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ABSTRACT: In Brazil, Zn deficiency is common in soils used for maize cultivation. However, the changes in
the mineral composition in plants with Zn deficiency have been little studied. Thus, this study aimed to evaluate the
relationship between Zn deficiency and the mineral composition in the parts of maize plants grown under contrasting soils.
Maize was grown in greenhouse conditions with increasing of Zn rate (0, 0.125, 0.25, 0.5 and 1.0 mg kg") in two soils
(Ferralsol and Cambisol). After 60 days of emergence, the plant were separated into roots, stalk nodes, stalk internodes,
leaves and leaf sheath, and subsequently determined the dry matter and mineral composition (P, Ca, Mg, K, Zn, Fe, Mn,
Cu and Al). Besides the symptoms commonly described for Zn deficiency, darkening of the stalk nodes was found (related
to the preferential accumulation of Fe), and also occurred maize P deficiency in the Ferralsol. The Zn deficiency favored
increasing concentrations of Fe, Mn and Al in all parts of maize plants in Cambisol, whereas in Ferralsol this did not
happen for any of the elements analyzed. Relations between the elements and Zn were more correlated with maize dry
matter production than Zn concentrations in leaves, leaf sheaths and stalk nodes. In conclusion, the accumulation of

minerals in maize was favored by Zn deficiency, especially for maize in Cambisol.
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INTRODUCTION

An estimated half of agricultural soils used
in the world are Zn deficient, having an average
value of only 50 mg kg as a total concentration
(ALLOWAY, 2008). For highly weathered soil in
Brazil, the Zn deficiency has been shown to be
critical since the majority of soil parent materials
were poor in Zn and the weathering process
depleted its reservoir even more (MARQUES et al.,
2004). Additionally, when these weathering acid
soils were incorporated to crop production, the soil
pH was adjusted by liming, there decrease in Zn
availability in soil (KABATA-PENDIAS, 2011).

Maize is known as a crop sensitive to lack
of Zn, whereas availability in the soil is related to
the productive potential of maize (ALLOWAY,
2008; PUGA et al., 2013). It is the second most
produced crop in Brazil, and the country is the
world's third largest producer (USDA, 2016).
Despite this ranking, the average yield continues to
be low with great potential for its improvement.
This can be seen in many regions of Brazil where
there is high technological level used in maize
farming and favorable environment conditions,
allowing yields 2 or 3 fold higher than the Brazilian
national average.

To evaluate the Zn nutritional diagnosis,
foliar analysis has been used by considering one
absolute value, such as the critical level, or range of
sufficiency. In some cases, however, the foliar Zn
analysis has failed to explain the low yield despite
its concentration being above the critical
concentration or within the sufficiency range
(HIATT; MASSEY, 1958; NAMBIAR;
MOTIRAMANI, 1981). To improve the results of
leaf analysis the nutritional status has considered the
Zn balance with other nutrients. The Zn versus Fe
balance has been studied as the foliar Fe/Zn ratio
and showed to be more efficient than the absolute
value of the Zn concentration (ZARE et al., 2009).
However, lack of Zn expressed a higher number of
genes than Fe, Mn and Cu and involved the higher
number of proteins related to the absorption and
efflux of Cu, Fe, Mn and Ni (WHITE, 2012).

In general, Zn deficiency in maize appears
as a yellow striping of the leaves, under severe
deficiency the plants a reddish or yellowish streak
about one-third of the way from the leaf margin.
Moreover, although little known, it has been
reported that the stalk nodes of Zn-deficient maize
present a dark color (VITOSH et al., 1994), which
can be useful for enriching the information via
visual symptoms. Similar symptoms in the stalk
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were associated with high concentrations of Fe in
soils with high availability of this element (SAYRE,
1930). Thus, considering the effects of Zn on the
accumulation of Fe and other metals (NAMBIAR
and MOTIRAMANI, 1981; CHILIAN et al., 2015),
it is possible that: the darkness of the stalk nodes in
Zn deficiency is related to the accumulation of Fe
and other metals; the amount of Fe in the soil can be
decisive for results.

However, even with 12 different soils, the
relationship between the plant growth and Zn
concentrations or Fe/Zn ratio is not clear (ZARE et
al., 2009). Even Nambiar and Motiramani (1981)
observed relationship between production and the
Fe/Zn ratio only within each soil studied
individually. This indicates that soil possibly has a
strong influence on the dynamics of Zn uptake by
the plant and, consequently, the critical levels of Zn
and Fe/Zn ratio.

Thus, the present study aimed to evaluate
the relationship between Zn deficiency and the
mineral composition in parts of maize plants grown
under contrasting soils.
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MATERIAL AND METHODS

The experiment was conducted in a plastic
greenhouse (without light control and partial
temperature control) in Curitiba, Paranid State,
Brazil. Due to lack of light control, it is important to
inform that the experiment was conducted in a
period (between November and December 2013) in
which the cultivation of maize is recommended in
the region. The temperature control of the
greenhouse had air extractors and an air
humidifying system and automatically activates
when the temperature reached 28°C, remaining in
operation until the temperature drops below 28°C.

Acid soil material from a Ferrasol and a
Cambisol (FAO, 2006) were collected (0-20 cm
layer) in pine plantations, with no record of fertilizer
or lime application. Granulometric analysis
(densimeter method) showed the following results:
sand, 70 and 90%; silt, 5 and 2.5%; clay, 25 and
7.5%, respectively, Ferralsol and Cambisol.
Chemical analysis of soil samples (Table 1) showed
that the soils were deficient in Zn and, in general,
presenting low fertility.

Table 1. Chemical properties of soils (S) before of liming and fertilization, from Jaguariaiva — Parana state -

Brazil.

S' pH® Ca® Mg* K' Al H+AI"

CEC BS m P Fe Zn Cu Mn OoC

1 34 03 0.1 005 15 54
2 39 02 01 002 1.0 5.0

-3
cmol, dm™ --------emmeeme

532 64 757 21 84

% % - mg dm” -------—- g dm”
77 769 26 166 04 0.3 0.1 11.6
04 03 18 114

"'Soil 1 and 2 are, respectively, Ferralsol and Cambisol. > pH (CaCl, 0.01 mol L); Ca>*, Mg**, AI’* (extracted with KCI 1mol L"); H +
AP* (calcium acetate 0.5 mol L! extraction); organic carbon (OC) (volumetric method by potassium dichromate); K*, P, Mn, Fe, Cu
and Zn (Mehlich-1 extraction); Base saturation (BS); AI** saturation (m).

The collected soil materials were sieved by
passing through a polypropylene mesh with 4 mm
aperture before drying. Subsequently, the sieved
material received lime in order to reach 70% base
saturation. A mix (1:1) of pure CaCO; and MgCO;
was applied and kept incubated for two weeks. The
limed soil materials were kept covered to maintain
the moisture. Note that the pH increase with liming
reduces the availability of Zn and Mn, Fe, Cu, Ni
and B. Thus, liming likely accentuated the lack of
Zn in Ferralsol and Cambisol.

After the incubation period, 6 kg of dried
soil materials was weight and put in vases for a total
of 40 vases. Analytic reagents were used to prepare
a solution and this was applied on the soil surface in
each vase in the following amount and source: 200
mg kg of N, P,Os and K,0; 0.5 mg kg'' B, 1 mg
kg" of Cu and 0.2 mg kg'' Mo in the form of urea,
monocalcium phosphate, potassium chloride, boric

acid, sodium molybdate and copper -chloride,
respectively.

After the nutrient application, the treatments
were performed by adding 0; 0.125; 0.25; 0.5 and
1.0 mg kg of Zn as analytic ZnCl,. The lower Zn
levels (up to 0.5 mg kg') were chosen to obtain
different stages of deficiency (moderate to severe).
However, the highest level was chosen to provide
the plants with conditions without severe deficiency.

Each experimental unit consisted of a glazed
vase filled with soil. The soil material was mixed
after each procedure (sieving, liming, incubation,
nutrients application and Zn application) in order to
maintain homogeneity. The moisture was also
determined after sieving, incubation, and nutrients
application in order to calculated dry weight base
equivalent application.

Five seeds of Agroceres F1 Hybrid RR
maize were sown and 10 days after emergence
thinning was conducted, maintaining only two
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seedlings per vase. Irrigation of the vases was
performed daily as needed, using deionized water.
At the end of the experiment, 60 days after seedling
emergence plant height was determined. The shoot
was cut at 1 cm from the soil surface and brought to
the lab where the shoots were separated into stalks
and leaves. The stalk was laid on a wooded table
and longitudinal cut was performed in the middle in
order to have an internal view of the stalk nodes and
internodes. Photographs were taken (Fujifilm A220
camera) of the plant with the inside of the stalk
exposed. The stalk was cut again into nodes,
internodes and sheath leaves.

The soil with roots was pulled out of the
vase and was put on a 4 mm sieve and gently
handles to release the soil. After most of the soil
was lost a spray of pressurized water was applied. In
the laboratory, roots were cleaned again under
running water to remove the small soil particles
from inside the root mass. Finally, the root was
immersed in NaOH 1.25 mol L™ for 15 minutes and
again under deionized water. The root and shoot
fractions then were dried at 60 °C for 48 hours to
obtain the dry matter production which was ground
in Willey mill and passed through a 1 mm sieve.

The chemical analysis of the maize fractions
(roots, stalk nodes, stalk internodes, leaves and leaf
sheaths) was performed by dry digestion; a sub-
sample of 1g was calcined in a porcelain crucible in
muffle furnace at 500°C for 3 hours. After cooling
of the crucibles, the ash was digested with 3 mol L™
HCI and the crucibles remained in the muffle at
500°C for 3 more hours. Afterwards, 10-ml of 3 mol
L' HCI was then added and the crucibles remained
for 10 minutes on a hot plate at 70 °C. The digestion
solutions were filtered in filter paper and the
extracts collected in 100-ml volumetric flasks. To
gauge the volumetric flasks, deionized water was
used. The following were determined in the
obtained extracts: K with flame emission
spectrometer (Digimed, MD-62); P with UV-VIS
spectrometer (Bel Photonics, SP2000), colorimetry
via ammonium molybdate-vanadate; Ca, Mg, Fe,
Mn, Zn, Cu, and Al with atomic absorption
spectrometer (Varian, AA240FS). The difference
(%) of Fe, Mn, Cu, Zn, P, K, Ca and Mg in the stalk
nodes compared to stalks internodes was obtained
based on element concentration and content.

The experimental was arranged in a
completely randomized design with 2 x 5 factorial
(2 soils and 5 Zn rates), with four replications, and
each experimental unit consisted of a vase with two
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plants. However, for the results of stalk internodes a
factorial 2 x 4 was used, because the plant growth
was so reduced under the absence of Zn that it was
not possible to obtain enough mass to run analysis
for this treatment. For data analysis we performed
variance (ANOVA). Where the ANOVA result was
significant, the data were analyzed by regression for
Zn rates and by Least Significant Difference (LSD)
test to compare the soils. Pearson correlations
between some data were also obtained. For all tests,
the minimum level of 5% significance level was
adopted.

RESULTS AND DISCUSSION

Symptoms  of nutritional  deficiency
associated with Zn were observed in maize plants
for both soils. In the control, with the absence of Zn,
the seedling had reduced growth and necrosis of all
leaves in Cambisol, while in Ferralsol it was
observed interveinal chlorosis in new leaves and
necrotic spots on the intermediate leaves. These
results indicate that the Cambisol Zn deficiency was
more severe, leading to leaf necrosis (BROADLEY
et al.,, 2012). A larger plant was observed when
0.125 and 0.250 mg kg were used, compared to the
control. The symptoms were characterized by
interveinal chlorosis on young leaves with
subsequent general chlorosis of these leaves, stiff
leaves and internode growth reduction. Although
still being deficient, the two lower Zn rates
improved maize nutrition, including Cambisol
where plants showed no necrosis in the leaves.

At the 0.5 mg kg Zn rate only interveinal
chlorosis in new leaves was observed in the
Cambisol, whereas in Ferralsol these symptoms
were also observed at the dose of 1.0 mg kg'. In
addition, in Ferralsol, regardless of the amount of
Zn added, a purple color on the old leaves was
observed. Therefore, in Ferralsol there is
simultaneous Zn and P deficiency, which must be
kept in mind to understand the possible changes in
elemental composition. When the stalk was split in
the middle by a longitudinal cut, the node internal
areas were dark under Zn deficiency (Figure 1), for
both soils, but in Ferralsol plants present this
symptom at all Zn rates. Therefore, when Zn
deficiency symptoms were detected on leaves, there
also occurred darkening of the stalk nodes,
indicating that the nodes can be used as additional
tools for visual diagnosis, corroborating with Vitosh
(1994).
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Figure 1. Cut stalk of maize grown with increasing Zn rates. For Cambisol: A = without Zn addition; B =
addition of 0.125 mg kg Zn; C = increasing Zn rate addition. For Ferralsol: D = without Zn
addition; E and F = addition of 0.125 mg kg Zn; G = addition of 0.25 mg kg Zn; H = addition of
0.5 mg kg'1 Zn; I = addition of 1.0 mg kg'1 Zn. Bars of 1 cm (A, B, D and E) and 10 cm (C, F, G, H

and I).

The dry matter results confirmed the
condition of high Zn deficiency for both soils
(Figure 2). But, higher growth and Zn response were
obtained for Cambisol compared to Ferrasol, which
differs in the two higher Zn rates for roots, leaves,
sheath leaves and total dry matter, and the three
higher Zn rates for nodes and internodes of the
stalks. Our results confirm an earlier observation
that Zn promotes plant growth by enhancing
hormonal and protein syntheses since it is required
to form tryptophan amino acid that is a precursor of
indole acetic acid (BROADLEY et al., 2012).
Positive responses to Zn application have been
obtained in several studies, which report superiority
in the production of dry matter in maize (KANAI et
al., 2009; ZARE et al., 2009) and wheat (ALAM;
SHEREEN, 2002; ZHAO et al., 2011).

The difference in response between the soils
to the Zn application may be associated to variation
in P availability, which changed the P
concentrations in maize leaves (Table 2). This
difference is due to the higher clay content in
Ferralsol (25%) compared to Cambisol (7.5%).
Furthermore, due to its more advanced weathering
degree, the Ferralsol probably contains more oxides
in the clay fraction. Therefore, considering the
ability of these minerals to adsorb the P (GERARD,
2016); there was a likely lower P availability in
Ferralsol due to higher adsorption of this element in
the soil mineral fraction. Thus, although phosphate
fertilization was conducted, it is likely that P
fixation made less P available to the plants in
Ferralsol.
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Dry matter of roots (A), stalk nodes (B), stalk internodes (C), leaves (D), sheath leaves (E) and total

(F) of maize grown in Ferrasol and Cambisol with increasing Zn rates. ** = Significant at 1% for Zn
rates; * = difference (significant at 5% by LSD test) between soils.

Table 2. Concentration of K, Ca, Mg and P (g kg™') in leaves of maize grown in two soils with application of

7Zn rates
Zn rates (mg kg™’
Soil'  Soil> Soil x Zn (mg ke") Equation R?
0.0 0125 025 05 1.0
K 1 20.2* 238 25.0 224% 18.8% y=22.1 ns
2 ns * 268 263 245 134 11.1 y=27.6-18.1x 0.82%*
c 1 y 11.5 6.8 7.1 5.5 43  y=104-164x + 10.4x> 0.84%*
a ns
2 10.6 5.8 4.9 34 29  y=9.7-21.6x+ 15.2x> 0.90%**
1 7.7% 54 54 49 44 y=7.1-78x+52x 0.89%*
Mg ns * 5
2 10.4 5.3 5.3 4.1 35 y=92-182x+12.8x 0.81**
p 1 . 4.0 5.5 32 1.6 09 y=45-42x 0.74%*
ns
2 7.5 9.2 8.8 2.1 1.5 y=88-82x 0.72%*

TFerralsol = 1, Cambisol = 2; 2 not significant (ns) or significant at 5% (LSD test) for soil and interaction soil versus Zn rates, and **

significant at 1% for Zn rates.

In general, a reduction of element
concentrations in leaves, leaf sheaths, internodes
and stalk nodes of the maize stem in response to the
Zn addition. However, the stabilization thereof, by
the application of 1 mg kg' Zn, or a stable Zn
supply condition, is clear (Figure 3; Table 3). The
roots showed variable results among the analyzed
elements and soils. Moreover, the variations
between soils occurred mainly Fe and Mn.

The influence of Zn on nutrients and Al,
especially when it was deficient (Figure 3; Table 3),
could be related to complex interactions between
plant physiology and soil environment. Many

changes in plant metabolism, root exudation and
rhizosphere could be expected. The reduction of the
concentrations of elements in maize (mainly leaves,
leaf sheaths and stalk nodes) in response to the
addition of Zn is related to: (i) the possibility that
more  phytosiderophores  exudation in  the
rhizosphere of maize occurred under a Zn
deficiency condition, as highlighted by Romheld
(1991) for grasses, favoring the complexation and
absorption of less available forms of soil Zn.
However, phytosiderophores can increase the
acquisition of other micronutrients such as Mn and
Cu, and especially Fe.
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Figure 3. Concentrations of Zn (A, F), Fe (B, G), Mn (C, H), Cu (D, I) and Al (E, J) in the roots, stalk nodes,
stalk internodes, leaves and leaf sheaths of maize grown in Ferrasol (A-E) and Cambisol (F-J) with

increasing Zn rates.
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Table 3. Effect of soil, Zn rates (with equation and determination coefficient - R?) and interaction soil versus

Zn rates in concentration of elements (Zn, Fe,

Mn, Cu and Al) for maize grown in Ferralsol and

Cambisol
Maize Soil
fraction Soil xZn Ferralsol Cambisol

Equation R’ Equation R?

. R ns  ns y =35.6+23.0x 2 0.95%* y =387 ns
SN ns * y =68.7 - 152.9x + 108.7x 0.98* y=27.5+105.1%% 0.86*
SI ns  ns y=289.5-67.2x 0.97* y=744-168x + 111x* 0.96*

L ns ns y=23.7 ns y =26.6 ns

SL ns ns y=248 ns y=28.6 ns
Ee R *  ns y =1696 ns y = 1501 - 803.8x 0.90%%*
SN * ns y = 1024 - 959.1x 0.79%* y=751.3-732.1x 0.67%%*
SI * ns y =807 -858x 0.72%% v =543 -1628x + 1109x*>  0.93%*
L * * y =593.8 - 556.1x 0.91+%* y =931.5 - 934.6x 0.807%
SL ns  ns y=316.5-265.1x 0.837%* y = 366.4 - 308.8x 0.71%*
Mn R *  ns y=159 ns y=19.1-38.6x+29.6x>  0.97%*
SN * ns y=25.8-21.6x 0.84* y=18.4-17.4x 0.827%%*
SI * ns y=33 ns y =50.2 - 149x + 105x> 0.87%
L ns  ns y=94.7-T77.1x 0.89%* vy =133.4-313.2x + 194.8x>  0.98**
SL * * y=1638 ns y=34.6-79.6x +59.6x>  0.89%*

c R ns s y=18.4+ 11.4x 2 0.98% y=19.2 ns
SN ns * y =35.1-69.4x +43.2x 0.96** y=13.1 4759705 0.94%*
SI ns  ns y=518 ns y=43.1-112x + 78x 0.98%*
L ns ns y=33.8-67.8x +443x>  0.97** y =39.9 163 0.74%
SL ns  ns y=20.9-384x+27.2x  0.98%  y=232_48.1x + 30.8x> 0.91%
Al R ns  ns y =297 ns y=347.0 - 161.4x 0.79%
SN ns * y=168.8-349.1x + 221.1x>  0.99% y=32.7+426.9 "™ 0.99%*
SI ns  ns y=352-278x 0.927%%* y = 163 - 434x + 300x’ 0.95%*
L ns s y=19.2+37.8 1% 0.96* y = 15.4 +42.5 11467 0.97%
SL s s y=264 ns y=26.6+62.6 2™ 0.99%

R, root; SN, stalk nodes; SI, stalk internodes; L, leaves; SL, sheath leaves; ns = not significant; * = Significant at 5%; ** = Significant

at 1%.

In addition, the reverse may also occur, for
example, the lack of Fe increases Zn levels in
maize, as evidenced by Kanai et al. (2009). (ii) the
maize also boots the release of other chemicals in
the rhizosphere, such as organic acids, enzymes,
amino acids, gaseous molecules and H" and OH;
that vary with nutritional status and may increase or
reduce the acquisition of certain elements (BADRI;
VIVANCO, 2009). (iii) the changes in C deposition
via maize roots modify the microbial community in
the rhizosphere and thus may indirectly be favored
microorganisms that present an element solubilizing

capacity (MARSCHNER, 2012). (iv) the occurrence
of competition between ionic forms during uptake,
interference with chelation process during uptake
and translocation and the competitive inhibition
during unloading in the xylem may also affect Zn
interaction with other elements (WHITE, 2012;
CHILIAN et al., 2015).

In soil with higher Fe concentrations
(Ferralsol) high concentrations of Fe were registered
in the first fractions (roots, internode and stem node)
of maize plants. However, the leaf Fe concentrations
were lower in Ferralsol (Figure 3; Table 3). Thus,
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the soil was important to explain the variations of Fe
in the roots, internodes and stalk nodes. However,
variations in Fe in leaves indicate that the
mechanisms related to Fe transport (BROADLEY et
al., 2012) were more important than their
availability in soil. Furthermore, high Fe
concentrations in the first fractions of maize may
have been favored by P deficiency in Ferralsol,
considering that the P deficiency favors the
exudation of low molecular weight organic acids
(BADRI; VIVANCO, 2009). Compared to Ferralsol
(Figure 3; Table 3), plants grown in Cambisol had
lower Mn concentrations in stalk nodes, while
concentrations in root, stem internodes and leaf
sheath were higher. For Cambisol, higher Mn
concentrations in most plant fractions indicates that
they may be due to higher initial concentrations of
Mn in this soil (Table 1), similar to what was
observed for Fe. Furthermore, Cambisols present
higher concentration of amorphous fractions or low

500

A
400 A

S
125

300 4 0.125 mg Zn kgl

0.25 mg Zn kg™
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crystallinity, with higher possibility of being
solubilized by organic acids released by the roots.
However, the more general difference between Mn
and Fe was the distribution of elements in the
tissues because the Mn showed higher
concentrations in the leaves and stalk internodes,
whereas the Fe showed higher concentrations in root
and stalk nodes.

The Fe showed a natural trend to
accumulate in the roots. However, in the aerial part,
the Fe showed a natural trend to accumulate in the
stalk nodes, since it was the only element for which
the concentration in the nodes was always higher
than in internodes, regardless of the soil and the Zn
rates (Figure 3; Table 3). This was confirmed via the
concentration of Fe in stalk nodes being 40% to
470% (based on concentration) and 175% to 700%
(based on content) higher than in the internodes
(Figure 4).

500

400

300 A

200 -

100 A

800

600 -

'S
=3
S

200 A

Fe Zn Mn Cu Al P K Ca Mg

Figure 4. Difference (%) of Fe, Mn, Cu, Zn, P, K, Ca and Mg in the stalk nodes in comparison to stalk
internodes of maize grown in Ferralsol (A and B) and Cambisol (C and D) with increasing Zn rates.
Based on concentration (A and C) and content (B and D). * All Zn rates present significant
difference (LSD test; p<0.05). # Only three Zn rates.

Corroborating with the results of this study,
Brown and Holmes (1955) using radioactive Fe,
observed its preferential accumulation in maize stalk
nodes compared to internodes, and in Cu deficient
plants this buildup was intensified. The most
probable explanation for this fact was presented by
Shane et al. (2000) who indicated that for maize,
vascular bundles were in axial internodes, while

stalk nodes were in axial and transversal. This made
the node areas highly congested with vascular
bundles and approximately 97% of the axial vessels
being interrupted by end walls in the area. In
addition, these end walls have a low porosity (<20
nm) on the basis of nodes and between axial and
transverse vessels within the nodes, acting as a
filter. In the stalk of maize plants grown in soil with
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high concentrations of available Fe, Sayre (1930)
observed accumulation of this element in the form
of dark-colored crystals, especially in the nearby
cells of the vascular bundles. McClean et al. (2001)
reported Fe accumulation in leaves and stems of
grass (Festuca spp.) as crystals of magnetite
[Fes04], €-Fe,Os, hematite [a-Fe,O3;] and calcium
ferrate hexahydrate [3CaO.Fe,05;.H,0]. Similarly,
Rodriguez et al. (2005) found Fe-crystals inside
Imperata cylindrica (L.) Rauschel (grass) cultivated
in soil with high Fe availability, corresponding to
50% of jarosite [KFe;(SO4)(OH)¢]. Thus, it is
possible that the higher Fe, resulting from Zn
deficiency (Figure 2), may also provide conditions
for the Fe precipitation and the consequent
darkening of nodes. In the case of Ferralsol, it found
that the darkening of the stalk nodes occurred even
with the addition of Zn (although to a lesser degree),
which should have been favored by the deficiency
of P and higher Fe levels in stalk nodes for this soil.
Contrary to that expected and observed for
plant growth, the leaf Zn concentration did not
change as result of its addition (Figure 3A, F; Table
3). A difficulty to associate Zn leave concentration
and maize yield was observed by Ritchey et al.
(1986) who applied 3 kg ha™ of Zn and observed a
twofold yield increase with no significant change in
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Zn, three years in row. The same problem has been
observed by Hiatt and Massey (1958) under
controlled conditions, who found severe, middle and
no deficiency symptoms for maize leaves with 18, 9
and 16 mg kg'1 Zn, without, low and normal Zn
supply via nutritive solution. Zare et al. (2009)
observed that variations in Zn concentrations in
maize leaves, with and without deficiency, were
dependent on the soil type, allowing high or low
levels in deficient plants.

Correlations between the Zn and matter
production (Table 4) failed (leaves) or showed
negative values, as in stalk nodes (r = - 0.51),
confirming the results presented above (Table 3).
Thus, accumulation of Zn with in stalk nodes can
indicate Zn deficiency. However, the balance
between the Zn and other elements, represented by
element/Zn ratios (P/Zn, K/Zn, Ca/Zn, Mg/Zn,
Cu/Zn, Mn/Zn, Fe/Zn and Al/Zn) showed better
than Zn alone in leaves, sheath leaves or stalk
nodes. However, it is worth noting that the best
results using element/Zn ratio occurred when the
leaves were used as diagnostic tissue. These results
corroborated with the proposal of Nambiar and
Motiramani (1981) and Zare et al. (2009), who
indicated the ratios as an alternative when Zn
concentration in leaves fails to explain plant growth.

Table 4. Pearson correlation for dry matter (DM) versus Zn concentrations or element/Zn ratio in leaves or
stalk nodes of maize grown in Ferrasol and Cambisol with increasing Zn rates

Zn P/Zn K/Zn Ca/Zn

Mg/Zn  Cu/Zn  Mn/Zn  FelZn Al/Zn

All data (Ferralsol + Cambisol)

Leaves 033 002 014  -031
Sheath leaves 0.16 024 ge2x 031
Stalk nodes 0.51% 007 -0.14 0.27
Leaves 029 o957+ 006  -0.52%
Sheath leaves 0.29 022  -0.50%  -0.40
Stalk nodes 0.53* .17 0.56% 0.40
Leaves 046 928 003  -0.11
Sheath leaves 0.54% 046 058 0.8
Stalk nodes -0.65* 0,06 -0.29 0.19

-0.09 -0.48 -0.76%  -0.53* -0.33

0.01 -0.62* -0.07 -0.53* 0.03

0.70* -0.25 -0.36 -0.42 0.17
Ferralsol

-0.38 -0.62*  -0.73*  -0.64*  -0.59%

-0.45 -0.75% 0.09 -0.73* 0.31

0.76* -0.30 -0.42 -0.45 0.09
Cambisol

0.01 -0.46 -0.88*%  -0.72* 0.33

0.36 -0.85%* -0.15 -0.60* -0.06

0.64* -0.35 -0.40 -0.37 0.00

* = significant at 1%.

For leaves, the Mn/Zn (r = - 0.76) and Fe/Zn
(r = - 0.53) ratios showed to be the best correlations
to explain maize growth (Table 4). Since Zn

application presented a large decrease in Fe in the

plant tissue under Zn lack (RITCHEY et al., 1986;
CHILIAN et al., 2015), the Fe/Zn ratio in maize
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leaves has been proposed as a diagnostic tool
(NAMBIAR and MOTIRAMANI, 1981). The same
authors and Zare et al. (2009) suggested that ratio
values between 2 and 6 for Fe/Zn were the most
suitable for maize cultivation. However, the highest
correlation was obtained by Mn/Zn ratio in the
leaves (Table 4) since its concentration gradually
decreased due to Zn application. In a practical way,
the plants showed good growth with a Mn/Zn ratio
close to 0.95, while plants with low growth had a
ratio close to 3.5. In addition, other fractions
showed interesting results, such as the leaf sheaths
(r = - 0.62) and stalk nodes (r = 0.70), with
significant correlations for K/Zn and Cu/Zn, and
Mg/Zn, respectively. In time, the soil also differed
(Table 4), but only in Ferralsol was there significant
correlation for P/Zn, Ca/Zn, Cu/Zn, Al/Zn (besides
Fe/Zn and Mn/Zn), indicating that the changes
caused in the ionome of maize leaves due to
simultaneous deficiency of Zn and P in this soil
favored more elements being correlated with the
accumulation of dry matter.
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CONCLUSIONS

In Zn-deficient plants we found reduced
seedling growth, leaf necrosis (only Cambisol),
interveinal chlorosis in new leaves, necrotic spots on
the intermediate leaves, internode shortening and
darkening of maize stalk nodes. P deficiency was
also found in Ferralsol.

The Zn deficiency increased Fe, Mn and Al
concentrations in all maize plant parts in Cambisol,
while in Ferralsol this did not happened for any of
the elements analyzed. In both soils the darkening of
maize stalk nodes was related to the preferential
accumulation of Fe.

Regarding nutritional diagnosis, the Zn
concentrations in the stalk nodes correlate better
with dry matter accumulation than in leaves or leaf
sheaths. However, using the element/Zn ratios, there
is an increase of the correlations using leaves, stalk
nodes, and leaf sheaths.

RESUMO: No Brasil, a deficiéncia de Zn é comum em solos utilizados para o cultivo do milho. Contudo, as

mudancas na composi¢do mineral das plantas resultantes da deficiéncia de Zn t€m sido pouco estudadas. Assim, esse
estudo objetiva avaliar a relacdo entre a deficiéncia de Zn e a composi¢do mineral nas partes de plantas de milho cultivadas
em solos contrastantes. O milho foi cultivado em casa de vegetacdo com doses crescentes de Zn (0; 0,125; 0,25; 0,5 ¢ 1,0
mg kg') em dois solos (Latossolo e Cambissolo). Apés 60 dias da emergéncia, as plantas foram fracionadas em raizes, ns
do colmo, entrendés do colmo, folhas e bainha das folhas, sendo, posteriormente, determinadas a matéria seca e a
composi¢do mineral (P, Ca, Mg, K, Zn, Fe, Mn, Cu e Al). Além dos sintomas comumente descritos para deficiéncia de Zn,
constatou-se escurecimento dos nds do colmo (relacionado ao acimulo preferencial de Fe), sendo que no Latossolo
também ocorreu deficiéncia de P. A deficiéncia de Zn favoreceu o aumento das concentracdes de Fe, Mn e Al em todas as
partes das plantas de milho no Cambissolo, enquanto que no Latossolo isso ndo ocorreu para nenhum dos elementos
analisados. As relagdes entre os elementos € o Zn foram mais correlacionadas com a producdo de matéria seca do milho
que as concentra¢des de Zn em folhas, bainhas das folhas e n6s do colmo. Pode-se inferir que a acumulag@o de minerais no
milho foi favorecida pela deficiéncia de Zn, principalmente no Cambissolo.

PALAVRAS-CHAVE: Zea mays L. Acumulagio de Fe. Toxidez por metais. Disponibilidade de P. N6s do
colmo.
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