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SUMMARY

The deleterious effects of both Mn deficiency and excess on the development
of plants have been evaluated with regard to aspects of shoot anatomy,
ultrastructure and biochemistry, focusing mainly on the manifestation of visual
symptoms. However, there is little information in the literature on changes in the
root system in response to Mn supply. The objective of this study was to evaluate
the effects of Mn doses (0.5, 2.0 and 200.0 pmol L-!) in a nutrient solution on the
anatomy of leaves and roots of the Glycine max (L.) cultivars Santa Rosa, IAC-15
and IAC-Foscarin 31. Visual deficiency symptoms were first observed in Santa
Rosa and IAC-15, which were also the only cultivars where Mn-toxicity symptoms
were observed. Only in IAC-15, a high Mn supply led to root diameter thickening,
but without alteration in cells of the bark, epidermis, exodermis and endodermis.
The degree of disorganization of the xylem vessels, in particular the metaxylem,
differed in the cultivars. Quantity and shape of the palisade parenchyma cells
were influenced by both Mn deficiency and toxicity. A reduction in the number of
chloroplasts was observed in the three Mn-deficient genotypes. The anatomical
alterations in IAC-15 due to nutritional stress were greater, as expressed in extensive
root cell cytoplasm disorganization and increased vacuolation at high Mn doses.
The degree of changes in the anatomical and ultrastructural organization of roots
and leaves of the soybean genotypes studied differed, suggesting the existence of
tolerance mechanisms to different intensities of Mn deficiency or excess.
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ALTERACOES ANATOMICAS E ULTRAESTRUTURAIS EM
GENOTIPOS DE SOJA PELA DESORDEM NUTRICIONAL EM
MANGANES

RESUMO:

Os efeitos negativos provocados ndo apenas pela deficiéncia mas também pela toxidez de
Mn no desenvolvimento das plantas tém sido avaliados considerando-se os aspectos anatémicos,
de ultraestrutura e bioquimicos da parte aérea particularmente, onde os sintomas visuais sGo
manifestados. Entretanto, hd escassez na literatura de informagées que abordem o sistema
radicular. Os objetivos do presente estudo foram avaliar os efeitos do fornecimento de doses de
Mn (0,5, 2,0 e 200,0 umol L), em solugdo nutritiva, na anatomia e ultraestrutura de folhas e
de raizes dos cultivares de Glycine max (L.): Santa Rosa, IAC-15 e IAC-Foscarin 31. Os
sintomas visuais de deficiéncia foram observados primeiramente em Santa Rosa e IAC-15, os
tinicos a extbirem sintomas de toxidez. As doses de Mn promoveram espessamento do didmetro
radicular somente em IAC-15, porém sem alteragdo nas células do cortex, da epiderme, exoderme
e endoderme. Os cultivares mostraram distintos graus de organizag¢do dos vasos de xilema,
particularmente nos elementos de metaxilema. O niimero e a conformagdo das células dos
mesofilos paligddicos foram alterados pelas condigées de deficiéncia e toxidez. Houve redugdo
na quantidade de cloroplastos, nos trés gendétipos, somente na condi¢do de deficiéncia. O
gendtipo IAC-15 apresentou maiores alteragoes devido ao estresse nutricional, como separag@o
do protoplasma da parede celular radicular e incremento de células vacuoladas na mais alta
dose. Os gendtipos apresentaram diferentes graus de alteragoes anatémicas e ultraestruturais
das folhas e raizes, sugerindo a operag¢do de mecanismos de tolerancia a deficiéncia ou a

toxidez de intensidade diversa.

Termos de indexagdo: apoplasto, diametro radicular, Glycine max, microscopia optica.

INTRODUCTION

Plant species and genotypes within species can
differ widely in their tolerance to excess Mn (Foy et
al., 1988) or susceptibility to Mn deficiency (Graham,
1988) in the soil or other substrates in which they
grow. These differences are often hereditary (Broadley
& White, 2005; Pittman, 2005).

The tolerance mechanisms to excess Mn have been
ascribed to Mn oxidation in the roots, restricted root
uptake and translocation of excess Mn to leaves, as
well as uniform distribution in the tissues, greater
internal tolerance and interaction with other elements
(mainly K, Ca, Mg, Fe, and Si) and defense
mechanisms against oxygen reactive species, e.g., the
activation of enzymes such as ascorbate peroxidase,
catalase, Mn-superoxide dismutase and glutathione
peroxidase (Demirevska-Kepova et al., 2004; Morita
et al.,, 2006). On the other hand, better internal
utilization or lower requirement, greater Mn
redistribution, increased absorption rate, exsudation
of organic acids, acidification of the rhyzosphere and
geometry of the root system have been cited as mainly
responsible for lower susceptibility to Mn deficiency
(Graham, 1988; Rengel, 1999).

The harmful effects of both deficient and excess
Mn on many species have been studied, mainly
considering the morphological and anatomical aspects
of the shoot ultrastructure and biochemistry, where
the symptoms are manifested, particularly in the

R. Bras. Ci. Solo, 33:395-403, 2009

leaves (Demirevska-Kepova et al., 2004; Papadakis
et al., 2007a,b). However, there are few reports on
changes in anatomy and root ultrastructure in
response to variations in Mn supply (McQuattie &
Schier, 2000) or regarding the genotype effect
(Santandrea et al., 1998a,b; Izaguirre-Mayoral &
Sinclair, 2005).

This study examines the anatomical changes of
leaf mesophyll and root cortex, and ultrastructural
changes in root cells of three soybean cultivars,
considering the nutritional disorders caused by
deficient and excess Mn in a nutrient solution.

MATERIAL AND METHODS

The experiment was carried out in a greenhouse
of the Centro de Energia Nuclear na Agricultura, of
the Universidade de Sao Paulo, in Piracicaba, Sao
Paulo State, Brazil. The three soybean cultivars —
Santa Rosa (deficiency sensitive), IAC-15
(intermediate) and IAC-Foscarin 31 (toxicity tolerant)
—of the species Glycine max (L.) Merrill were grown
in a nutrient solution, from May 17 to June 27, 2006.

The seeds were germinated in a shallow tray
containing vermiculite moistened with 104 mol L}
CaS0O,. When the plants reached a height of 5 cm
(phenologic stage V1) they were transferred to
individual pots (volume of 2.5 L, diameter 15 cm)
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containing 2.0 L nutrient solution. The solution of
Johnson et al. (1957) was used, modified by Epstein
& Bloom (2005), diluted to 1/5 of the usual
concentration, at an initial pH of 4.97 + 0.03. Three
days after transplanting the seedlings, the nutrient
solutions with Mn concentrations of 0.5, 2.0 and
200.0 pmol Litwere added, with three replications.

The plants with the most visible symptoms of
deficiency (grown in solution with 0.5 pmol L1 Mn)
and of toxicity (200.0 umol L'1) as well as the
“healthiest” plants (2.0 umol L) — phenological stages
V3 and V4 — were chosen for tissue collection. For
this purpose, the upper leaves and around 10 mm of
the tips of secondary roots with absorbent hairs were
collected. Great care was taken to collect
homogeneous material. The average diameters of the
root cross-sections were obtained under an optical
microscope and calculated using the Integrated
System for Analysis of Roots and Soil Cover (Sistema
Integrado para Andlise de Raizes e Cobertura do Solo
- STARCS), version 3.0.

The leaf samples for electron transmission and
optical microscopy were fixed in a modified Karnovsky
solution: 2 % glutaraldehyde, 2 % paraformaldehyde
and 5 mmol L1 calcium chloride, buffered to pH 7.2
with 0.1 mol Ll sodium cacodylate, for 48 h at 4 °C,
washed in 0.1 mol L1 sodium cacodylate (3 x 15 min.)
and post-fixed for 1 hin 1 % osmium tetroxide. After
washing the samples quickly a few times in 0.9 %
saline solution, they were block-stained with 2.5 %
uranyl acetate in water at 4 °C and then dehydrated
gradually in acetone (25, 50, 75, 90 and 100 %) and
embedded in Epon 812 resin (Luft, 1961). Ultrathin
sections (60—-90 nm) were placed on copper grids
covered with colloid, contrasted with 2.5 % aqueous
uranyl acetate for 15 min followed by lead citrate
solution for 8 min, according to Reynolds (1963). The
sections were then examined under a Zeiss EM-900
transmission electron microscope at an accelerating
voltage of 50 kv and 3000X magnification. For optical
microscopy, semi-fine sections (150 nm) were placed
on glass slides and stained with 1 % toluidine blue in
a 1 % borax solution. The slides were covered with
slips using Entelan and examined under a Zeiss
Axioscop 40 HBO 50 A/C optical microscope.

The plants were harvested at the time of sampling
(reproductive cycle between V3 and V4) and were later
separated in upper leaves (blade and petiole) and roots.
The material, duly identified, was placed in paper bags,
dried in a forced-air oven at 65 °C for 72 h and weighed
on a precision scale. The Mn concentration was
determined by atomic absorption spectrometry,
according to the method described by Malavolta et al.
(1997).

The experiment had a completely randomized block
design; the treatments were arranged in a 3 x 3
factorial scheme (three Mn doses x three soybean
cultivars), with three replications. The data were
submitted to statistical analyses by the SAS System
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for Windows 6.11 statistical program (SAS, 1996). In
cases where the F-test indicated significant differences
of means for the Mn doses, the Tukey test was applied
to compare the means of cultivars and doses (p < 0.05).

RESULTS AND DISCUSSION

Visual symptoms of Mn deficiency appeared
12 days after the start of the treatments in genotypes
Santa Rosa and TAC-15, and after 15 days in IAC-
Foscarin 31. Visual signs of toxicity to excess Mn in
the nutritient solution, six days after addding the
micronutrient to the solution (200.0 umol L) were
only observed on the cultivars Santa Rosa and IAC-
15. No symptoms were observed on the roots. There
were no visual symptoms of Fe deficiency in the
cultivars caused by excess Mn in the solution either.
The Mn concentrations in the leaf and root samples
are shown in table 1.

The average root diameter of the three cultivars
was quantified based on the root tip cross sections
(Table 2). The root diameter of cultivar IAC-15
increased by 63 and 116 % with the increase of Mn in
the solution, at the lowest and the highest rate,
respectively. This effect was not as evident for the
other cultivars and did not translate into a more
efficient Mn uptake, that is, a greater V ,,, value and
lower K, and C,,;,, values (Lavres Jr., 2007). The
increased root diameter (root thickening) may have
been caused by suberization and lignification of the

Table 1. Manganese concentration in the deficient
leaf (0.5 pmol L' Mn), “healthiest” leaf
(2.0 umol L' Mn) and excess Mn leaf
(200.0 pmol L' Mn) and in the root of three
soybean cultivars: Santa Rosa, IAC-15 and IAC-
Foscarin 31, as related to Mn rates of 0.5; 2.0 and
200.0 pmol L7 in the nutrient solution

Cultivars
Mn rate
Santa Rosa IAC-15 TAC-Foscarin 31
umol L' mg kg
Leaves
0.5 12.5 cA 8.6 cA 9.8 cA
2.0 30.6 bA 25.9 bA 24.0 bA
200.0 786.3 aA 886.3 aA 744.3 aA
Roots
0.5 6.3 bB 11.0 cA 12.6 cA
2.0 10.4 bB 16.3 bAB 20.3 bA
200.0 379.4 aB 579.8 aA 546.1 aA

Lower case letters in the same column and upper case letters
in the same row do not differ significantly by the Tukey test
(p <0.05).
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Table 2. Average diameters of root cross-sections of
the three soybean cultivars Santa Rosa, IAC-15
and IAC-Foscarin 31, as related to rates of 0.5;
2.0 and 200.0 pmol L' Mn in the nutrient solution

Cultivars
Mn rate
Santa Rosa IAC-15 IAC-Foscarin 31
pmol L1 mm
0.5 0.30 0.32 0.30
2.0 0.29 0.52 0.32
200.0 0.35 0.69 0.35

cortex cells, reducing water and nutrient uptake
(Fitter, 1996).

The treatment with a Mn dose of 0.5 umol L1
caused disorganization of the xylem vessels
(metaxylem and protoxylem) in the cultivars Santa

an
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Rosa and IAC-15, indicating incomplete differentiation
of these veins and of the cells of the vascular cylinder
(Figure 1 TA and ITA), when compared with TAC-
Foscarin 31 (Figure 1 IITA) and the control treatment,
2.0 umol L1 (Figure 1 IB and IIB). This can be
associated with the initial appearance of deficiency
symptoms in the younger leaflets. In the genotypes
Santa Rosa and IAC-15, grown at the lowest Mn rate,
the number of xylem vessels was greater than in TAC-
Foscarin 31. Apparently there was no change in the
cell differentiation of the cortex, epidermis, exodermis
and endodermis. However in the control treatment
(2.0 umol L'!) the number of xylem vessels,
particularly in the metaxylem, was higher in plants
of IAC-Foscarin 31 than of IAC-15 and Santa Rosa.

At a Mn dose of 200.0 umol L-!, there was
disorganization of the xylem vessels, mainly in the
Santa Rosa cultivar, along with a larger number of
metaxylem elements. In IAC-Foscarin 31, only
protoxylem elements were observed, well-arranged
transversally along the central cylinder — medulla

Figure 1. Root cross-sections 10 mm from the root tip of the three soybean cultivars Santa Rosa (I); IAC-15
(IT) and IAC-Foscarin 31 (ITI), as related to Mn rates of 0.5 pmol L (A), 2.0 pmol L (B) and 200.0 pmol L!
(C), in nutrient solution. Anatomical features of the primary tissues: root cortex and bundle sheaths
(xylem vessels). Xylem vessels detail (arrow) — protoxylem (Px) and metaxylem (Mx).

R. Bras. Ci. Solo, 33:395-403, 2009
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(Figure 1 ITIIC). For IAC-15 the presence of both a
metaxylem (three veins) and protoxylem (three bundles
containing an average of four veins each) were
observed. The organization and order of the conducting
veins, as well as the integrity of the cortical cells,
play a fundamental role in nutrient absorption and
transport processes. If on the one hand an organized
arrangement of the conducting veins can allow a more
efficient absorption (Rosolem et al., 2005) at low Mn
availability, on the other hand, under excess Mn in
the substrate, the maintenance of the cell integrity
in the epidermis, exodermis, endodermis and cortex
can confer greater root compartmentalization of Mn,
reducing the long-distance transport and finally
diminishing the toxicity in the shoot (Lavres Jr. et
al., 2008). In this context, the apoplast “compartment”,
or free space, apparently acts as an effective tolerance
mechanism to micronutrient excess, notably in
tolerant (hyperaccumulator) plants, as recently
discussed by Lavres Jr. et al. (2008) and Fuhrs et al.
(2008).

However, Santandrea et al. (1998b) reported that
the number of xylem elements (protoxylem and
metaxylem) with lignified walls was higher in plants
tolerant to excess Mn (5,000.0 mmol L) than in the
control plants (100.0 mmol L'Y). They also found only
protoxylem elements in the roots of the control group.
With respect to lignification, it is known that Mn,
along with B, Cu and Fe, is involved in the metabolism
of phenol compounds and the biosynthesis of lignin.
Lignification occurs by the activation of 3-deoxy-D-
arabino-heptulosonate-7-phosphate (DAHP) synthase
[EC 2.5.1.54], in the secondary metabolism via
shikimic acid. This phenomenon is more evident in
the roots, where it represents a physical barrier
against the entrance of pathogens. Manganeseis a
co-factor for the lyase of phenylalanine and ammonia,
producing cinnamic acid and other phenols, besides
being a co-factor of peroxidases (Huber & Graham,
1999; Malavolta, 2006; Morita et al., 2006; Thompson
& Huber, 2007).

Observations by electron transmission microscopy
of root cells of the three cultivars in the solution with
2.0 umol L1 Mn (Figure 2) revealed more normally
shaped cell walls and middle lamella than when grown
at the lowest dose. The cells of the control treatment
had normally shaped nuclei and cytoplasm filled with
organelles (mitochondria), besides few vacuoles. The
most significant ultrastructural changes were stated
in IAC-15 supplied with 200.0 umol L1 Mn. In this
condition the protoplasm was separated from the root
cell wall and the number of vacuolated cells increased
(Figure 2 IIC). In IAC-Foscarin 31, under normal
supply as well as excess Mn in the solution (Figures 2
IIIB and IIIC), inter-cellular spaces were observed,
characterized as apoplast (or apparent free space). This
possibly contributes to a greater accumulation and
compartmentalization of Mn in the roots, which
reduces the long-distance transport and confers
greater tolerance to excess Mn (Lavres Jr. et al., 2008).

This phenomenon is in agreement with reports of
Fiihrs et al. (2008), who described that the leaf apoplast
of cowpea (Vigna unguiculata L.), also a species of the
Fabaceae family, is known for playing an important
role in the tolerance to Mn excess/toxicity, due to the
high peroxidase activity in this compartment.

The optical microscopic observations allowed the
identification of structural differences in the mesophyll
of the three cultivars (Figure 3). At the lowest Mn
rate the cross sections of the leaf blades of the cultivars
Santa Rosa and IAC-Foscarin 31 had several
mesophyll cell layers, making it hard to distinguish
the palisade from the spongy parenchyma (Figures 3
TA and ITIA). Both had broad and rounded cells, in
agreement with reports of Papadakis et al. (2007a,b).
However, these layers were clearly distinct in cultivar
TIAC-15 (Figure 3IIA). There was a reduction in the
number of chloroplasts, particularly in the palisade
tissue, when compared to the control treatment
(2.0 umol L1 Mn). This effect was stronger in cultivar
IAC-15. Weiland et al. (1975) reported significant
differences in the chloroplast number per cell of the
palisade parenchyma of soybean plants, varying from
six chloroplasts per cell under deficient conditions to
nine in well-supplied plants. The authors also noted
this reduction in the cells of the spongy parenchyma.
Papadakis et al. (2007a) also reported the negative
effect of Mn deficiency on the reduction of chloroplast
number in citrus leaves. In another study, the
primary effect of a lack of Mn in pecan leaves (Carya
itllinoinensis (Wangenh.) C. Koch.) was a reduction
in the number of chloroplasts in mesophyll cells, but
the Mn content in the chloroplasts remained equal to
those in the control treatment, without damage to
the photosystem II (Henriques, 2004). It should be
pointed out, however, that the number of chloroplasts
can vary according to the portion of the cell shown in
the cross sections. In other words, the possibility
cannot be ruled out that a larger or smaller portion is
represented at the moment of cutting the histological
slides.

The palisade and spongy parenchymas of the three
soybean cultivars grown in the solution with
2.0 umol L1 Mn were regularly distributed. Two cell
layers could be identified in the palisade parenchyma
of the upper leaf surface and a single layer of spongy
cells on the abaxial face. The mesophyll cells had
normal size and shape, with easily distinguishable
chloroplasts distributed throughout the cells
(Figure 3).

At the highest Mn dose, the chloroplasts of Santa
Rosa and TAC-15 were concentrated in the lower part
of the parenchyma cells (notably in the palisade
tissue), resulting in a large area of cytoplasm and
vacuole. The presence of a larger number of starch
grains as well as the larger size of the plastoglobules
in cultivar IAC-Foscarin 31, as reported by Lavres
Jr. (2007), may have contributed to the smaller
expansion of the vacuoles and cytoplasm, because of

R. Bras. Ci. Solo, 33:395-403, 2009
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Figure 2. Transmission electron micrographs (x 3.000) showing root cell structure of soybean cultivars
Santa Rosa (I), IAC-15 (II) and IAC-Foscarin 31 (III), as related to Mn rates of 0.5 pmol L' — deficiency
(A), 2.0 pmol L' - control (B) and 200.0 pmol L - toxicity (C) in the nutrient solution. Abbreviations for
all parts in alphabetical order: cw, cell wall; ml, middle lamella; m, mitochondria; n, nuclei; v,
vacuole. [ %] Detail of separated protoplast from cell wall in cultivar IAC-15, under Mn excess in
the solution, and the apoplast (or apparent free space) [>>] in IAC-Foscarin 31, as related to Mn rates of

2.0 and 200.0 pmol L. Scale bar: 2 mm.

the increased size of the chloroplasts. Apparently there
was no reduction in the number of chloroplasts in the
three cultivars, unlike reported by Santandrea et al.
(1998a), who observed a smaller number of these
organelles in the mesophyll cells of Nicotiana tabacum
(L.) maintained in solutions with 2,000 and
5,000 umol L1 Mn, doses higher than those tested in
this study.

These results raise the following question: Can the
smaller vacuole extension in IAC-Foscarin 31 have
an influence on the accumulation of excess Mn, or do
the cells of the palisade parenchyma (greater number
of chloroplasts) have the capacity to “store” excess Mn?
In a study of four forest species that are Mn
hyperaccumulators — Gossia bidwillii, Virotia
neurophylla, Macadamia integrifolia and Macadamia

R. Bras. Ci. Solo, 33:395-403, 2009

tetraphylla—Fernando et al. (2006a,b) suggested that
the accumulation of excess Mn in the leaves occurs
by storage of the nutrient in the mesophyll cells of
the palisade parenchyma (photosynthetically active
tissue), as a behavior pattern in these accumulator
plants, in contrast to Cu and Ni, which are
accumulated in the epidermis tissues (trichomas) and
the vacuole (Arru et al., 2004; Broadhurst et al., 2004),
and unlike Zn and Cd, which are accumulated in the
vacuoles of the spongy mesophyll cells and apoplast
(Kiipper et al., 1999; Di Toppi et al., 2005). The
accumulation of Mn in the form of oxalate crystals is
debatable (Gonzalez & Lynch, 1999).

According to Malavolta et al. (1997), the external
manifestation of abnormality caused by toxicity to any
element, essential or not, is the result of a chain of



CHANGES IN ANATOMY AND ROOT CELL ULTRASTRUCTURE OF SOYBEAN GENOTYPES... 401

Figure 3. Leafblade cross-sections of three soybean cultivars: Santa Rosa (I); IAC-15 (I) and IAC-Foscarin
31 (III), as related to Mn rates of 0.5 pmol L (A), 2.0 pmol L (B) and 200.0 pmol L (C), in the nutrient
solution. Anatomical features of the leaf tissues: mesophyll cell of the palisade parenchyma (two cell
layers in the upper leaf surface — as related to Mn rates of 2.0 and 200.0 umol L!) and spongy parenchyma

(a single layer of spongy cells in the abaxial face).

occurrences that starts with an alteration at the
molecular level, continues with sub-cellular
modification, which in turn leads to a cellular change
that finally causes disorganization of the tissue — the
symptom. The deficiency of any nutrient can also
trigger this series of events, leading to the visual
symptom.

According to the anatomical changes and timing
of appearance of the symptoms of Mn deficiency and
toxicity observed here, we can assume that there are
various mechanisms that act together to maintain
the biochemical processes and structural plant
apparatuses, resulting in different degrees of tissue
organization. We also suggest that Mn detoxification
of cells by activation of the antioxidant defense system
(enzymatic or not), binding of Mn to complexing agents
in the root system (phytochelatins, metallothioneins
and nicotianamine) and subsequent deposition of Mn
in the apoplast, reduction of the long-distance

transport of the metal-ligand complex, and finally,
storage within the vacuoles (Yan et al., 2000; Bidwell
et al., 2002; Ducic & Polle, 2005), may all be more
effective in the tolerant genotype, IAC-Foscarin 31.

CONCLUSIONS

1. The changes in root anatomical structures
caused by Mn deficiency and excess, mainly in the
metaxylem elements, differed among the three
cultivars.

2. The number of chloroplasts in the mesophyll
cells declined under Mn deficiency.

3. Anatomical and ultrastructural changes were
more evident in cultivar IAC-15, particularly under
excess Mn, which may indicate a lower adaptive
capacity to nutritional stress.

R. Bras. Ci. Solo, 33:395-403, 2009
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