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ABSTRACT

Evaluation of the nutritional status of zinc and other micronutrients in maize at the critical
growth stages is an important diagnostic and prognostic factor that plays a substantial role in
shaping its final yield. A hypothesis was verified that the application of different phosphorus
and potassium fertilization doses affected the nutritional status of zinc in maize at the critical
growth stages: leaf development (BBCH 17) and flowering (BBCH 65), as well as the zinc accu-
mulation at the stage of ripening (BBCH 89, fully ripe). A single factor field study was conduc-
ted for 5 consecutive plant growing seasons (2007-2011). The results showed that mineral ferti-
lization significantly increased zinc concentration in maize leaves at BBCH 17 and BBCH 65
growth stages. Regardless of the effects of the experimental factor, the Zn leaf content in maize
at both critical growth stages was much below the standard value. Although the zinc concentra-
tion observed at the leaf development stage was low, no significant relationship was found be-
tween the zinc nutritional status in maize at that time and the subsequent grain yield. Stronger
relationships between the zinc nutritional status in maize and grain yield were observed at the
flowering stage. The total accumulation of zinc in maize was significantly differentiated by the
experimental factor. The chemical form of phosphorus applied had no significant effect on Zn
content in maize at the critical growth stages as well as on the accumulation of this nutrient in
fully ripe plants. The ZnHI value obtained in the control treatment was 51.7%, whereas the
values achieved in fertilizer treatments were higher and ranged from 52.9% (W100 PAPR — with
partially acidulated phosphate rock) to 57.3% (W25 — 25% of K and P recommended rate). Cor-
relation analysis on maize yield and zinc accumulation showed that yield volumes were deter-
mined most strongly by zinc accumulation in maize vegetative organs (especially husk leaves).
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INTRODUCTION

Zinc is an essential micronutrient in human and animal diets. Raising
the zinc concentration in crop plants has recently become one of the most
important goals in view of the high consumption of zinc deficient cereal pro-
ducts (CarMax et al. 1996, 2010). Deficiency of zinc has been observed in pa-
tients, especially in children, affected by several illnesses (StaiN 2009,
CakmMak 2008). According to the World Health Organization (WHO 2002),
more than 2 billion people, mainly in Africa and Asia, suffer from zinc shor-
tages in their everyday diet. Latest studies (ZHANG et al. 2013, HossaIN et al.
2008) have shown that the Zn content in maize grain can be enhanced either
by soil application of Zn or by seed priming with this element. In most cases,
the cause of zinc deficiency in plants is not the soil insufficiency but poor
availability of this element (Karavcr et al. 1999). Zinc availability depends on
many factors, such as soil reaction, density and moisture as well as organic
matter content (CHANG et al. 2007, SADEGHZADEH 2013). The zinc content in
plants is differentiated and depends on plant species, variety and physiologi-
cal characteristics (CakMAK et al. 1998, OURY et al. 2006). The accumulation
of zinc in sensitive plants, such as maize, stimulates the uptake of nitrogen
and its physiological activity (Porarzvcki, GrzeBIsz 2009). On the other hand,
plant nitrogen management is strongly associated with the carbohydrate
management. Relationships among processes in plants induce such responses
as an enhanced uptake of water and mineral nutrients, including zinc.
WRroKNskA et al. (2007) showed that good nutrition of maize with zinc could
increase nitrogen fertilization efficiency and consequently lower fertilization
costs and nitrogen losses. In the last decades, Zn deficit in the soil-crop sys-
tem has spread due to high yielding of selected maize varieties, increased
purity of chemical fertilizers and progressively more intensive cropping sys-
tems (FAcERIA et al. 2002).

Among numerous factors affecting the zinc activity in plants, phosphorus
plays a specific role (Mousavi 2011). The action of this nutrient has to be
considered from two viewpoints, i.e. its influence on the soil and on the
plant. Generally, with an increased phosphorus content in the soil or enlar-
ged supply of P in fertilizers, the plants’ uptake of zinc decreases more or
less drastically, and often beyond a level which can be attributed to dilution
effects caused by the plants’ higher growth. Under natural conditions, consi-
derable differentiation in the zinc content observed in soil is driven by natu-
ral, e.g. the parent rock, soil dust fallout, and anthropogenic factors, e.g.
mineral fertilization, agricultural intensity (AMRANI et al. 1999, KaNiuczaxk et
al. 2009a,b). The amount of active Zn?" in soil is controlled by phosphorus.
Excessive phosphorus causes Zn regress towards inactive orthophosphoric
precipitate and blocks zinc cation uptake by plants through the uptake of
calcium cations along with orthophosphoric anions. The antagonistic action
of phosphorus in the plant is a result of the binding of zinc by inorganic or-
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thophosphates in the root apoplast and cell cytoplasm (CAKMAK, MARSCHNER
1987). Some symptoms seen as Zn deficiency in fact indicate an excess of
inorganic phosphorus. Nevertheless, interactions between P uptake effciency
and Zn uptake are largely unknown.

In the present study, it was assumed that different phosphorus and po-
tassium fertilization doses influenced the Zn concentration and accumulation
in maize. This hypothesis was verified in a single factor experiment with
different doses of P and K fertilization at constant amounts of nitrogen and
magnesium. The aim of the study was to evaluate the influence of different
P and K fertilization doses on: (1) Zn concentration in maize at the critical
growth stages, (2) accumulation and redistribution of zinc in plant parts at
harvest and (3) Zn effect on grain yield.

MATERIAL AND METHODS

The study was carried out for 5 consecutive plant growing seasons (2007-
2011). A closed field experiment on maize (variety Veritis) was established on
a farm in the region Wielkopolska (52°02' N 17°05' E). The trial (single factor
experiment) was part of a longitudinal study carried out since 2000, and es-
tablished in a randomized complete block design with four replications for
each treatment. Methodological details are described by Bak, Gas (2016). The
experimental factor comprised different mineral fertilization doses of phos-
phorus and potassium. The recommended balanced fertilization for W100
treatment was designed based on the soil nutrient availability, the uptake
rate of a specific nutrient and the expected yield. At constant N and Mg fer-
tilization, further P and K doses were reduced to 25% and 50% of W100
treatment (W25 — 25% of K and P recommended dose as compared to opti-
mally fertilized treatment; WP50 — 50% of P recommended dose; WK50 — 50%
of K recommended dose).

Additionally, the control treatments with no potassium or phosphorus
added (WKN and WPN, respectively) as well as the absolute control (no min-
eral fertilization) were tested. In W100 PAPR treatment, partially acidulated
phosphate rock (PAPR) was applied as an alternate source of phosphorus
applied as single superphosphate. Phosphate rock used in the study con-
tained 10.2% of P and its acidification was 50% (i.e. sulfuric acid used up
during a technological process run to obtain the product equalled 50% of the
amount necessary for production of single superphosphate). During the trial,
winter wheat was grown as a preceding crop. The experiment was set up on
lessive soils on glacial tills (soil quality class IIIb in the Polish soil valuation
system) with medium P and K availability. Phosphorus and potassium were
applied in the autumn, at the doses corresponding to the experimental de-
sign. Assessments of the maize zinc content were carried out at the following
maize growth stages: BBCH 17 (leaf development), BBCH 65 (flowering) and
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BBCH 89 (ripening - fully ripe). At BBCH 17, the zinc content was assessed
in leaves randomly collected from 10 maize plants growing on every experi-
mental plot, at BBCH 65 — in the leaf below maize ear (earleaf), and at
BBCH 89 — in the following maize parts: leaves, stems, ears, corn cobs (cen-
tral core of an ear), husks and kernels (grain).

The value of zinc uptake was derived from the multiplication of the val-
ues obtained for: maize grain yield — data available in the paper by Bak and
GaJ (2016) x maize organ dry weight — data available from the authors of the
present paper x Zn concentration in the maize parts examined. Zn Harvest
Index was calculated based on the algorithm expressing the ratio of Zn accu-
mulation in maize kernels (grain) and the total Zn accumulation in maize at
the stage of physiological maturity.

The plant material was dry mineralized at 550°C. The ash was mixed
with 2 cm?® of HNO, with distilled water (1:1) and then transferred to test
tubes with distilled water added to 15 cm?. The zinc concentration was as-
sessed by atomic absorption spectroscopy (SpectraAA-250Plus Varian).

Statistical tests were performed using ANOVA for single factor experi-
ments. Mean values of variables (Zn concentration in plant organs examined
at different growth stages) were tested separately by means of ANOVA
F-test (¢ = 0.05). In order to determine homogenous groups (a¢ = 0.05), mean
values of Zn concentrations with reference to the treatments examined were
tested using the Tukey’s test (multiple comparison procedure). Principal
Component Analysis (PCA) allowed us to show regularities among maize
grain yield, Zn concentration in plant organs and Zn uptake (in each treat-
ment separately).

RESULTS AND DISCUSSION

Zinc concentrations in maize parts

The experimental factor significantly differentiated Zn concentrations in
maize at all the growth stages examined as well in the plant organs analy-
zed (Figure 1, Table 1). Different P and K fertilization doses increased
the Zn concentration in maize leaves at the stage of 7 unfolded leaves
(BBCH 17), when compared to the control (Figure 1). Significant statistical
differences were found not only with respect to the control treatment, but
also between the treatments examined. The highest Zn concentration was
observed in W100 treatment (optimally balanced with reference to nitrogen).
The chemical form of phosphorus applied had no effect on shaping differen-
ces in leaf contents of Zn between the treatments. Regardless of the mineral
fertilization level, in the early stage of maize growth, the zinc concentration
in leaves ranged from 19 mg kg to 24 mg kg, i.e. it was considerably below
the threshold level (565 mg kg' — 99 mg kg?). According to ZHANG et al.
(1991), plants containing less than 20 mg kg of zinc in their tissues suffer
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Fig. 1. Zinc concentration in maize leaves at the critical growth stages depending
on differentiated P and K fertilization

Table 1

Effect of phosphorus and potassium fertilization on zinc concentrations in maize parts,
mg kg DM (BBCH 89 - fully ripe)

Treatments Grain Leaves Husk leaves Stem Cob core
Control 15.33abc* 6.040ab 7.242a 15.06bc¢ 28.04a
WPN 15.48ab 6.016ab 6.879a 16.08abc 18.06b¢
WKN 13.61cd 5.026b 5.278a 14.46bc 17.11c
W25 15.62a 6.454a 5.860a 17.34ab 17.51bc
WP50 13.30d 5.521ab 5.076a 14.10c¢ 18.09b¢
WK50 14.90abcd 5.806ab 6.245a 16.41abc 18.54bc
W100 14.49abcd 5.380ab 5.995a 19.14a 18.64bc¢
W100 P as PAPR 13.74bcd 5.626ab 6.426a 14.51bc¢ 22.89ab

* Means with the same letter are not significantly different; ¢ = 0.05 (the Tukey’s test).

from zinc deficit. A low concentration of zinc in a plant can be a result of an
increased phosphorus uptake. On the other hand, high Zn contents decrease
P uptake (Mousavi 2011). KiziLcoz and SAKIN (2010) state that P/Zn ratios
observed in the plant are useful in an assessment of the P and Zn status. In
young leaves, P/Zn ratios ranging from 106 to 151 are considered as adequ-
ate for a plant’s optimal growth, and those above 231 indicate Zn deficiency.
In the present study, regardless of the treatment applied, P/Zn ratios ranged
from 91.34 to 122.90. While there can be several chemical zinc compounds in
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the soil, plants are able to absorb only zinc ions. Other chemical compounds
can affect the process of zinc uptake from the soil into the plant as well as
zinc accumulation in plant tissues. Apart from various soil features that af-
fect zinc uptake by plants, the chemical form of this nutrient occurring in the
soil plays an important role in the process (Sriak 1996). Although the zinc
concentration in maize leaves observed in this study was low, no significant
relationship was found between maize Zn nutritional status and the grain
yield obtained. The correlation analysis on the zinc concentration in maize
leaves at the early growth stage and the yield of maize grain showed a signi-
ficant relationship only in W100 PAPR treatment (with partially acidulated
phosphate rock as the alternate phosphorus source).

Different mineral fertilization regimes supplying phosphorus and potas-
sium significantly differentiated Zn concentrations in maize plants at the
flowering stage (BBCH 65) — Figure 1. The leaf Zn concentration increased
as a result of fertilization, although it was lower than at BBCH17 stage.
Significant differences were observed among fertilized treatments and when
compared to the control. Reduction of a potassium dose to 50% of W100 dose
(treatment WK 50) or elimination of this nutrient (treatment WKN) resulted
in a greater decrease of the Zn leaf concentration than in the analogous tre-
atment with phosphorus (WPN). Regardless of the treatment tested, the Zn
concentration in the leaf below the ear (earleaf) was much lower than the
norm (19-75 mg kg') determined by ScHULTE and KeLLING (2000). An evalu-
ation of the nutritional status of zinc and other nutrients at the maize flowe-
ring stage is of great importance since this stage comprises one of the key
growth phases of maize that have a significant influence on the final yield.
At the flowering stage, zinc increases the vitality of pollen grains, and there-
fore it advances the development of more kernels (WESTAGE et al. 2003). In
contrast to BBCH 17, a stronger relationship was observed between the final
yield and zinc nutritional status at the maize flowering stage (BBCH 65).
Significant correlations were found in the following treatments: WPN (0.769),
WKN (0.616) and WK50 (0.666). Another factor that affected the Zn concen-
tration in maize at the flowering stage was the unfavourable weather, espe-
cially before flowering in 2008 and 2009. The rainfalls in 2008 and 2009
were 65% and 16%, respectively, of the long-term precipitation data. Water
deficiency resulted in lower values obtained for the Zn leaf concentration.
This could have been caused by the limited root growth in the soil or else by
a depressed activity of microorganism activity and decreased release of zinc
from organic matter (ALam et al. 2010). According to SUBEDI and Ma (2005) as
well as GrzeBIsz at al. (2008), an intensive uptake of the majority of mineral
nutrients, including zinc, occurs in the period prior to flowering. Water stress
inhibits the transfer of zinc (mainly through diffusion) from the soil toward
the root surface (Cakmak et al. 1996, Hona and Ji-yux 2007).

At BBCH 89 (fully ripe), the experimental factor significantly differentia-
ted Zn concentrations in the maize organs examined (Table 1). The tested
fertilization had no significant effect only in the case of husk leaves. The zinc
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concentrations decreased as follows: cob core > grain> stem > husk leaves >
leaves. This order indirectly indicates zinc mobility in maize organs during
the plant growing season. When compared to other plant parts, a higher zinc
concentration in the vegetative parts of maize cobs reflects the temporary
status of zinc, before reaching the final storage organ, i.e. grain. PoTARzZYCKI
(2010) points out that the cob core can be considered as an important buffer
storage organ in view of relatively low zinc amounts observed in grain and
those accumulated in the cob core. The highest zinc content in maize kernels
(15.48 mg kg') was observed in the W 25 (Table 1), whereas two- and three
-fold lower Zn concentrations were found in maize leaves and husks. Kutman
et al. (2011) found that extreme Zn deficiency enhanced the content of phos-
phorus and its transport toward grains.

Zinc uptake
The total accumulation of zinc in maize was significantly differentiated
by the experimental factor (Figure 2). Maize plants cultivated in plots with
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Fig. 2 Effect of phosphorus and potassium fertilization on zinc accumulation in maize parts
(BBCH 89 — fully ripe)

no potassium fertilization for 10 years accumulated considerably less zinc
when compared to the treatment with no phosphorus added for 10 years.
This result confirms general findings on mutual relationships between P and
Zn. Numerous studies have been conducted on zinc and phosphorus interac-
tions, all confirming that the lack of balance between zinc and phosphorus in
the plant due to excessive accumulation of phosphorus leads to the deficiency
of zinc (Das et al. 2005, SALIMPOUR et al. 2010). As indicated by literature,
phosphorus is an essential element negatively affecting the zinc uptake by
plants because the soil content of zinc declines at higher soil content of phos-
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phorus. Yanc et al. (2011) report that excess phosphorus in the soil environ-
ment acts antagonistically toward Zn, and therefore the Zn uptake by roots
decreases. Furthermore, ZHao et al. (1998) showed Zn deficiency in cereal
grains under the conditions of increasing phosphorus fertilization. In the
present study, zinc accumulation in the treatment with PAPR as a source of
phosphorus was not significantly different from the W100 treatment. A de-
creasing trend was just observed due to the PAPR application.

An important component of the evaluation of nutrient accumulation in
final yield of maize is an assessment of nutrient distribution in plant organs,
with particular attention paid to the relative share of a given nutrient ob-
served in harvested grain. Zinc Harvest Index (ZnHI) defines the relative
share of grain-accumulated nutrients in the total plant accumulation. In the
present study, among the maize organs analyzed, the highest Zn accumula-
tion was observed in kernels, then in the stem and in the remaining vegeta-
tive plant parts examined (Figure 2). The ZnHI value obtained in the control
treatment was 51.7%, whereas the values obtained in fertilized treatments
were higher and ranged from 52.9% (W100 PAPR) to 57.3% (W25).

Differentiated fertilization with phosphorus and potassium had no signif-
icant effect on the rate of specific nutrient uptake (Figure 2). The value of
the Zn uptake rate in fully ripe maize specifies the quantity of this nutrient
in yield (here: grain). The effects of different doses of phosphorus and potas-
sium on the rate of Zn uptake were reflected in a tendency of the values of
this parameter being lower than in the control.
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Fig. 3 Two-dimensional space image of variable Zn concentration and accumulation as well as
maize grain yield: Y — yield, Zn 1 — Zn concentration in leaves at BBCH 17, Zn 2 — Zn concen-
tration in leaves at BBCH 65, G — Zn concentration in grain at BBCH 89, L. — Zn concentration

in leaves at BBCH 89, CCL — Zn concentration in husks at BBCH 89, S — Zn concentration
in steam at BBCH 89, CC — Zn concentration in corn cob at BBCH 89, UG — Zn accumulation
in grain, UL — Zn accumulation in leaves, UCCL — Zn accumulation in husks at BBCH 89,
US — Zn accumulation in stem at BBCH 89, UCC — Zn accumulation in corn cob at BBCH 89,
UT — total Zn accumulation in corn cob at BBCH 89, UdJ — unit Zn uptake
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Relationships (correlations) between maize grain yield and the total
Zn accumulation, as well as Zn uptake by the plant organs examined at
BBCH 89 were tested using Principal Component Analysis (PCA). Regardless
of the impact of the experimental factor, the analysis of correlation with
regard to relations between maize grain yield and Zn accumulation in fully
ripe plants showed that the yield mostly depended on the Zn accumulation
in vegetative parts (especially husks) of maize. Significant relationships
between maize yield and Zn accumulation in husk leaves were found in the
majority of the treatments (e.g. the control, Figure 3a), except the WKN
treatment, which showed a weak correlation (Figure 3b).

CONCLUSIONS

1. When compared to the control, differentiated mineral fertilization with
phosphorus and potassium significantly increased the zinc content in organs
of maize at all the growth stages analyzed.

2. Regardless of P and K fertilization doses, zinc concentrations in maize
leaves at the critical growth stages (BBCH 17 and BBCH 65) were lower
than the threshold values.

3. The assessment of zinc in maize leaves at the flowering stage
(BBCH 65) was more useful for yield prognosis than an analogous assess-
ment carried out on maize at growth stage BBCH 17.

4. Notwithstanding the effect of the experimental factor, maize grain
yield was determined mostly by zinc accumulation in vegetative organs
(especially in husk leaves).

5. The chemical form of phosphorus applied had no significant effect on
the Zn content in maize at the critical growth stages or on the Zn accumula-
tion in fully ripe plants.
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