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Abstract: Individual species of cultivated plants differ in the content of microelements in the shoots.
The aim of our research was to test the hypothesis that the variability of the micronutrient content
between cultivars of the same species may be similar or even greater than the differences between
species. The research material consisted of shoot samples of 12 wheat, 10 maize and 12 rape varieties
collected from production fields in Poland. The smallest number of samples (replicates) within
one cultivar was 10. A total of 481 wheat samples, 141 maize samples and 328 rapeseed samples
were taken. Wheat samples were taken at the beginning of the stem elongation stage (BBCH 30/31);
maize, when the plants reached a height of 25-30 cm (BBCH 14-15); and rape, in the period from
the beginning of the main stem elongation stage to the appearance of the first internode (BBCH
30/31). All varieties of the tested crop species were grown in similar soil conditions in terms of
pH, texture and TOC content. B, Cu, Fe, Mn and Zn were determined in all plant samples. Wheat
showed a significantly lower average concentration of all micronutrients compared to rape and maize
(e.g., 10 times less B than rape). On the other hand, among the species tested, rape had the highest
concentration of B, Cu and Zn, and maize had the highest concentration of Fe and Mn. In all three
tested crops, the differences in the content of B and Zn were greater between species than between
cultivars. In the case of Cu, Mn and Fe concentration, the cultivar differences exceeded the species
differences. The results suggest that there is no need to take cultivars into account when fertilizing
with B and Zn. In contrast, fertilization with Cu, Mn and Fe needs to take into account different
requirements of the cultivars for these micronutrients.

Keywords: microelements’ diversity; aerial part; crops; species; cultivars

1. Introduction

In order to achieve a satisfactory yield, plants should be provided with the proper
level of nutrients in the soil. In addition to macronutrients, micronutrients are needed.
These elements are needed in small quantities but are absolutely essential for plant life and
development. Micronutrients such as boron (B), copper (Cu), iron (Fe), manganese (Mn),
molybdenum (Mo) and zinc (Zn) are involved in many metabolic processes in the plant,
influencing the optimal use of macronutrients and the overall health and condition of the
plant [1].

In addition to being essential for plants, micronutrients are needed by their consumers
—humans and animals. Too low levels of these nutrients in food and feed can cause many
human and animal diseases. It is estimated that more than two billion people worldwide
suffer from a lack of micronutrients, known as “hidden hunger” [2,3]. Iron and zinc
deficiencies are the most common [4,5]. These deficiencies occur in people whose daily
diet is based on cereal grains, mainly wheat, rice and corn [6]. Such situation occurs in
the absence of plant-available forms of micronutrients in the soil, and can be corrected
by fertilization.
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Different crop species differ in their micronutrient concentration and uptake from the
soil. It is generally accepted that plants with higher uptake have higher fertilizer require-
ments. Many fertilization guides state that the decision to fertilize with micronutrients can
be made on the basis of their content in young plants [7-10]. For this purpose, relevant
plant parts (usually whole shoots or leaves) at a strictly defined growth stage are taken,
micronutrients are determined, and nutrition of the plants is assessed using the respective
critical limits/ deficiency limits. If the nutritional status of the plants with micronutrients is
insufficient, it should be supplemented by foliar fertilization.

Micronutrient deficiency limits in plants are usually set for individual crop
species [11-13]. However, within each species there are many cultivars. Breeders, in the
search for better yielding, more stress-tolerant or more desirable plants for consumers, cre-
ate new cultivars every year that meet these expectations. These cultivars may also show
significant differences in micronutrient concentration and, thus, require different fertilization.

The literature provides little information on the variation of micronutrient concen-
trations in staple crop cultivars. Studies performed worldwide have focused mainly on
Fe and Zn content in grain. Maganati et al. [14] observed significant differences in the
content of Fe and Zn in the grain of 153 rice genotypes. Fe concentrations ranged from 6.9
to 22.3 mg kg !, while Zn concentrations ranged from 14.5 to 35.3 mg kg ~!. Ray et al. [15]
showed differences in micronutrient concentration in the grain of many pea, bean, lentil
and chickpea cultivars, with significant differences mainly in zinc. Tran et al. [16] showed
significant differences in the content of Zn and Fe in the grain of different wheat geno-
types. The content of Zn was in the wide range of 86.5-209.0 mg kg !, and Fe was in the
range 51.7-91.8 mg kg~ !. Significant differences in B and Cu concentrations in grain and
young shoots of several winter wheat cultivars were also observed by Korzeniowska [17]
and Korzeniowska and Stanislawska-Glubiak [18]. Genc et al. [19] reported a significant
difference in Zn content in young shoots of two winter barley cultivars. According to
the literature, the differences in the content of micronutrients in cultivars are genetically
and environmentally determined [20]. The main agricultural crops in Poland, along with
triticale and rye, are wheat, maize and rape. Wheat is cultivated on 2511 thousand hectares
of arable land, maize on 1265 thousand hectares of arable land and rape on 875 thousand
hectares of arable land [21]. These three species are the most important representatives
of cereal, fodder and oilseed crops in Poland, which together cover more than 40% of the
country’s sown area.

Based on our previous research and the literature cited, it was hypothesized that the
variation in the micronutrient content in plants between cultivars of the same species may
be similar or even greater than the differences between species. The aim of our study was
to investigate the concentration of microelements in young plants of a dozen varieties of
winter wheat (Triticum aestivum L.), maize (Zea mays L.) and winter rape (Brassica napus L.)
and to verify our hypothesis on the basis of the data obtained in this way:.

2. Materials and Methods
2.1. Sample Collection

In 2016-2018, samples of plants and soil were taken from the fields of winter wheat,
winter rape and maize in order to compare the concentrations of micronutrients in species
and cultivars. In total, 12 wheat, 10 maize and 12 rape cultivars were included in the study.
Samples taken within one cultivar were treated as replications. The number of replications
and the characteristics of the cultivars are shown in Tables 1-3. The smallest number of
samples (replications) within one cultivar was 10 (Table 2). A total of 481 plant-soil pairs
were collected from wheat fields, 141 from maize fields and 328 from rape fields. All the
samples were collected by accredited sample takers from 16 Polish provinces, usually one
plant-soil pair from each “gmina”, the smallest administrative unit. Sampling points were
quite evenly distributed throughout Poland (Figure 1).
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Table 1. Characteristics of wheat cultivars and the number of samples taken.

No. Cultivar Usage ! Year 2 Breeder SI:I(I)I'p(l)Gf!S
1 Arkadia Ark A 2011 DANKO Hodowla Roélin sp. z o0.0., Poland 100
2 Bamberka  Bam A 2009 Hodowla Roslin Strzelce sp. z 0.0., Poland 46
3 Bogatka Bog B 2004 DANKO Hodowla Roélin sp. z o0.0., Poland 14
4 Hondia Hon A 2014 DANKO Hodowla Roélin sp. z o0.0., Poland 11
5 Julius Jul A - KWS Lochow GmbH, Germany 88
6 Linus Lin A 2011 RAGT 2 n, France 30
7 Muszelka Mus B 2008 DANKO Hodowla Roélin sp. z o0.0., Poland 11
8 Ostroga Ost A 2008 DANKO Hodowla Roélin sp. z o0.0., Poland 48
9 Ozon Ozo B 2010 KWS Lochow GmbH, Germany 26
10 Sailor Sai A 2011 DANKO Hodowla Roélin sp. z o0.0., Poland 30
11 Skagen Ska A 2009 W. von Borries-Eckendorf GmbH & Co. KG, Germany 44
12 Tonacja Ton A 2001 Hodowla Roélin Strzelce sp. z 0.0., Poland 33

Total 481
1 A: quality, B: bread;? year of registration.
Table 2. Characteristics of maize cultivars and the number of samples taken.
No. Cultivar FAO Usage!  Year? Breeder SNO' of
amples
1 Danubio Dan 240-250 S 2013 Saatbau Linz eGen, Austria 10
2 Glejt Gle 230 G 2001 HR Smolice, Poland 16
3 Legion Leg 260-270 S 2014 HR Smolice, Poland 11
4 Nimba Nim 260 S 1996 HR Smolice, Poland 10
5 Opoka Opo 240 S 2006 HR Smolice, Poland 11
6 P8400 P8400 240 G 2013 Pionner, USA 14
7 Reduta Red 230 G 2000 HR Smolice, Poland 14
8 Rosomak  Ros 250-260 G 2013 HR Smolice, Poland 22
9 Subito Sub 260 G 2008 HR Smolice, Poland 10
10 Ulan Ula 270 G 2011 HR Smolice, Poland 23
Total 141
1'S: silage, G: grain; ? year of registration.
Table 3. Characteristics of oilseed rape cultivars and the number of samples taken.

No. Cultivar Year ! Breeder 51:121.1)0125
1 Abacus (HY) Aba 2009 Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Germany 22
2 Alexander (HY) But - Limagrain Europe, France 21
3 Alvaro (HY) Alv 2015 KWS Saat SE & Co. KGaA, Germany 20
4 Exquisite (HY) Exq 2011 Monsanto Technology LLC, USA 14
5 Garou (HY) Gar 2013 Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Germany 16
6 Kuga (HY) Kug 2015 Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Germany 19
7 Marcopolos (HY) Mar 2012 KWS Saat SE & Co. KGaA, Germany 23
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Table 3. Cont.

No. Cultivar Year ! Breeder Sljr(;}:)lis

8 Mercedes (HY) Mer 2013 Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Germany 16

9 Monolith (OP) Mon 2008 Hodowla Roslin Strzelce sp. z 0.0. IHAR Group, Poland 71

10 Rohan (HY) Roh 2008 Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Germany 30

11 Sherlock (OP) She 2010 KWS Saat SE & Co. KGaA, Germany 46

12 Visby (HY) Vis 2008 Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Germany 30
Total 328

HY: hybrid cultivar, OP: open-pollinated cultivar,! year of registration.

Figure 1. Number of pairs of soil-plant samples taken in Polish provinces: wheat/maize/rape.

Wheat was sampled from an area of 1 m2, maize was sampled from an area of 8 m?2
and rape was sampled from an area of 4 m?. Whole shoots of wheat were cut 2 cm above
the ground at the beginning of stem elongation stage (BBCH 30/31). The shoots of the
other two plants were cut 5 cm above the ground; maize, when the plants reached a height
of 25-30 cm (BBCH 14-15); and rape, in the period from the beginning of the main stem
elongation stage to the appearance of the first internode (BBCH 30/31) [22]. Each wheat
sample consisted of a minimum 80 shoots, and maize and rape of a minimum of 20 shoots.
At the same time as the plant samples, corresponding soil samples were taken. Each soil
sample was created by mixing five sub-samples taken with a soil sampler to a depth of 20 cm.

2.2. Soil and Climate Characteristic

All plant-soil sample pairs were taken from fields where the pH was in the range 5-7
and the fraction content < 0.02 mm in the range 10-35%. Very acidic and alkaline soils
and very light and very heavy soils were not sampled. Extreme conditions were avoided
because pH and soil texture have such a strong influence on the uptake of micronutrients
by plants that they could distort the picture of their content in the species and cultivars
studied [23]. The characteristics of the soil samples taken are shown in Table 4.
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Table 4. Characteristic of soil samples.

Wheat (n = 481) Maize (n = 141) Rape (1 = 328)
Soil Feature
Mean SE Range Mean SE Range Mean SE Range
pH in KC1 6.1 0.03 5-7 6.0 0.06 5-7 6.1 0.03 5-7
Sand 2.00-0.05 mm, %. 61 0.79 2.5-84.8 64 1.22 13.5-83.6 64 0.73 22.7-83.4
Silt 0.05-0.002 mm, %. 36 0.77 13.8-94.6 33 1.14 14.7-84.0 33 0.68 15.2-72.2
Clay <0.002 mm, % 3 0.05 0.0-6.4 3 0.10 1.3-8.6 3 0.06 1.0-9.8
Fraction <0.02 mm, % 20.5 0.29 10-35 19.5 0.55 10-35 20.0 0.35 10-35
TOC % 1.3 0.03 0.5-9.8 1.2 0.05 0.34.1 1.2 0.03 0.3-3.6

SE: standard error.

Poland is located in a temperate transitional climate zone, with an average annual air
temperature of 8.7 °C and a total rainfall of 609 mm (1991-2020) [24]. In 2016 and 2017, air
temperature and rainfall during the growing season were higher than the climatological
normal; in 2018 they were close to the climatological normal.

2.3. Chemical Analysis

B, Cu, Fe, Mn and Zn were determined in all plant and soil samples. Micronutrients
in plants were determined by the FAAS method, having first dry ashed the material in a
muffle furnace and digested it with 20% nitric acid [25]. The exception was B, which was
determined by the ICP-AES technique.

Micronutrients in the soil were determined by Mehlich 3 method [26-28]. During
extraction, the ratio of soil to solution was 1: 10, and shaking time on the rotary stirrer was
10 min at 35/40 rpm. The Cu, Fe, Mn and Zn content of the extract was determined using
the FAAS technique and the B content using the ICP-AES technique. Moreover, in soil
samples the pH was established potentiometrically in 1 mol KCl dm~2 [29], total organic
carbon (TOC) was determined by Turin method using potassium dichromate [30] and the
soil texture was determined by laser diffraction method.

All chemical analyses were performed in state agrochemical laboratories certified by
the Polish Centre of Accreditation [31], which ensured high reliability of the analyses.

2.4. Statistical Analysis

Mean micronutrient concentrations for the species tested were calculated from all
samples taken, where 1 = 481 for wheat, 141 for maize and 328 for rape. Mean micronutrient
concentrations for the cultivars were calculated from replicates within each cultivar.

To test the significance of differences in micronutrient concentrations between species
and cultivars, an ANOVA test was performed using Statgraphics v 5.0 software (StatPoint
Technologies, Inc., Warrenton, VA, USA). Multiple comparisons among groups were made
with Tukey’s significant difference test (p < 0.05).

3. Results
3.1. Average Soil Micronutrient Content

The soil taken from the fields where wheat, maize and rape were grown differed
significantly in the mean concentration of B, Cu and Fe, while there were no differences in
the content of Mn and Zn (Figure 2).

The concentration of B in soil from maize fields was more than twice as high as in
soil from wheat fields and 50% higher than that from rape fields. Soil Cu levels were the
same in wheat and maize fields, while rape fields had about 20% higher soil content of this
micronutrient. Similarly to Cu, soil Fe concentration did not differ significantly between
wheat and maize fields, and soil from rape fields was about 20% richer in Fe.
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Despite differences in micronutrient content in the fields where the studied plants
grew, no deficiency was found anywhere. The concentration of B, Cu, Fe, Mn and Zn in the
soil was sufficient for all three species according to Polish standards [32].
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Figure 2. Concentration of micronutrients in the soil determined with the Mehlich 3 extractant

—average of all collected samples. Bars marked with the same letters indicate no significant difference

according to Tukey’s test (p < 0.05).

3.2. Average Concentration of Micronutrients in the Shoots of the Studied Species

The average concentration of micronutrients in wheat, maize and rape shoots differed
significantly, with wheat containing the least of each element tested (Figure 3). The greatest
interspecies differences occurred in B and Zn contents. B concentration was ten times
higher in oilseed rape and two times higher in maize than in wheat. In addition, Zn was
twice as high in oilseed rape and 1.5 times higher in maize than in wheat.
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Figure 3. Concentration of micronutrients in shoots of the tested species—average of all collected samples.

Bars marked with the same letters indicate no significant difference according to Tukey’s test (p < 0.05).
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The smallest differences between the plants were in the Cu content. There was no
statistically significant difference between wheat and maize, and rape contained only 1/3
more of this element than wheat.

The concentration of Fe and Mn was the highest in maize, which contained twice as
much Fe and 60% more Mn than wheat. On the other hand, rape contained 50% more Fe
and 40% more Mn than wheat.

3.3. Average Concentration of Micronutrients in the Different Cultivars of the Species Tested
3.3.1. Wheat

The wheat cultivars tested were sufficiently supplied with all micronutrients (Figure 4).
No lower concentrations were found in the shoots than the deficiency limits set by Ko-
rzeniowska et al. (2020). However, the individual cultivars differed in their micronutrient
levels. For each micronutrient, it was possible to distinguish groups of cultivars with
similar contents of this element, i.e., cultivars between which there were no significant
differences. In contrast, significant differences were observed among groups. In some cases,
one cultivar was classified in two or even three groups (Figure 4).
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Figure 4. Concentration of microelements in shoots of wheat cultivars. Bars marked with the same
letters indicate no significant difference according to Tukey’s test (p < 0.05).
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The lowest concentration of B was recorded in the shoots of the cultivar Tonacja
(2.8 mg kg~ '), which alone formed the first group (a). The average concentration of B in
the second group of cultivars (b), which included Muszelka, Bamberka, Ostka, Skagen and
Ozon, was 3.6 mg kg 1. Sailor, Linus, Akcadia and Bogatka formed the third cultivar group
(c) with an average B concentration in shoots of 4.2 mg kg~ !. Hondia as an independent
group (d) contained 4.5 mg kg1, and Julius, with the highest B concentration (5.2 mg kg~ 1),
belonged to the last group (e).
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The group with the lowest Cu concentration included the cultivars Skagen and Ozon
(average concentration of 4.6 mg kg 1), while Linus and Bamberka contained the highest
amount of this element (6.2 mg kg~ 1).

The greatest significant difference in Fe concentration occurred between the first group
(a), whose sole representative was Bogatka (78 mg kg~!) and the last group (g), represented
by Hondia (167 mg kg ~1). The remaining cultivars formed seven groups (b, bc, cd, d, e, ef
and f), with Fe concentrations ranging from 96 to 139 mg kg 1.

In the case of Mn, the Muszelka cultivar alone formed the group with the lowest
concentration of this nutrient (33 mg kg~!), while Tonacja formed the group with the
highest concentration (49 mg kg~!). The other cultivars formed six groups in which Mn
concentration ranged from 36 to 45 mg kg !

The lowest concentration of Zn in the shoots was presented by the cultivar Skagen
(22 mg kg 1), while the group which included the cultivars Linus, Bamberka and Tonacja
contained the highest amount of this nutrient (average 30 mg kg!). The Zn concentration
in the other cultivars ranged from 25-29 mg kg~ !.

3.3.2. Maize

Evaluation of the supply of micronutrients to maize using the limits developed by
Korzeniowska et al. (2020) showed that it was sufficient, except for one case concerning Cu
in the cultivar Nimba (Figure 5).
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Figure 5. Concentration of microelements in shoots of maize cultivars. Bars marked with the same

Red Nmmmm——
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P8400 NE—

Dan I
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letters indicate no significant difference according to Tukey’s test (p < 0.05).

The concentration of B in maize shoots ranged from 7.5 mg kg ! for the first group
of cultivars (a), represented by Glejt and Opoka, to 13.3 mg kg ! in the cultivar Danubio,
which alone formed the last group (e).
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The Cu concentration in maize shoots was lowest in the aforementioned Nimba
cultivar at 4.2 mg kg~ !. Nimba’s Cu supply was too low, as the limit is 4.8 mg kg~!. The
highest Cu concentration (average 7.6 mg kg~!) was in the group formed by Subito and
Danubio (e).

The Fe concentration in plants of the first group (a), which was formed by one cultivar,
Subito, was 139 mg kg ! and was much lower compared to the other cultivar groups. The
cultivars Ulan and P8400 belonged to the group with the highest concentration of this
element, averaging 282 mg kg ! (e).

The variability of Mn in the shoots of the maize cultivars tested was relatively low.
As many as seven cultivars (Subito, Danubio, Reduta, Glejt, Rosomak, Legion and Ulan)
did not differ significantly (groups b and bc). In contrast, the cultivar P8400 stood out as
having the highest concentration of Mn (83 mg kg™1).

The concentration of Zn in maize shoots ranged on average from 34.5 mg kg~! for
Glejt and Legion (group b) to 47.5 mg kg ! for Danubio and Nimba (group f).

3.3.3. Oilseed Rape

All rape cultivars were characterized by shoot micronutrient contents above the critical
limits provided in Korzeniowska et al. (2020) (Figure 6).
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Figure 6. Concentration of microelements in shoots of oilseed rape cultivars. Bars marked with the
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same letters indicate no significant difference according to Tukey’s test (p < 0.05).

The B concentration ranged from 32 mg kg~! for the cultivar Alexander (b) to
57 mg kg ! for the cultivar Mercedes, which formed the last group (h) on its own. The
other cultivars belonged to as many as seven groups, indicating a wide variation of B in
rape shoots.
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Cu content varied less than B content. In the group of cultivars that included Mar-
copolos and Sherlock (b), an average Cu concentration was 6.1 mg kg~!. The highest
concentration of this element (7.8 mg kg~!) was presented by Garou (h).

The Fe concentration ranged from 126 mg kg~! for Visby (b) to 267 mg kg~ ! for
Kuga (h). The Fe concentration in the Kuga cultivar was as much as 35 % higher than
in the cultivars of the previous group (g), which included Exquisite, Garou, Abakus and
Marcopolos (average 197 mg kg™ 1).

The Sherlock cultivar (b) had the lowest concentration of Mn (46 mg kg’l), while the
Alexander cultivar, which on its own formed a group that differed significantly from the
other groups, contained the most of this micronutrient (71 mg kg~ 1).

Zn concentration ranged from 51 mg kg~! for the Garou, Abacus and Monolith
(b) cultivar group to 61 mg kg ! for the Alexander, Rohan and Kuga (e) cultivars.

3.4. Comparison of Cultivar and Species Diversity

The ranges of microelements in the shoots of the studied species presented in Figure 7
were determined on the basis of the micronutrient concentrations in cultivars. It was
observed that for some micronutrients, the ranges for wheat, maize and rape partially over-
lapped, and for other micronutrients were completely divergent. The greatest difference
between species was found for B. The range of B in rape (32-57 mg kg ') differed signifi-
cantly from that found in wheat and maize. At the same time, the concentration of B in all
maize cultivars (7.5-13.3 mg kg_l) was higher than in wheat cultivars (2.8-5.2 mg kg_l).

B Cu Fe
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Figure 7. The range of micronutrient concentration in shoots of the tested species.

The species tested were much less variable in Cu concentration than B. The range of
Cu in maize (4.2-7.8 mg kg~') was broad enough to include the ranges found in wheat
(4.6-6.4 mg kg~ !) and rape (6.0-7.8 mg kg~ !).

The ranges of Fe in maize (139-287 mg kg~ !) and rape (126267 mg kg ') largely over-
lapped with each other, but only slightly with wheat (79-167 mg kg~!). The concentration
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of Mn found in wheat cultivars (33-49 mg kg ') differed from the concentrations observed
in maize (56-83 mg kgfl) and rape (46-81 mg kgfl), which were higher than in wheat and
largely overlapped with each other.

The ranges of Zn concentration were separate for each species and did not overlap.
The lowest range of Zn was found in wheat shoots (22-30 mg kg~!) and the highest range
was found in canola shoots (50-62 mg kg~ 1).

Table 5 shows the differences between the cultivars with the lowest and the highest
average concentrations of the five micronutrients tested. These differences depended on
the plant species. Undoubtedly, the smallest differences in micronutrient concentration
among cultivars were observed for wheat.

Table 5. Differences among cultivars in the concentration of micronutrients in shoots—based on
cultivars with the lowest and highest mean concentration.

Wheat Maize Oilseed Rape
Element Culti » Mean Difference Culti " Mean Difference Culti . Mean Difference
ultivar mg kg*l ultivar mg kgfl ultivar mg kgfl
B Ton 33 2.8 Gle 16 7.5 Alex 21 32
Jul 88 52 24 Dan 10 13.3 5.8 Mer 16 57 25
C Ska 44 4.6 Nim 10 42 Mar 23 6
u Lin 30 6.4 1.8 Dan 10 7.8 3.6 Gar 16 7.8 1.7
E Bog 14 79 Sub 10 139 Vis 30 126
¢ Hon 11 167 88 P8400 14 287 148 Kug 19 267 141
M Mus 11 33 Sub 10 56 She 46 46
n Ton 33 49 16 P8400 14 83 27 Alex 21 71 25
7 Ska 44 22 Gle 16 34 Gor 16 50
n Ton 33 30 9 Nim 10 48 14 Kug 19 62 12
n number of observations.

For rape and maize, the differences among cultivars were clearly greater than for
wheat. For both of these species, the differences among cultivars for Fe, Mn and Zn were
similar. Furthermore, it was observed that rape showed greater variation in B concentration
and smaller Cu concentration compared to maize.

Table 6 shows the differences between the average micronutrient concentrations
in the plants for each pair of species tested. The greatest differences in B, Cu and Zn
concentrations were observed for the wheat-maize pair, while the greatest variation in Fe
and Mn concentrations occurred between wheat and maize.

Table 6. Differences among species in the concentration of micronutrients in shoots—based on the
mean of all cultivars *.
Element Species Mean Difference  Species Mean Difference  Species Mean Difference
mg kg~ mg kg™ mg kg™
B Wheat 4.0 57 Wheat 4.0 371 Maize 9.7 314
Maize 9.7 Rape 41.1 Rape 411
Cu Wheat 52 0.6 Wheat 52 1.7 Maize 5.8 1.1
Maize 5.8 Rape 6.9 Rape 6.9
Fe Wheat 117 119 Wheat 117 58 Maize 236 61
Maize 236 Rape 175 Rape 175
Mn Wheat 40 24 Wheat 40 16 Maize 64 8
Maize 64 Rape 56 Rape 56
Zn Wheat 27 13 Wheat 27 28 Maize 40 15
Maize 40 Rape 55 Rape 55

* number of observations: wheat, 481; maize, 141; rape, 328.



Agronomy 2022, 12, 2639

12 of 16

Using the data from Tables 5 and 6, it can be confirmed whether greater differences
in micronutrient concentrations occurred between species, or between cultivars within
a species. For this purpose, the values of these differences for a given pair of species
were compared with the values for the cultivars of each species in the pair. For example,
the difference in average Cu concentration between species for the wheat-maize pair is
0.6 mg kg~! (Table 6), while the difference among wheat cultivars is 1.8 mg kg~!, and
among maize cultivars it is 3.6 mg kg ! (Table 5). From this comparison, we conclude that
there are greater differences among cultivars than between species of the wheat-maize pair.

4. Discussion
4.1. Soil and Weather Conditions

All cultivars of the three plant species tested grew under similar conditions of pH,
texture and TOC content (Table 4), those soil features that have a strong influence on
the bioavailability of micronutrients to plants [33,34]. The same was also true of the
concentration of bioavailable forms of Mn and Zn in the soil from the fields of all three
species. However, for B, Cu and Fe there were some differences between the growth sites of
each species, with the greatest variation in B in soil (Figure 2). Wheat had the least available
B forms in soil, followed by rape, and maize had the most. The concentrations of Cu and
Fe in the soil were the same in the fields of wheat and maize, and significantly higher in
fields of rape. It should be noted, however, that no soil micronutrient deficit was shown for
any of the species tested. The concentrations of bioavailable B, Cu, Fe, Mn and Zn were
sufficient for all three species according to Polish current standards for assessing soils in
micronutrients [32].

The lack of micronutrient deficiency in the soil was also confirmed by their concen-
tration in plant shoots. The concentration of micronutrients in plants, compared with the
respective deficiency limits, showed a sufficient supply of these nutrients for wheat, maize
and rape cultivars. (Figures 4-6).

Of the three species studied, rape is the most sensitive to B deficiency and has the
highest demand for this nutrient [35]. Although the soil B concentration in rape fields was
significantly lower than in maize fields, no B deficiency was found in the shoots of any rape
cultivar (Figure 5).

Similar pH, texture and TOC in the soils sampled and the absence of micronutrient
deficits in both the soils and the shoots of the cultivars leads us to believe that soil conditions
were not a factor that significantly influenced the differences between species and cultivars
in the concentration of micronutrients in the shoots. This is confirmed by the correlation
between the soil features and the concentration of microelements in shoots, which was
insignificant or low (r < 0.19) (Table 7). The exception was the content of Mn in wheat and
maize shoots, which was dependent on the soil pH at the level of r = —0.30.

In addition to soil properties, precipitation and temperature during the growing season
have an impact on the uptake and concentration of microelements in plants. Abundant
rainfall and optimal temperature favor the production of large biomass, which may be
associated with a reduction in the content of microelements due to the so-called dilution
effect, especially in the case of a deficiency of micronutrients in the soil. The local weather
conditions at the sampling sites were certainly a factor that also influenced the variability of
the micronutrient concentration in plants. Nevertheless, it was not possible to eliminate this
factor from the research. It was assumed that, despite some variation in weather conditions,
the average micronutrient concentrations calculated from several hundred samples reliably
reflect the real differences in micronutrient concentrations between species and cultivars.
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Table 7. Pearson correlation coefficient (r) between micronutrient concentration in shoots and soil

features.
Crop Micronutrient pH Fraction <0.02 mm Corg
B ns —0.16 *** —0.11*
Cu ns ns ns
Wheat Fe ns ns ns
n =481
Mn —0.30 *** ns ns
/n ns ns ns
B ns ns ns
Cu 0.19 ** 0.18 * ns
Maize .
0141 Fe ns ns —0.18
Mn —0.31 ** ns ns
Zn —0.18* 0.17* ns
B ns 0.19 *** ns
Cu ns ns ns
Rape
n =308 Fe ns ns ns
Mn ns —0.16 ** —0.14*
Zn ns ns ns

*, ** *t significant level p < 0.05; 0.01; 0.001, respectively; ns: nonsignificant; n: number of samples; Corg: organic
carbon.

4.2. Concentration of Micronutrients in the Plant Species Studied

In the present study, very extensive research material was used, which influenced the
high reliability of the results. The average concentration of micronutrients in the shoots
of the plant species studied was calculated on the basis of many samples taken for a
dozen cultivars: for wheat 12 cultivars where used (481 samples); for maize 10 culivars
(141 samples); and for rape 12 culitvars (328 samples) (Tables 1-3).

In general, rape and maize showed significantly higher concentrations of micronutri-
ents in the shoots than wheat (Figure 2). The high concentrations of B and Zn in rape and
Fe in maize are particularly noteworthy. This corresponds to some extent to the nutritional
requirements of these species. The known high sensitivity of rape to B deficiency and
the fairly high sensitivity of maize to Fe deficiency [36] translates into a frequent need to
fertilize rape with boron and maize with iron. However, the high Zn concentration in rape
is not related to its high sensitivity to deficiency of this micronutrient. Rape, unlike maize,
is not considered a crop with high sensitivity to Zn deficiency [27].

There are not many opportunities to compare our results with studies by other authors
because there are no publications that compare micronutrients in shoots at the same growth
stages in the species we studied. Only Korzeniowska et al. [37] report the average concen-
tration of micronutrients in winter wheat shoots calculated on the basis of 357 samples
taken in 2010-2011 from fields located in Poland: B was 3.9, Cu was 5.3, Fe was 171, Mn
was 45, Zn was 37 mg kg~ 1. The values of B, Cu and Mn reported by these authors are
very similar to ours, while Fe and Zn are higher by 45 and 37%, respectively. In addition,
Bergmann [11] gives optimum ranges for B, Cu, Mn and Zn concentrations in wheat and
maize shoots and rape leaves taken at the same growth stages as ours. In general, all
mean concentrations of microelements calculated from the optimal ranges of Bergmann
were higher than the concentrations observed in our study. The greatest differences, up to
twofold, were found for B and Cu in wheat shoots. It can be assumed that the differences
between our results and Bergmann’s are due to the different cultivars used now and in
the 1990s. This suggests that the B and Cu ranges provided by Bergman for wheat have
become obsolete and should not be used to assess plant nutritional status.
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4.3. Differences in Micronutrient Content among Cultivars and Species

Our research hypothesis was that differences in plant micronutrient content may be
greater among cultivars within a species than between species. Previous findings indicated
large differences in the content of microelements in cultivars and their different response to
micronutrients fertilization. Korzeniowska [38] separated three distinct groups of wheat
cultivars among the 10 studied, which showed high, medium and low demand for Cu
fertilization. These groups differed significantly in both response to fertilization and Cu
concentration in shoots. Stanislawska-Glubiak and Sienkiewicz [39] studied micronutrient
concentrations in seven spring barley cultivars. These authors showed that the maximum
difference in concentration among cultivars was 22% in Cu, 40% in Mn and 49% in Fe. In ad-
dition, Wrobel and Korzeniowska [40] observed significant differences in the concentration
of B in the cob leaf in the seven maize cultivars studied.

Despite previous results, the present extensive research has shown that our thesis of
greater differences in micronutrient content among cultivars than species is only true for
Cu, Fe and Mn, and does not apply to B and Zn.

In the case of Cu, this difference for the wheat-maize pair was 0.6 mg kg !, for
the wheat-rape pair it was 1.7 mg kg~! and for the maize-rape pair was 1.1 mg kg~!
(Table 6). At the same time, the difference in Cu concentration among cultivars was clearly
greater than between species and was 1.8 mg kg~ ! for wheat, 3.6 mg kg ! for maize and
1.7 mg kg~ ! for rape (Table 5).

Differences in Fe and Mn content were also often greater among cultivars within
a species than between species. The difference in Fe and Mn concentration between
maize cultivars was 148 and 27 mg kg !, respectively, and between rape cultivars was 141
and 25 mg kg~! (Table 5). At the same time, for the maize-rape pair the difference was
61 mg kg~! Fe and 8 mg kg~! Mn. Among wheat cultivars, the difference in Fe and Mn
content was 88 and 16 mg kg, respectively, and for the wheat-rape pair it was 58 and
16 mg kg~! (Table 6).

In contrast, differences in plant B and Zn content were greater between species than
among cultivars within a single species (Tables 5 and 6). The difference in B concentration
between species was as high as 37.1 mg kg ! for the wheat-rape pair, while it was only
2.4 mg kg~ ! among wheat cultivars and 25 mg kg ! between rape cultivars. Larger differ-
ences between species compared to cultivars were also found in Zn content, although not
as large as for B. The largest difference was found for the wheat-rape pair (28 mg kg 1),
while for the wheat cultivars the difference was only 9 mg kg~! and for the rape cultivars
it was 12 mg kg 1.

The results suggest that cultivar should be taken into account when assessing the need
to fertilize wheat, maize and rape with Cu, Fe and Mn, while the assessment of the need
for fertilization of these species with B and Zn can be carried out independently of the
cultivar used.

When fertilizing certain crops with micronutrients, it would be advisable to take
into account not only the nutritional needs of the individual species, but also to adapt
micronutrient doses to the requirements of the cultivars within the species. Such a measure
could contribute to a more efficient use of fertilizers, in line with sustainable agriculture.

5. Conclusions

The highest average concentrations of B, Cu and Zn were observed in rape shoots and
the highest average concentrations of Fe and Mn were observed in maize shoots. Wheat
showed significantly lower concentrations of all micronutrients than rape and maize.

All the wheat, rape and maize cultivars tested had sufficient average micronutrient
concentrations in the shoots, equal to or above the deficiency limit. The exception was one
maize cultivar (Nimba), in which a concentration below the limit was observed.

For B and Zn concentrations, greater differences were found between species than
cultivars for all three plants tested. On the contrary, for Cu concentration, varietal differ-
ences always exceeded species differences. In contrast, for Mn and Fe, varietal differences
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exceeded species differences for wheat-maize and maize-maize pairs, excluding the wheat
—maize pair.

The results suggest that the fertilization of wheat, maize and rape with Cu, as well
as Mn and Fe, needs to take into account different requirements of the cultivars for these
micronutrients. In contrast, there is no need to take cultivars into account when fertil-
izing with B and Zn. Nevertheless, further research should confirm to what extent the
concentration of micronutrients in the early stage of growth affects the size of the final
crop yield.
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