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ABSTRACT: The cultivation of oleaginous plants like the castor bean guarantees employment
for agricultural families and can contribute in energy and chemical sectors, especially in the
northeastern semi-arid regions of Brazil. Boron (B) deficiency is a widespread nutritional disorder
despite the fact that various anthropogenic sources with high B content may increase soil B to
toxic levels for plants. The present study was designed to investigate the ultrastructural effects
of boron deficiency and toxicity on castor bean plants which were grown under greenhouse
condition using plastic containers with 10 L of nutrient solution. Boron treatments comprised:
control (no B); 0.27 mg L™, 5.40 mg L™ B pots (one plant per pot), tested in a completely
randomized design with three replicates. The dry matter of all plant parts and B concentration were
determined. Cellular ultrastructure was evaluated by transmission and scanning electron microscopy
on samples of leaves and petioles. Dry matter yield was affected by the B absence treatment but
there was no difference for the 5.4 mg L™ B (toxic conditions) treatment. A marginal leaf burn at edge
and tips of oldest leaves and absence of starch granules in chloroplasts were noted for the B
toxicity treatment. The deformation of the youngest leaves, the death of the apical meristem as well
as the swelling of the middle lamella, absence of starch granules in chloroplasts and petiole vessels
untidily were observed in the B absent treatment. It is concluded that the production and
development of castor bean plants is affected by boron deficiency, but not for boron toxicity
conditions.
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BOROAFETA OCRESCIMENTOEA ULTRA-ESTRUTURA
DA MAMONEIRA

RESUMO: A mamoneira é uma ol eaginosa com grande potencial paraageracdo derendanaagricultura
familiar e para produgdo de matéria prima para a industria quimica e setor energético brasileiro,
especialmente em regides do semi-arido nordestino. A deficiéncia de boro (B) ocorre de forma
generalizada no Brasil e a aplicag@o excessiva deste micronutriente pode causar toxicidade. Este
estudo avalia o desenvolvimento e os efeitos ultra-estruturais de deficiéncia e toxicidade de boro
em mamoneira. O experimento foi realizado em condicOes de casa de vegetacdo, com vasos de 10 L
de solugdo nutritiva. Foram utilizados trés tratamentos: testemunha (sem B); 0,27 e 5,40 mg L™ B,
uma planta por vaso, em delineamento experimental inteiramente ao acaso com trés repeticdes. A
produgdo de matéria seca de cada parte da planta foi avaliada e o teor de boro determinado. Foram
observados os efeitos morfoldgicos e as alteragdes na ultra-estrutura celular nas folhas e peciolos,
através da técnica de microscopia eletrénica de transmissdo e varredura. A producdo de matéria
seca da mamoneira foi afetada em condic¢Oes de deficiéncia de boro, mas ndo em condic¢des de
toxicidade (5,4 mg L™ B). Neste Gltimo tratamento foram constatadas cloroses nos bordos de folhas
velhas e auséncia de grénulos de amido. Na omisséo de boro, as plantas apresentaram deformagéo
de folhas novas, morte do meristema apical, engrossamento da lamela média, auséncia de granulos
de amido nos cloroplastos e desorganizagdo dos vasos condutores do peciolo. O desenvolvimento
e a producdo da mamoneira sdo afetados em condi¢des de deficiéncia de boro mas ndo na condigéo
de toxicidade.

Palavras-chave: microscopia eletrénica, lamela média, micronutriente, xilema, amido
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INTRODUCTION

The castor bean plant (Ricinus communis L.)
is an African euphorbiaceae (Joly, 2002), whose ail is
the main product of the crop, supplying the medici-
nal, cosmetic and automotive industries. Nowadays,
with increasing prices of the crude oil, the castor bean
cultivation emerges as a promising activity for biodiesel
production, providing income in resource poor areas
of Brazil (Savy Filho, 2005).

Boron (B) deficiency occurs in a large fre-
guency in agricultural areas,inducing to an excessive
application of this nutrient (Gupta, 1979; Blevins &
Lukaszewsky, 1998; Shorrocks, 1997). Davies &
Albrigo (1994), Mattos Janior et a. (2001), and Havlin
et a. (2005) have underlined the short interval that ex-
ists between the B deficiency and toxicity. The defi-
ciency of micronutrients in Ricinus communis was de-
scribed by Lange et al. (2005). However, the ultra-
structure changes under B deficiency and the boron
toxicity in castor bean plants are not yet known.

The determination of the B primary function
is one of the current challenges related to the mineral
nutrition of plants (Blevins & Lukaszewsky, 1998). The
primary function of B in the cell wall structure could
explain all effects related to boron deficiency (Brown
& Hu, 1997).

The swelling of the cell walls under boron de-
ficiency and its relationship with the borate-ester cross-
linked rhamnogalacturonan 1l dimer (RG-Il) was de-
scribed by Ishii et al. (2001). The presence of RG-II
in cell wallsin families of Brassicaceae, Cucurbitaceae,
Leguminosae, Apiaceae, Chenopodiaceae, Solanaceae,
Asteraceae, Liliaceae, Araceae, Amaryllidaceae and
Gramineae was described by Matoh et al. (1996).
Thus, there is a strong evidence that suggests the ex-
istence of a RGIl complex also in Ricinus communis,
however, not yet been found in this species or another
one from the euphorbiaceae family.

The objective of this study was to investigate
ultrastructural changes under B deficiency and toxic-
ity conditions in Ricinus communis L. as well as the
effects on castor bean production.

MATERIAL ANDMETHODS

The experiment was carried out in a green-
house in Piracicaba, Sdo Paulo state, Brazil (22°42' 30"
S, 47°38'01" W, 554 m above sea level). Castor bean
seeds (savana cv.), were sown in washed sand which
received 1/5 diluted nutrient solution (Johnson et al.,
1957) supplied daily, without boron. The greenhouse
deionized water presented 50 ng L™ of boron, deter-
mined previously by Inductively Coupled Plasma Mass

Spectrometry (ICP MS). The composition of the nu-
trient solution was N: 224 mg L™; P: 62 mg L™
K:235mg L™ Ca 160 mgL™ Mg: 24 mgL™ S:
32mg L™ Cl: .77 mg L™; Cu: 0.032 mg L™; Fe:
112 mg L™ Mn: 0.11 mg L™ Mo: 0.05 mg L™ Zn:
0.131 mg L™

The experiment was set up with three treat-
ments (0; 0.27; 5.40 mg L™ of boron) and three
replicates,in a randomized experimental design. Cas-
tor beans plants (one plant per pot) were transplanted
ten days after emergence to plastic pots with 10 L of
nutrient solution with 1/5 of salt concentration. After
a week, the solutions were replaced by 1/2, and in the
following week they were replaced by complete solu-
tions (conductivity of 1.6 mS). The solutions were re-
placed every three weeks.

Plants were collected 60 days after germina-
tion, and samples were visualized using a transmission
and scanning electron microscope.

Transmission Electron Microscopy

Samples from the blades of new leaves that
showed deficiency of boron (0 mg L™ of B) and new
leaves of the control treatment (0.27 mg L™ of B) were
collected to evaluate ultrastructural symptoms of the
boron deficiency. The effects of toxicity were inves-
tigated on samples of old leaf blades presenting mar-
ginal chlorosis (5.4 mg L™ of B) and of old leaf blades
from the control treatment (0.27 mg L™ of B).

Afterwards the leaf samples were fixed in 2%
glutaraldehyde, 4% paraformaldehyde, 5 mM CaCl,, in
a0.2M pH 7.5 sodium caccodilate buffer (Karnovsky,
1965). After 2 h at 4°C they were washed with buffer
and post fixed for 1 h in similarly buffered 1% OsO,
solution. After washing with a 0.9% NaCl solution,
these samples were contrasted in loco with 2.5% ura-
nyl acetate at 4°C (12h), dehydrated in an increasing
acetone series (25%, 50%, 75%, 90% and 100%) and
inserted in Spurr resin.

The ultra thin cuts (60-90 nm) were obtained
through the use of a diamond blade in a Porter-Blum
MT Ultracut, placing on 300 mesh copper nets, and
submitted to double coloration (Reynolds, 1963), us-
ing uranyl acetate and lead citrate solutions. These ul-
tra thin cuts were examined using the Transmission
Electron Microscope Zeiss EM-109 operating at 50 kV.

Scanning Electron Microscopy

The petiole tissues of new leaves from boron
absent (0 mg L™ of B) and control treatments (0.27
mg L™ of B) were used to evaluate the symptoms of
boron deficiency. There was not difference between
the petiole morphology of plants treated with the bo-
ron toxicity and the control, and therefore, these
samples were not analyzed. These samples were pro-
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cessed using 2% glutaraldehyde, in a 0.2M caccodilate
buffer. After 2 h at 4°C, these samples were washed
in 0.1M caccodilate buffer and dehydrated with se-
guences of acetone series (25%, 50%, 75%, 90% and
100%). They were then dried to critical point (Balzers
CPD030), and covered with gold (MEDOQ10-Balzers).
The coated specimens were examined in a scanning
electron microscope operating at 20 kV.

Determination of total B content of specimens

Samples weighed exactly 0.2 g after being
dried for 24 h at 105°C, and were put into ceramic
crucibles and ashed for 2 h at 550°C. The total boron
content was determined by the azomethine-H method
(Malavoltaet a., 1997).

Statistical Analysis

Statistical analyses were made using Sigmapl ot
2000 v.6 and SAS version 8.02 (SAS Ingtitute, Cary,
NC). The Tukey test was used to compare the means
of the treatments (p < 0.05).

RESULTSAND DISCUSSION

Boron contents in plant pots and dry matter pro-
duction

The mean B content (in dry mass) in new
leaves was 12 mg kg™ for the B absent treatment and
28 mg kg™ for the treatment of 0.27 mg L™ B. The
B content in old leaves was 40 mg kg™ for the treat-
ment of 0.27 mg L™ B and 450 mg kg™ for the treat-
ment of 5.4 mg L™ B. The B content (dry mass) in
petioles of new leaves was 11 mg kg™ for the absent
treatment and 20 mg kg™ for the treatment of 5.4 mg
L™ B.

The mean of dry matter weight per plant of
the B deficiency treatment plants was smaller than for
the treatments of 0.27 mgL™" B and 5.4 mg L™ B (Fig-
ure 1). The seed production of plants was strongly af-
fected by B absence. However, there were no differ-
ences in seed production, as well as dry matter weight,
between the 0.27 mg L™* B and 5.4 mg L™ B.

Boron deficiency and toxicity symptoms

The first symptoms of toxicity appeared for
the treatment of 5.4 mg L™ of B, on the 15" day after
transplanting. The observed symptom included chlo-
rosis on the edges of the leaves and spots. These tox-
icity symptoms were evident (5.4 mg L™ of B), al-
though there was no significant effect on growth, fruit
and seed production. This fact indicates that B does
not move readily from the old leaves to growing tis-
sues (phloem mohility)

Boron generaly moves through the xylem, gov-
erned by the transpiration flow, with atendency to bind
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Figure 1 - The effect of B treatments on dry matter yield of
castor bean plant. Bar graphs of specific parts with
the same letter are not different (Tukey test,
p < 0.05).

on cell wall pectin in leaves. For old leaves, the amount
of transpiration along time is large, explaining the high
B contents (Furlani, 2004). However, the high supply
of B is not correlated with an increase of total B con-
tent in the cell walls (Matoh & Kobayashi, 2002). Be-
sides, this micronutrient forms various biological com-
pounds also in the cytoplasm, such as complexes of
B (boric acid) with sugars, phenols, organic and poly-
meric acids (Dembitsky et a., 2002).

Boron deficiency symptoms appeared first in
new leaves at the 40" day after transplanting, such as
deformity and necrosis of leaf edges (Figure 2). Fur-
thermore, minus-boron petioles showed hyperplasia
and necrotic spots. This can be explained by an inter-
ference in the lignin synthesis under low B supply
(Marschner, 1995). These deficiency symptoms indi-
cate that the B phloem mobility in this species is prob-
ably low or restricted. In contrast, the mobility of B
in severa sorbitol, mannitol, and dulcitol rich species
has been verified (Brown & Hu, 1996; Hu et al., 1997).

The reproductive growth, especialy flowering
and seed set and seed yield, were more sensitive to B
deficiency than the vegetative growth. Stem and leaf
biomass were also negatively affected by the absence
of B (Figure 1). Necrosis of the apical meristem of
shoot tips was followed by a loss of apical dominance
and highly branched shoot architecture (Figure 2).

The boron deficiency interferesin IAA levelsin
apicd tissues, phenols and quinones leves, followed by
aloss of apical dominance (Coke & Whittington, 1968).
This effect was detected in an experiment with micro-
nutrient starvation in nutrient solution in castor bean by
Lange et a. (2005). However, it is possible that most
effects of boron deficiency on the physiologic processes
are secondary effects (Marschner, 1995).
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Figure 2 - Symptoms of boron deficiency in Ricinus communis L. A: Boron absent treatment; B: 0.27 mg L B. 1- General; 2- Fruits;

3- New leaf; 4- Petiole cross-section.

Ultrastructural evidences of boron deficiency and
toxicity

The major symptom of boron deficiency was
the thickening of the middle lamellae (Figure 3). This
fairly and rigid layer is a structural component, located
between two adjacent primary cell walls, composed
of pectin. The thickening of the middle lamella could
be explained by the structural role of boron in relation
to the polysaccharide present in the pectin, especialy
the formation of dimeric B-Rhamnogal acturonan-2 (B-
RG-I) in aborate-ester crosslinking (Kobayashi et d.,
1996; Ishii & Matsunaga, 1996; O’'Neill et al., 1996).
This crosslink forms a macromolecular complex that
controls the cellular growth (Fleischer et a., 1999) and
mechanical properties of primary cell walls (Ishii et al.,
2001). Probably, on the B-deficient medium, the B-RG-
Il formation was affected, with the increase of mono-
mers, thickening the middle lamella and affecting the
cellular growth (Figure 3).

Furthermore, besides playing arolein the func-
tion and stabilization of cell wallsin plants (O’ Nelll et
a., 1996), there is also considerable information that
connects B with membrane structure and function
(Pollard et a., 1977), as well as cellular homeostasis,
suggesting that the B exerts some functions in the cy-
toplasm (Gassert et al., 2002).

A low level of starch granules was observed
in chloroplast of plants under B absence (Figure 3).

Figure 3 - Spongy mesophyll of new leaves of Ricinus communis
L. A: Boron absent treatment B: Boron treatment with
0.27 mg L. The thickening of the middle lamellae
(ML), and starch granules absence (ST) in chloroplasts
(CL) in boron absent treatment. Scale bar = 1.7 mm.

In B deficient plants, the carbohydrates synthesis is
affected on account of the inhibition of the fosforilases
action or the reduction in the uracyl synthesis, pre-
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Figure 4 - Spongy mesophyll of old leaves of Ricinus communis
L. C: Boron toxicity treatment with 5.4 mg L D:
Boron treatment with 0.27 mg L. The absence of
starch granules in B toxicity. Scale bar = 1.7 nm.

cursor of the glycose uridin diphosphate (Loué, 1993;
Marschner, 1995).

The B toxicity symptoms appeared before
those of B deficiency, but were less harmful to the
whole plant growth. The absence of starch granules
in chloroplasts in plants grown in the 5.4 mg L™ B
treatment occurred also in all specimens (Figure 4).
However, the exact cause of this effect is not known,
and the same alteration in the carbohydrate metabo-
lism due to B toxicity was verified by Scott (1960)
for sunflower plants.

The starch biosynthesis occurs inside the
chloroplasts and amyloplasts where the enzymes that
catalyze the polymerics synthesis are located, using
as basic material the sucrose produced from photo-
synthesis (Galliard & Bowler, 1987). Thus, a reduc-
tion in the available sucrose for metabolic processes
could lead a decrease on the starch production
(Zrenner et al., 1995). Most of the B is present in
the apoplast (Matoh, 1997), but it is possible that B
can also be present in the cytoplasm under high B
supply.

It is supposed that B excess could affect in-
directly the formation of starch because of the prop-
erties of the boric acid to form complexes with a
large number of sugars. Although B does not form
complexes with sucrose (Marschner, 1995), this mi-
cronutrient can form complexes with other sugars,
phenols, organic and polymeric acids (Dembitsky et
al., 2002).

. o e T s i .

Figure 5 - Section of petiole (new leaf). E, G: B
0.27 mg L%; F, H: Boron absent treatment. Primary
symptoms of boron deficiency were thickened petioles
with necrosis. Scale bar (E, F) = 0.6 mm. Details of
irregular edges part of vesselsin H. Scale bar (G, H) =
250 mm.

The petioles of new leaves grown under B de-
ficient medium were thicker, irregular with necrotic
spots. In a cross-sectional view, the petioles showed
hyperplasia, and when observed by scanning electronic
microscopy, the xylem vessels edges were more ir-
regular (Figure 5). There was not difference between
the petioles of plants grown in high B supply (5.40 mg
L™ B treatment) and control (0.27 mg L™ of B treat-
ment).

Theirregular lignifications of the cell walls and
a sengitive reduction in tota lignin content as pointed
out by Marschner (1995) and the effects of boron on
growth and lignification in sunflower plants is due to
peroxidase enzyme contents (Dutta & Mcllrath, 1964).
In addition, the role of boron in the lignin synthesis
can be related to the formation of borate complexes
with phenols, regulating the rate of free phenols that
are precursors of the lignin synthesis (Lewis, 1980;
Pilbeam & Kirkby, 1983; Shkolnik, 1984). Although the
lignification process is associated with the secondary
cell wall, it generaly begins in the middle lamella and
primary cell wall, sites where the boron deficiency
seems to occur initially.

CONCLUSIONS

Dry matter and seed yield are negatively
affected under boron deficient conditions. However,
the high boron supply, twenty times more than a
usual nutrient solution, was not able to decrease
the development of Ricinus communis. The boron de-
ficiency causes the swelling of middle lamellae and
irregular growth of petiole vessels. Both deficiency
and toxicity affects the starch synthesis in chloro-
plasts.
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