tem. In Live observation mode, GFP and YFP were excited
with the 488 nm argon laser (4%) and an LP 505 emission fil-
ter, the detector gain was set at 600, the pinhole was set to 1
AU. In Meta observation mode GFP and YFP were excited
with a 488 nm (2%) laser and respective emission filters of
LP 530 and BP 505 to 550, the detector gain was set at 700.
CFP was excited with a 458 nm (2%) laser and a BP 470 to
500 nm emission filter, the detector gain was set at 800,
the pinhole was set to 1 AU. For FRAP experiments, the
488 nm line of the argon laser was used at maximal power,
output set to 12% to 16% for image acquisition and 100%
for photobleaching, and emission filter LP 505, the detector
gain was set at 600, the pinhole was set to 1 AU.
Quantification of FRAP was performed with the Zeiss LSM
5 Duo and Fiji software (Schindelin et al. 2012).
Quantification of fluorescence intensity was performed at
the tip of the pollen tube, the bleached region, and in an
area of the image that was not bleached. Values were cor-
rected to compensate for bleaching caused in the imaging
mode by dividing fluorescence intensity in the bleached
region of interest by that in an unbleached region.
Fluorescence intensity values were normalized to the highest
fluorescence intensity of the tube apex before the bleach.
The mobile fraction of the PLLs at the tip of the tubes
was calculated using the following formula: Me= (g - Io)/
(I; = Ip) X 100. The half-time recovery of PLL fluorescence
at the tip of the tubes was determined as the time required
for the tube apex to recover halfway between the initial
bleaching of the vesicles in the sup-apex and the steady state
of fluorescence intensity. The halfway recovery fluorescence
was calculated using the following formula: Fy;, =1y + (5 -
lo)/2 where: I¢ is the mean end value of the recovered

€202 1oquieydas | Uo Josn Jun S[euas - saueiqr AisiaAlun (D0 Ad 0206522/18¥PEY/SAYdId/E60 L 0 L/10p/a[oILE-00UBAPE/SAY|d/WOo"dNO"01WaPED.//:SA)Y WOy PaPEOjUMOQ


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad481#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad481#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad481#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad481#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad481#supplementary-data

PLL lubricates male gametophyte’s path

fluorescence intensity; Iy is the first postbleach fluorescence
intensity and I, is the initial (prebleach) fluorescence inten-
sity. The results presented in this manuscript are averages of
FRAP experiments conducted on at least 6 different pollen
tubes. Images were adjusted for brightness and contrast.

Detection of PLL2-GFP in the growth medium

WT pollen grains and pollen grains expressing PLL2-GPF were
grown on Arabidopsis male-sterile stigmas that had been cut
and placed on top of a 35 ym filter mesh soaking in a growth
medium. Pollen tubes were grown until they passed through
the cut stigma and proceeded to grow in the liquid medium
for 3 h. The liquid growth medium was then collected and
filtered with a 30 kDa Centricon regenerated cellulose mem-
brane (Millipore) to remove sugar, salts, and small molecular
weight proteins (under 30 kDa). For the detection of
PLL2-GFP with an expected band at 60 kDa, 10 pL of sample
were mixed with 10 pL of 4Xloading dye (100 mm Tris-base,
40% (v/v) glycerol, 5% (w/v) SDS, 0.005% (v/v) bromophenol
blue, 10% (v/v) B-mercaptoethanol, pH 6.8), heated at 95°C
for 10 min and separated by SDS-PAGE. Separated proteins
in the gel were electrophoretically transferred onto a PVDF
membrane at 35 V overnight at 4°C. The blotted membrane
was rinsed in TBS buffer (140 mM NaCl, 2.7 mM KCl, 19 mm
Tris—HCl, pH 7.4) and then blocked with 3.5% (w/v) skim
milk in TBS for 2 h. The membrane was washed a second
time with 3.5% milk. TBS and anti-GFP (Sigma) or anti-actin
(Sigma) were added to a final concentration of 1:1,000 and
1:20,000, respectively, and incubated overnight at 4°C. The
membrane was then washed 3 times with TBS containing
0.05% (v/v) Tween 20 for 10 min. A peroxidase conjugated
IgG antimouse (BioShop) at a final concentration of
1:20,000 was used as a secondary antibody. The bound anti-
bodies were detected with a chemiluminescent HRP sub-
strate  (Millipore) according to the manufacturer’s
instructions. Detection was done with an ImageQuant
Las4000 biomolecular imager (GE). Brightness and contrast
were adjusted in the images to reveal faint bands. A gamma
correction of 1.2 was also applied.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers
838004 (At1g14420), 814801 (At2g02720), and 821142
(At3g01270).
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