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Boron (B) is an essential micronutrient for the survival of vascular plants. The most severe effect derived from a deficiency
of B is the alteration of cell wall biogenesis and pollen germination. We investigated pollen of plant species that require
B for germination (Zea may L. and Nicotiana tabacum L.), as well as those that can germinate without B (Pinus sp, Lilum
longiflorum, Impatiens sp.). In both groups, B addition in the growth medium increased the length of the pollen tube after
germination. Hydroxyproline Rich Glycoproteins (HRGPs) are the most abundant cell wall structural proteins of dicotyledonous
plants and the sexual tissues of monocotyledonous plants. Here, we show that maize pollen accumulated a significant pool of
hydroxyproline (Hyp) and 63% of this amino acid was localized in the pollen tube wall. Maize pollen germinated in the presence
of B accumulated soluble (48%) and non-soluble (16%) Hyp in the pollen tube wall in contrast to maize pollen germinated
without B. In addition, B seems to modify the amount of HRGPs that become cross-linked to the wall. Immunolocalization of
HRGPs showed that these glycoproteins were preferentially localized in the pollen tube of maize, not in the pollen grain itself.
Hence, B might affect the assembling of HRGPs in the wall of pollen tubes grown in vitro.
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Proteinas estruturais da parede celular do pdlen de cinco espécies e sua relagdo com o boro: Boro (B) ¢ um micronutriente
essencial para a sobrevivéncia das plantas vasculares. O efeito mais drastico derivado da sua deficiéncia ¢ a alteragdo na
biogénese da parede celular durante a germinagdo de pdlen. Investigamos pdlen de espécies de plantas que requerem B para
germinar (Zea may L. e Nicotiana tabacum L.), e de outras que podem germinar na sua auséncia (Pinus sp, Lilum longiflorum,
Impatiens sp.). Em ambos os grupos, a adi¢ao de B no meio de germinag¢ao aumentou o comprimento do tubo polinico depois
da germinagdo. Glicoproteinas ricas em hidroxiprolina (HRGPs) sdo as mais abundantes proteinas estruturais da parede celular
de dicotiledoneas e do tecido sexual de monocotiledoneas. Aqui, mostrou-se que pélen de milho acumulou uma significativa
quantidade de hidroxiprolina (Hyp), estando 63% desse aminoacidos localizados na parede do tubo polinico. Pélen de milho
germinado na presenga de B acumulou Hyp soluvel (48%) e ndo solavel (16%) na parede do tubo polinico, em contraste
ao podlen germinado na auséncia de B. Adicionalmente, B parece modificar a quantidade de HRGPs que se ligam a parede
celular. Imunolocalizacdo de HRGPs mostrou que essas glicoproteinas estavam preferencialmente localizadas na parede do
tubo polinico de pélen de milho, mas ndo no pélen. B, portanto, pode afetar no arranjo de HRGPs na parede de tubos polinicos
crescidos in vitro.

Palavras-chave: hidroxiprolina, HRGPs, parede celular, tubo polinico.

INTRODUCTION Hydroxyproline Rich Glycoproteins (HRGPs) are the most

Plant cell walls are a structural metabolically dynamic abundant cell wall structural proteins in dicotyledonous
complex that contains a vast amount of polysaccharides plants and sexual tissues of monocotyledonous plants
and proteins with unusual physical and chemical properties. (Sommer-Knudesen et al., 1997; Cassab and Varner, 1998).
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They contain highly repetitive sequence domains in which
hydroxyproline (Hyp) is a major amino acid (Showalter,
1993). Extensins are the most extensively studied HRGPs
of plants, making up 1-10% of the primary cell wall (Cassab
and Varner, 1988).

Boron (B) is an essential micronutrient element for
vascular plants and diatoms; however, its mechanism of
action is not yet understood (Matoh 1997; Blevins and
Lukaszewski, 1998). Many studies have implicated B in the
biogenesis of plant membranes and cell walls (Goldbach et
al., 1991; Bonilla et al., 1997). Deficiency symptoms first
appear in actively growing tissues, within hours in root tips,
and within minutes or seconds in pollen tube tips, and are
characterized by cell wall abnormalities (Loomis and Durst,
1992; Blevins and Lukaszewski, 1998). However, it has
been observed that in most plant species the B requirement
for reproductive growth is much higher than for vegetative
growth. The most dramatically rapid manifestation of B
deficiency is seen in pollen tube growth. Without B, the
pollen tubes of most species burst explosively, always at
the outermost tip, ejecting large amounts of their contents.
Growth of pollen tubes requires a continuing presence of B.
Pre-germination treatment with B stimulates germination
of pollen but does not maintain the integrity of the
growing pollen tubes (Schmucker 1933, 1934). In general,
Scmucker’s results support a role of B as a cell wall cross-
linker since B deficiency occurred specifically at the pollen
tube tips, showing weakness of the newly formed wall. In
fact, B is cross-linked with the rhamnoglacturonan (RG) 11
fraction of pectic polysaccharides in many plant species (Hu
and Brown 1994; Kobayashi et al., 1996; Matoh et al., 1996
O’Neill et al., 1996). On the other hand, other candidates for
borate crosslinking in primary cell walls are HRGPs and
PRPs (Bonilla et al., 1997). However B seems to participate
in membrane structure since it can form complexes
with membrane constituents such as glycolipids and/or
glycoproteins (Shkolnik, 1984; Cakmak et al., 1995). So far,
the results of pollen growth studies are consistent with B-
complexing cell wall polymers, while the lipid thermostability
results show that B is important in membrane structure and
function (Jackson, 1989). Whatever the mechanism, the role
of B in reproductive growth is particularly striking.

Pollen grains of most species are naturally low in B, but
in the styles, stigma, and ovaries, B concentration is usually
high (Gauch and Dugger, 1954). However, there have been
too few B measurements to substantiate this claim (Dell
and Huang, 1997). The uniformly high B requirement for

Braz. J. Plant Physiol., 17(4):375-381, 2005

reproductive growth across the plant kingdom is intriguing
and indicates similarities between reproductive structures,
so unlike other plant cell walls perhaps the composition of
the pollen tube is similar across plant species (Blevins and
Lukaszewski, 1998). Pex 1 is a pollen-specific extensin-
like domain protein, involved in pollen tube growth that
is expressed in starch-filled (mature) and in germinating
pollen of maize (Rubinstein, et al., 1995b). Hence the pollen
tube constitutes a good model to study processes related to
cell wall protein assembly. In our study, we report that B
affected the deposition of HRGPs into the pollen tube cell
wall. This information may be important for understanding
the mechanisms by which B controls reproductive growth in
plants.

MATERIAL AND METHODS

Biological material and germination trials: Fresh pollen
from maize (Zea mays L), tobacco (Nicotiana tabacum),
Impatiens sp. and lily (Lilium longiflorum.) was immediately
germinated after collection under two B conditions: B
deficient medium (-B), (18% sucrose; 2mM CaCl,; 0.5%
agar) and B sufficient medium (+B) (18% sucrose; 2mM
CaCl, and the following concentrations of boric acid: in
Impatiens sp. 0.5 mM; in maize 1.0 mM; in tobacco 1.6 mM;
pine 1.66 mM and in lily 0.162 mM. Pollen was considered
to have germinated when the pollen tube was at least half as
large as the grain length. Thirty trials were carried out on
three different samples of each species; pollen observation
was made with a stereoscopic microscope (Leika stereo
zoom 6 Photo). The data on pollen germination and tube
length were processed with the SAS software using the
Tukey test for the comparison of means at P< 0.05.

Chemical analysis: All pollen samples were freeze-dried in a
lyophilizer, when dry weights were determined. The quantity
of hydroxyproline (Hypy,,), hydroxyproline extractable in
CaCl, (Hypg,,), and non-soluble hydroxyproline (Hyp,,)
in pollen tubes and pollen grains was determined by a
colorimetric method (Drozdz et al. 1976), as follows: dry
tissue was hydrolyzed in 6N HCI (3h at 120°C) and then
the samples dried thoroughly under vacuum with a NaOH
trap. The hydrolysates were resuspended in 100ul of H,O
and centrifuged in a microfuge to eliminate humus. To each
sample and each HyPro standard (0.5ug and 0.05ug in 100
ul) 60 ul of the acetate-citrate buffer (0.1 g chloramine T;
1.0 ml H,0O; 2.0 ml acetate-citrate buffer) was added and 10
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minutes later 120 ul of the second solution was added (1.0
ml of 72% perchloric acid; 5.0 ml PDMAB solution [6% w/v
paradimethylaminobenzaldehyde (PDMAB) in isopropanol].
The tubes were then promptly placed in a hot water bath at
60°C for 20 minutes. This allows the colour to develop, and
the absorbance was read in a spectrophotometer at 560 nm.
The pollen Hypy,, level was obtained from grains hydrolyzed
in 6N HCI (120°C, 3 h.).

Cell wall isolation. Pollen tubes were ground in a glass
homogenizer and treated as described by Cassab et al. (1985).

Distribution of Hyp. The distribution of Hyp in pollen tubes
was determined in germinated pollen from maize in the
presence of 0.5 mM, 1.0 mM and 2.0 mM of boric acid for
2 h. First, pollen tubes were separated from pollen grains
by briskly vortexing the solution, the pollen tubes were
collected after filtering the solution through a 10 um nylon
mesh. To measure the quantity of Hyp,., the sample was
hydrolyzed using 6N HCI (120°C, 3 h.), and evaluated by the
colorimetric method (Drodz et al., 1976) described above.
A fraction of the lyophilized sample was resuspended in
0.2 M CaCl, (Hypg,,) for 12 h. at 4°C, then the Hyp content
was measured. The non-soluble material was lyophilized,
weighed and hydrolyzed (HCI 6N, 120°C, 3h), and Hyp,,,
was also quantified. The data for total hydroxyproline
(Hypy,,)> hydroxyproline extractable in CaCl, (Hypy,,), and
non-soluble hydroxyproline (Hyp,,,) were processed with
the SAS software using the Tukey test for the comparison of
means at P<0.05.

Western blot and immunolocalization of HRGPs: Extractable
proteins in 0.2 M CaCl, from pollen tubes grown on —B
and +B were boiled in an equal volume of 2X SDS sample
buffer (0.1M Tris, pH 6.8, 1.8% SDS, 18 [w/v] glycerol,
9% [w/v] 2-mercaptoethanol, 0.02% [v/v] bromophenol
blue) and submitted to electrophoresis on SDS-PAGE gels
(12%), using 4ug of protein for each sample. Protein content
was determined by the Bradford method (1976) and silver
nitrate was used as a stain. Proteins were electroblotted onto
nitrocellulose paper (Hybond-C, Amersham) in a semi-dry
medium (SemiPhor, Hoeffer) membrane, hydrated with a
transfer buffer. The membrane was soaked with the primary
HRGP antibody (Cassab and Varner, 1987) for 12 h (1:1300
dilution) dissolved in buffer (0.2% BSA, 0.1% Tween-20,
0.013 M Tris, pH 7.5, 0.15 M NacCl), washed three times in
wash buffer (0.01% [v/v] tween-20, 0.013 M Tris pH 7.5,

0.15 M NaCl), and finally incubated for 1 hour with the
secondary antibody conjugated to alkaline phosphatase (anti-
rabbit IgG, Zymed AP-Goat rabbit IgG). Colour reaction
took place in the presence of alkaline phosphatase buffer.

For HRGPs immunolocalization, pollen tubes were
fixed in FAA [10% (v/v) formaldehyde, 5% (v/v) acetic acid,
and 50% ethanol] and mounted onto glass slides pre-treated
with poly-lysine (Sigma). The primary antibody used was
anti-HRGPs from soybean seed coats (Cassab and Varner,
1987) diluted 1:50, and the immunogold reagent 1:100
(ImmunoResearch), with which the sections were incubated 4
h, respectively, at room temperature. The secondary antibody
was goat anti-rabbit IgG horseradish peroxidase diluted 1:
100 with which sections were incubated for 4 h at room
temperature, and the immunogold-silver staining performed
as described by Springall et al. (1984). The negative control
involved the substitution of the primary HRGP antibody
with preimmune serum and anti-profilin antibody from bean,
diluted 1:1000 and 1:50 respectively. Pollen tubes were
visualized using a Zeiss Axioskop light microscope and
photographed using ASA 100 Kodacolor film.

RESULTS

We studied the effect of B on in vitro pollen germination
from different plants species. The results reported in table 1
showed that pollen germination of maize and tobacco pollen
grains increased when B was present in growth medium, and
henceforth these species were designated B dependent (Bd),
whereas Impatiens sp., pine and lily pollen germination rates
were less sensitive to B, and were designated B independent
(Bi). However, the length of all pollen tubes analyzed was
doubled in the presence of +B medium (table 2).

The content of Hyp,, differed in pollen grains from
maize, tobacco, pine and /mpatiens sp. (table 3). The content
of Hypy., in pollen from maize and tobacco (Bd) turned
out to be 30% greater than that of pine, Impatiens sp., and
lily (Bi). The value of Hypy,, for lily was similar to that
of Impatiens sp. Therefore, there is not a strict correlation
between high Hyp,, in pollen of Bd species as opposed to Bi
species (table 3).

To evaluate the relationship between the B tube growth
response and HRGP accumulation in the pollen tube wall,
maize pollen was selected because of its: a) pollen tube size,
b) high germination percentage and c) ease in separating
the pollen tube from the pollen grain. We examined the
distribution of Hyp in cell wall extracts, and isolated cell
walls of maize pollen tubes (table 4).
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Table 1. Pollen germination of different plant species in (+B)
and (-B) Impatiens sp., 0.5 mM; maize 1.0 mM, tobacco
1.66 mM pine, lily 0.162 mM of boric acid. The data are
the means of six replicates.

Sufficient medium +B  Deficient medium —B

Plant % Pollen germination % Pollen germination
Impatiens sp. 14.7(£3.9) a 139 (+43)a
Zea mays 75.1(£5.6) a 53(+2.3)b
Pinus sp. 74.6(+6.7) a 70.8 (£6.9) a
Nicotiana tabacum 67.3(£3.1)a 21.1(+4.5) b
Lilium longiflorum 17.6(£3.6) a 13.1(#£3.9) a

Mean values in columns with the same letter are not significantly different,
according to the Tukey test at P<0.05.

Table 2. Pollen tube length (um) of different species, for pollen
grains germinated in boron deficient medium (-B) and boron
sufficient medium (+B). Time (h) that pollen was incubated
in the germination medium: '(8); 2(2); 3(24), 4(9), >(6).

Plant Sufficient medium +B Deficient medium —B
Tube length (wm) Tube length (wm)

Impatiens sp.! 260.5 (£53) a 128.7 (£61)b

Zea mays? 4573 (+64)a 130.2 (+28)b

Pinus sp.3 122.4 (+20)a 61.5 (+15)b

Nicotiana tabacum®* 624.7 (193)a 154.1 (+47)b

Lilium longiflorum 3 1235.6 (+234)a 704.1 (+124)b

Mean values in columns with the same letter are not significantly different,
according to the Tukey test at P<0.05.

Table 3. Total Hydroxyproline levels (Hyp ., ug Hyp/mg dry
weight) in pollen from different plant species.

Pollen +B

Impatiens sp. 0.87 (+0.03)c
Zea mays 1.01 (+0.06)b
Nicotiana tabacum 1.31(+0.07)a
Pinnus sp. 0.68 (+0.03)d
Lilium longiflorum 0.89 (+0.06)c

Mean values in columns with the same letter are not significantly different,
according to the Tukey test at P<0.05.

Since an optimum B concentration increased the levels
of Hyp in both Hypp,, (48%) and Hyp, .., (16%) with respect
to the control fractions, it was then of interest to determine
whether B modifies the accumulation of HRGPs in pollen
tubes. For this, a western blot analysis was performed on
cell wall proteins of pollen tubes grown in the presence
and absence of B, using a specific anti-HRGP antibody
from soybean seed coats. This antibody is highly specific
for HRGPs of both dicotyledonous and monocotyledonous
plants, and does not cross react with arabino-galactan
proteins, another class of HRGPs (Cassab and Varner,
1987). Cell wall fractions from pollen grains grown under
—B conditions showed two high molecular weight bands.
In contrast, the cell wall fraction from pollen grains grown
on the +B medium did not contain polypeptides that were
labeled by the HRGP antibodies (figure 1B).

To determine the localization of HRGPs in germinated
maize pollen, we performed immunolocalization studies
with anti-HRGP antibodies from soybean seed coats (figures
2A-D).
primarily detected in the pollen tube wall which corresponds

In maize germinated pollen grains, HRGPs were

with the chemical analysis of Hyp in pollen tubes (table
4A). The detection of HRGPs in maize pollen tubes was
very strong, although the antibody was not obtained from a
monocotyledonous plant.

DISCUSSION

One of the major effects derived from the lack of B
occurs during pollen germination and the formation of pollen
tube (Loomis and Durst, 1992). Pollen grains of most species
require a continuous supply of B (Steer and Steer, 1989; Taylor
and Hepler, 1997). It has been reported that pollen from most
plant species requires B to germinate (Bd); however pollen
from some plant species germinates almost equally well in
a B deficient environment (Bi) (table 1.) (Heslop-Harrison,

Table 4. Distribution of Hydroxyproline (Hyp) in maize pollen tube cell walls.

(A) Total hydroxyproline (Hyp,,) ug Hyproxyproline/mg pollen tube dry weight
0.5 mM H;BO, 1.0 mM H;BO, 2.0 mM H;BO,
0.53(+0.03)c? 0.63 (+0.03)a 0.63 (+0.03)a
B) Extractable hydroxyproline in CaCl,(Hypg,,) ug Hydroxyproline/ug 0.2 M CaCl,
0.5 mM H;BO;, 1.0 mM H;BO; 2.0 mM H;BO;,
0.13(+0.02)c 0.25 (£0.03)a 0.16 (£0.02)b
© Non-soluble hydroxyproline (Hyp,,,) ug Hydroxyproline/ mg pollen tube dry weight
0.5 mM H;BO, 1.0 mM H,BO, 2.0 mM H;BO,
1.73(+0.02)c 4.15 (+0.03)a 2.69 (+0.03)b

Mean values in columns with the same letter are not significantly different, according to the Tukey test at P<0.05.
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1971; Jackson, 1989). In addition, many physiological
effects of B deficiency have been identified in the plant cell,
such as impairments of sugar transport, membrane integrity,
RNA metabolism, etc. (Heslop-Harrison, 1987; Cakmak and
Romheld, 1997). The initial phase of germination includes
processes that lead to the onset of pollen tube growth, when
Bd species seem to be more sensitive to B deficiency, since
their germination percentages diminished 13 times in maize
and 3 times in Nicotiana (table 1).

On the other hand, pollen tube length from plant species
utilized in these studies was increased after the addition of B
(table 2). Previous studies have shown that the wall in the
tip region of the pollen tube is mainly composed of pectins
(Mascarenhas, 1993). The synthesis and modification of the
pectic network is an active process directly associated with
the complex boron-RGlI-calcium (O’Neill et al., 1996). This
suggests that the elongation and growth of the pollen tube is a
consequence of this association (Kobayashi, et al., 1999).

Reports suggest that the B requirement of plants is
determined by the RGII content of its cell wall. It has been
shown that one gram of monocot cell wall contains 6%
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Figure 1. Characterization of extractable cell wall fractions
from maize pollen tubes. (A) Cell wall salt-extractable
proteins from maize pollen tubes grown in sufficient +B
and deficient —B media. (B) Western blot analysis of maize
pollen tubes. The blots were probed with anti-HRGPs
antibodies from soybean seed coat. Note that two HRGP
glycoprotein bands for material grown in media —-B were
not observed in +B.

of RGII and this could only covalently bind 8% umol B
considering dicot cell walls as 100% (O’Neill, 1996). Thus,
the B pollen requirement could be determined by differences
between pollen tube cell walls of Bi and Bd. In order to
confirm this, we should evaluate a greater number of pollen
plants species of the Bd and Bi types and measure the RGII
fraction in both groups of plants.

Hydroxyproline was present in all pollen grain species
tested, but the content of Hypy,, in pollen from maize and
tobacco turned out to be 30% greater than pine, Impatiens
sp., and lily. However, further evaluation must be carried
out to confirm this fact. Previous studies have suggested that
HRGPs are abundant in sexual tissues since the presence of
higher amounts of Hyp in the pollen and pollen tube has been
reported.(Li et al., 1994; Rubinstein et al., 1995a; Jauh and
Lord, 1996). In addition to their structural role, it has been
suggested that pollen HRGPs could play roles in sexual
recognition and signalling (Rubinstein, 1995b).

HRGPs are the most abundant structural proteins
in maize sexual tissues and since (Hyp) is an amino
acid resulting from post-translational modification that
characterizes HRGPs, their protein level can be indirectly
estimated when the Hyp concentration is quantified (Cassab
1987; Kieliszewski and Lamport, 1994).
Measurement of hydroxyproline levels have been utilized

and Varner,

primarily in the study of cell walls since only trace amounts
of hydroxyproline are found in the cytoplasmic fraction
(Rubinstein et al., 1995a). The level of Hyp in the pollen tube
wall of maize changed depending upon the B concentration
in the growing medium (table 4A-C). The importance of
HRGPs in cell walls of pollen tubes was evident, since
63% of Hyp,, from the maize pollen is located in the tube.
This suggests that most of the Hyp in the grain was used for
the construction of the cell wall during germination (table
4A). This value was high, considering that the pollen tube
length in pollen germinated in vitro was up to 70% shorter
than the length reached in vivo (Taylor and Hepler, 1997).
At an optimal B concentration (1 mM), the level of total,
extractable and insoluble Hyp was larger than at the other B
concentrations tested (table 4). This suggests that an optimal
concentration of B can facilitate the accumulation of HRGPs
in the cell wall (Bonilla et al., 1997).

Previous studies have described the biochemical and
physiological relationship between B and pectic substances,
although little is known about the effect of B in plant cell
wall assembly of HRGPs (Matoth et al., 1996; Matoth et
al., 1997). Western blot analysis of cell wall proteins from
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pollen tubes grown in the presence and absence of B (figure
1), suggested that in the presence of B, HRGPs might be
modified and hence the specific HRGP antibodies did not
recognize them. This alteration could be due to insolubility
of HRGPs in the wall in the presence of B, or to the formation
of a linkage between B and HRGPs, or both. It has been
reported that HRGPs are slowly insolubilized into the cell
wall by a covalent link (Qi et al., 1995). Furthermore,
previous data showed that HRGPs are not covalently
bound to the walls of B deficient nodules of soybean root,
suggesting that B may have a role in the assembly of some
wall protein components in nodules (Bonilla et al., 1997).
Although there is an abundance of HRGP in the pollen tubes,
only the maize pollen extensin-chimera PEX1 has been so
far molecularly characterized. PEXI seems to play a role
in pollen tube growth during pollination (Rubinstein, et al.,
1995b). Further investigations are essential to explain the
assembly of the HRGPs in growing pollen tubes, and their
relation with the B-RGII complex.

The accumulation of HRGPs in germinated pollen of
maize grown in —B and +B was studied by immunocyto-
chemical analysis (figure 2). HRGPs are deposited in the
emerging pollen tube wall in enormous quantities, but there

Cc D
Figure 2. Immunolocalization of HRGPs in germinated
pollen grains from maize. (A, C) germinated pollen grains
incubated with preimmune serum. (B, D) germinated pollen
incubated with anti-HRGPs antibodies from soybean seed
coat. (A, B) pollen grains germinated in +B. Note that the

labeling is associated with the cell wall (arrow) in (B) and
the pollen tube burst without boron (D - arrow).
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is no deposition of these glycoproteins in the pollen grain. It
confirms that HRGPs are synthesized previous to germina-
tion and deposited in the cell wall of the growing pollen tube
(Rubinstein et al., 1995a,c). It has been proposed that the
HRGPs might provide structural support for the pollen tube
necessary for its rapid growth, and have a role in sexual rec-
ognition and signalling during the fertilization (Rubinstein,
et al., 1995b). Thus, the study of HRGPs of sexual tissues
might help to elucidate the fertilization processes in plants.
As we demonstrated here, colorimetric evaluations of
Hyp in maize pollen germinated in +B conditions indicated
that during pollen tube growth there was an enormous
amount of HRGPs that are secreted into the wall. In fact,
approximately 63% of the Hyp,., was present in the pollen

tube wall. Similar results were obtained with Impatiens

sp. Hence, B deficiency probably impedes the assembly of
HRGPs in the cell wall matrix.
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