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Abstract: Molybdenum (Mo), boron (B), and iron (Fe) play an important role in symbiotic nitrogen
fixation by legume plants. The intensity of this process varies in different growth stages of legumes,
and the changes are accompanied by changes in the content and translocation of these micronutrients
in the plant. A two-year field experiment was conducted to investigate the dynamics of molybdenum,
boron, and iron content, translocation, and accumulation in pea plants. Two pea cultivars were
studied in six stages of growth, from the four-leaf stage to full maturity. The content of Mo, B,
and Fe in the roots of pea was highest from the four-leaf stage to the full flowering stage, i.e., the
period of establishment of symbiosis and the most intensive atmospheric nitrogen fixation. The
bioaccumulation factors of Mo and Fe were generally highest in the initial stages of pea growth and
decreased during generative development, while the reverse pattern was observed for boron. The
bioaccumulation factors also indicate high bioaccumulation of Mo and B and low bioaccumulation
of Fe in the biomass of pea. The translocation factor indicated a high potential for allocation of Mo
from the roots to the aerial parts, increasing during growth; high and stable potential for allocation of
boron; and very minor allocation of iron to the aerial parts. The values of all parameters tested were
usually dependent on the conditions in which the experiment was conducted (the year), but not on
the cultivar of a pea.

Keywords: bioaccumulation coefficient; legume plant; micronutrient; translocation factor

1. Introduction

The green matter and seeds of legume plants have high value as food and feed, as
they contain large amounts of nutrients: protein, carbohydrates with a low glycemic index,
dietary fiber, minerals, and vitamins [1–4]. Moreover, the cultivation of legume crops is
beneficial for the succeeding crops [5–7]. One of the most important assets of legume crops
is their symbiosis with rhizobia, owing to which an estimated 40 to 170 Tg of nitrogen enters
the atmosphere every year [8–12]. By exploiting the process of biological nitrogen fixation
(BNF), or more precisely symbiotic nitrogen fixation (SNF), some crop plants take up from
several dozen to even several hundred kg of nitrogen per hectare from the atmosphere per
year [13–19]. In the case of crop plants, some of the nitrogen taken up from the atmosphere
is removed with the harvested crops, and the rest, together with the crop residues, enters
the soil. The amount of symbiotically fixed nitrogen depends on numerous factors and
has been the subject of many studies [13,20–23]. These factors include the properties of
symbiotic microbes and the plants living with them in symbiosis, as well as environmental
factors. Among the latter, we can distinguish independent factors (e.g., soil type) and
factors dependent on human activity (e.g., the content of plant nutrients in the soil). The
course of symbiotic nitrogen fixation is influenced not only by macroelements but also by
microelements regulating enzymatic processes [11,13,24,25].

All organisms that fix atmospheric nitrogen owe this ability to a complex enzymatic
system in which the enzyme nitrogenase catalyzes the reduction of nitrogen molecules to
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ammonium ions. The reaction also requires reducing power in the form of electrons and
protons (H+) [26]. The enzyme nitrogenase is a complex consisting of two components con-
taining iron and molybdenum. One of these, dinitrogenase reductase, which contains iron
(the Fe protein), supplies electrons for the reduction reaction, while the other, dinitrogenase,
which contains molybdenum and iron (the MoFe protein), reduces the N2 molecule [26,27].

An adequate supply of the microelements molybdenum, boron, and iron to plants
plays an important role in the symbiosis of legume plants and rhizobia [24] by increasing
the efficiency of nitrogen fixation and nodulation. It promotes nodule maturation and
increases yields [24,28].

Iron deficiencies can affect nodule initiation and development and reduce nitrogenase
activity, nodule mass, leghemoglobin content, and the number of bacteroids [24,29]. Boron
deficiency limits the formation of root nodules, reduces the number of Rhizobium bacteria
and infection threads, and restricts the development of the O2 barrier preventing the
inactivation of nitrogenase [24,30]. In the case of molybdenum deficiency, impairment
of enzymatic reactions leads to pronounced symptoms of nitrogen deficiency in legume
plants [24].

The nitrogen fixation process is most intensive up to the end of the flowering stage
and the start of the pod-forming stage in legume plants. In subsequent development stages,
the nodules disintegrate and the process is inhibited [19,31]. It is important to determine
not only the accumulation and translocation of symbiotically fixated nitrogen but also the
content, allocation, and accumulation of micronutrients of importance for the nitrogen
fixation process (molybdenum, iron, and boron) in different parts of the plant throughout
the growing period.

The study aimed to determine the dynamics of molybdenum, boron, and iron, content,
translocation, and accumulation in pea during six stages of growth, from the four-leaf stage
to full maturity.

Determining the amount of uptake and accumulation of these micronutrients in
different pea’s parts at different stages of their growth and development will indicate their
amount, which can be removed with the yield (as green matter or with seeds), causing soil
depletion, and the rest returning to the soil with postharvest residues.

2. Materials and Methods
2.1. Field Experiment

In a field experiment conducted in Siedlce, Poland (52◦10′12′ ′ N, 22◦17′15′ ′ E) in 2015
and 2016, pea (Pisum sativum L.) was grown in a traditional soil cultivation system. The
soil was classified among Luvisols (LV), consisting of 81% sand, 17% silt, and 2% clay. The
soil used for the study, with pH 6.6 in 2015 and 6.5 in 2016, contained respectively: 2.10
and 1.45 g·kg−1 total nitrogen; 34.2 and 23.5 g·kg−1 total carbon; 309 and 301 mg·kg−1

available phosphorus, as well as 86.0 and 111.0 mg·kg−1 available potassium determined
by the Egner-Riehm method; 4781 and 4448 mg·kg−1 total iron; 0.065 and 0.067 mg·kg−1

total molybdenum; 1.047 and 0.313 mg·kg−1 total boron. The experiment was two-factorial,
set up in a randomized block design in three replications. The first factor was two pea
cultivars: ‘Milwa’, a fodder cultivar, and ‘Batuta’, a multi-purpose cultivar. The second
factor was the growth stage of pea (6 harvest dates according to the BBCH scale [32]):
(1) 4-leaf stage, BBCH 14; (2) 3-internodestage, 33 BBCH; (3) stage of first visible single
buds outside the leaves, BBCH 55; (4) full flowering stage, 65 BBCH; (5) stage when 50%
of pods are of typical length, BBCH 75; and (6) full maturity, BBCH 90. The experiment
included 36 microplots, each with an area of 1 m2.

Pea was fertilized with nitrogen at 30 kg N·ha−1 in the form of (NH4)2SO4. Potassium
was applied in an amount corresponding to 100 kg K·ha−1. The plots were fertilized before
every season of pea cultivation. Phosphorus was not applied, because the soil was shown
to have a very high content of this macronutrient in forms available to plants.
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Before sowing, the pea seeds were inoculated with symbiotic Rhizobium leguminosarum
bacteria. Pea was sown by hand on April 8 of both years in the amount of 110 germinating
seeds per m2. No herbicides were used, and weeds were removed manually.

Whole pea plants were harvested by hand at the specified growth stages by digging
them out of the soil with a spade to a depth of 0.25 m, separately from each plot.

2.2. Laboratory Analyses

All pea plants harvested at BBCH stages 14–75 were separated into the roots and aerial
parts, and at BBCH stage 90 the seeds were separated as well. The aerial parts included
stems, leaves, flowers, and pods, respectively in the growth phases, except the seeds, which
were separated at full maturity. Then the separated parts were weighed, and representative
samples were taken from each plot. The plant samples were dried at 70 ◦C, ground, and
subjected to dry mineralization (ashing) at 450 ◦C. The soil was also mineralized in the same
way. The ash was dissolved in 6 mol·dm−3 HCl, which was evaporated to dryness. The
resulting chlorides were transferred to volumetric flasks in a 1% HCl solution. Total Mo, B,
and Fe content in these solutions were determined by Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES) (Optima 3200 RL, Perkin-Elmer, Waltham, MA, USA).

2.3. Weather Conditions

The temperature and moisture conditions during the growing season of pea were
varied during the years of the study (Tables 1 and 2).

Table 1. Rainfall and air temperatures in 2015–2016, (Institute of Meteorology and Water Management,
National Research Institute in Warsaw).

Month

Total Monthly Rainfall, mm Average Monthly Temperatures, ◦C

Year Long-Term Mean
1981–2014

Year Long-Term Mean
1981–20142015 2016 2015 2016

III 53.1 46.4 29.6 4.8 3.3 2.0
IV 30.0 50.2 33.4 8.2 8.9 8.1
V 100.2 35.5 6.3 12.3 14.6 13.6
VI 43.3 55.6 72.9 16.5 18.1 16.3
VII 62.6 126.8 67.6 18.7 19.0 18.5

Sum/Means
IV–VII 236.1 268.1 234.2 13.9 15.1 14.1

Table 2. Values of the Selyaninov hydrothermal index (k) during the vegetation periods of pea and
spring barley and moisture characteristics (wm) of individual months.

Month

Year

2015 2016

k wm k wm

IV 1.2 md 1.9 mw
V 2.6 vw 0.8 d
VI 0.9 d 1.0 d
VII 1.1 md 2.2 w
VIII 0.2 ed 1.1 md

k ≤ 0.4—extremely dry (ed); 0.4 < k ≤ 0.7—very dry (vd); 0.7 < k ≤ 1.0—dry (d); 1.0 < k ≤ 1.3—moderately dry
(md); 1.3 < k ≤ 1.6—optimum (o); 1.6 < k ≤ 2.0—moderately wet (mw); 2.0 < k ≤ 2.5—wet (w); 2.5 < k ≤ 3.0—very
wet (vw); k > 3.0—extremely wet (ew).

Selyaninov’s hydrothermal index indicates that April and July of 2015 were moderately
dry, May was very wet, and June was dry (Table 2). In 2016, April was moderately wet,
May and June were dry, and July was wet.
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2.4. Calculations

Selyaninov’s hydrothermal index (k) was calculated by the formula:

k = P · 0.1Σt (1)

where:
P —the monthly sum of precipitation in mm
Σt—the monthly sum of air temperatures >0 ◦C
This index is the measure of pluviometric conditions—it considers atmospheric pre-

cipitation and air temperature.
Obtained results in the experiment were used to calculate the uptake, the coefficient

of bioaccumulation, and translocation factor of Mo, B, and Fe [33–35], according to the
following formulas:

(a) Element (Mo, B, Fe) accumulation in pea’s dry mass (uptake by pea) [33], Eup

Eup = Y · Cplant (2)

where:
Y —weight (Yield) of pea (part of a pea, respectively)
Cplant—total element content (concentration of Mo, B, or Fe) in pea’s dry mass (in

separated parts, respectively)

(b) Bioaccumulation Factor of the selected element (Mo, Fe, B), BAFE

BAF index values were calculated and presented in the paper because it represents
the plant’s potential to take up and accumulate elements from the soil. It defines their
allocation from the environment (soil) to the plants. In the literature, it is recommended to
calculate it according to the following formula [34–37]:

BAFE = Cplant/Csoil (3)

where:
Cplant—total element content (concentration of Mo, B, or Fe) in pea’s dry mass (in

separated parts and as averages in the plant, respectively)
Csoil—total element content (concentration of Mo, B, or Fe) in soil

(c) Translocation Factor of selected element [34,35], TFE

TFE = Cagp/Cr (4)

where:
Cagp—total element content (concentration of Mo, B, or Fe) in pea’s aerial parts (in

separated aerial parts and as averages, respectively)
Cr—total element content (concentration of Mo, B, or Fe) in the roots

2.5. Statistical Analyses

The results obtained in the experiment were analyzed by ANOVA with the Fisher–
Snedecor distribution. Least Significant Difference (LSD) values at a significance level of
α = 0.05 were calculated by the Tukey test. The Statistica 13.1 PL statistics package (StatSoft
Inc., Tulsa, OK, USA) was used for the calculations. In addition, Pearson’s linear correlation
coefficient was calculated for selected pea’s features

3. Results

The content of molybdenum, iron, and boron in the separated parts and its average
in the whole plants changed significantly in the development stages of pea and between
the years of the study (Tables 3 and 4). The exception was boron content in the aerial parts,
which did not vary significantly in successive stages of development.
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Table 3. Mo, B, and Fe content in dry mass of pea in successive growth stages, mg·kg−1 DW.

Micronutrients Part of Pea
Growth Stages (BBCH)

LSD0.05
14 33 55 65 75 90

Mo

Seed 5.75
Aerial part 3.83 b 3.66 b 3.27 ab 2.73 a 2.80 a 2.59 a 0.79

Root 3.75 c 4.98 d 3.30 bc 2.70 bc 2.54 b 0.72 a 1.05
Weighted average 3.72 b 3.93 b 3.27 ab 2.71 a 2.79 a 3.72 b 0.70

B

Seed 22.2
Aerial part 25.0 24.9 26.6 26.0 26.8 26.3 n.s.

Root 22.1 ab 23.8 b 22.8 ab 21.7 ab 21.8 ab 20.2 a 2.8
Weighted average 23.7 a 24.7 ab 26.2 cb 25.8 cb 26.6 c 24.7 ab 1.9

Fe

Seed 105.8
Aerial part 312.1 d 229.6 c 152.1 b 112.2 a 119.0 ab 131.4 ab 38.0

Root 3639.0 d 2226.2 c 1707.5 b 1437.4 ab 1373.8 a 1284.2 a 369.2
Weighted average 1819.1 d 674.6 c 283.9 b 182.3 ab 165.5 a 144.7 a 115.9

a,b,c,d—Means for investigated factors with different letters in the rows are significantly different; n.s.—Not
significantly differ at p ≤ 0.05.

Table 4. Mo, B, and Fe content in dry mass of pea, mg·kg−1 DW.

Micronutrients Part of Pea

Source of Variation

Pea Cultivar Year of Research

‘Milwa’ ‘Batuta’ LSD0.05 2015 2016 LSD0.05

Mo

Seed 5.92 1 5.59 1 n.s. 4.78 1a 6.73 1b 0.62
Aerial part 3.23 2 3.06 2 n.s. 3.34 2b 2.95 2a 0.31

Root 3.29 2b 2.70 2a 0.41 3.75 2b 2.25 2a 0.41
Weighted average 3.45 2 3.26 2 n.s. 3.50 2b 3.21 2a 0.27

B

Seed 22.2 1 22.3 1 n.s. 16.5 1a 28.0 1b 2.1
Aerial part 26.2 2 25.7 2 n.s. 20.1 2a 31.7 2b 0.9

Root 22.2 2 21.9 2 n.s. 16.5 2a 27.7 2b 1.1
Weighted average 25.5 2 25.1 2 n.s. 19.6 2a 31.0 2b 0.8

Fe

Seed 105.3 1 106.3 1 n.s. 110.9 1b 100.7 1a 7.8
Aerial part 179.6 2 172.5 2 n.s. 185.4 2b 166.7 2a 14.9

Root 2046.8 2b 1842.6 2a 144.5 2144.9 2b 1744.4 2a 144.5
Weighted average 572.5 2b 517.5 2a 49.3 644.8 2b 445.2 2a 49.3

1—Only for BBCH 90 growth phase, 2—Meanly during the growing season–for all growth phases; a,b—Means for
investigated factors with different letters in the rows are significantly different; n.s.—Not significantly differ at
p ≤ 0.05.

The molybdenum content in the pea roots was highest at the three-internode stage
and lowest at full maturity. There were no significant differences in Mo content in the roots
collected at BBCH stages 55–75 or at stages 14, 55, and 65. The aerial parts contained the
most molybdenum at BBCH stages 14 and 33, and the least at BBCH 65–90. The average
content of this microelement in the entire pea biomass was highest at BBCH 14, 33, and
90, and lowest at stages 65 and 75. Molybdenum content in the roots and aerial parts and
averaged for the entire plants was highest in the conditions prevailing in 2015 than in 2016,
while the reverse pattern was noted for the seeds.

Iron content in the roots, aerial parts, and entire biomass of pea was highest at the
four-leaf stage and decreased up to the stage when the first single flower buds were visible
outside the leaves. In the separated parts and on average in the whole biomass of the pea
plants, the iron content did not differ significantly in the last three development stages
(BBCH 65, 75, and 90). The iron content in the roots, aerial parts, seeds, and whole plants
was higher in 2015 than in 2016.
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Boron content in the roots was highest at the three-internode stage and lowest at full
maturity. Its content in the roots did not differ significantly at BBCH stages 14, 33, 55, 65,
and 75. On average in the whole pea plants, boron content was lower at BBCH stage 14
than at stages 55–75. At BBCH stages 33, 55, 65, and 90 the average boron content in the
whole plant did not differ significantly. Boron content in all separated parts and the average
for the whole pea plants were lower in pea grown in the conditions of 2015 than in 2016.

Boron content in all of the separated parts and the average for the whole plants were
not significantly dependent on the cultivar of pea (Table 4). In the case of molybdenum as
well, the cultivar did not significantly affect the content of this microelement in the aerial
parts or seeds or the average in the whole plants. Only in the roots was higher molybdenum
content noted in the ‘Milwa’ cultivar than in ‘Batuta’. Iron content was higher in the roots
and whole plants of the ‘Milwa’ cultivar than in ‘Batuta’. The cultivar did not significantly
affect the content of iron in the aerial parts or the seeds.

Like the content of micronutrients, their uptake also varied significantly between
development stages and years of pea cultivation (Tables 5 and 6). A significant increase in
the amount of molybdenum and boron accumulated in the roots was obtained between
the four-leaf stage and the three-internode stage of a pea. Uptake of these micronutrients
by the roots from the three-internode stage to the stage when 50% of pods are of typical
length was generally similar. Uptake of iron by the roots decreased from the four-leaf stage
to full maturity of a pea, but the significance of the differences was confirmed only for
the values obtained between the stage when 50% of pods are of a typical length and full
maturity. Among all development stages, the accumulation of all micronutrients in the
roots was lowest at full maturity. The amount of accumulated molybdenum, boron, and
iron in the aerial parts of pea (together with the seeds at the full maturity stage) and the
total uptake by the whole plant generally increased from the four-leaf stage to full maturity,
but the changes were not statistically significant between all stages. At full maturity, the
percentage shares of accumulated molybdenum, boron, and iron in the separate parts in
the total uptake by the whole plant were 0.4%, 1.6,% and 18.0%, respectively for the roots;
42.4%, 64.7% and 53.5% for the aerial parts; and 57.2%, 33.7% and 28.5% for the seeds.

Peas grown in the 2015 conditions accumulated more molybdenum and iron in the
separate parts of the plants and the whole plants than in 2016 (Table 6). Accumulation of
boron in the roots and seeds was similar in the two years of the study, while its accumulation
in the aerial parts and its total uptake by the whole plant were greater in 2016 than in 2015.

Table 5. Mo, B, Fe uptake by pea in successive growth stages, g·ha–1.

Micronutrients Part of Pea
Growth Stages (BBCH)

LSD0.05
14 33 55 65 75 90

Mo

Seed 14.21
Aerial part 0.70 a 2.66 b 9.22 c 13.27 d 15.78 e 10.54 c 1.84

Root 0.54 b 1.04 d 0.87 cd 0.73 bc 0.62 bc 0.09 a 0.30
Sum 1.24 a 3.70 b 10.09 c 14.00 d 16.40 d 24.85 e 2.44

B

Seed 53.5
Aerial part 4.8 a 18.8 a 69.6 b 119.6 c 145.3 d 102.9 c 19.5

Root 3.1 a 4.9 bc 5.5 c 5.4b c 4.4 b 2.5 a 1.1
Sum 7.9 a 23.7 a 75.1 b 125.0 c 149.7 d 158.9 d 19.6

Fe

Seed 278.9
Aerial part 55.9 a 169.2 a 404.6 b 556.4 c 667.9 c 522.9 bc 124.1

Root 548.9 d 466.0 cd 425.3 c 377.1 bc 303.3 b 176.3 a 104.3
Sum 604.8 a 635.2 a 829.9 b 933.5 b 971.2 b 978.1 b 176.0

a,b,c,d,e—Means for investigated factors with different letters in the rows are significantly different.
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Table 6. Mo, B, and Fe uptake by pea at BBCH stage 90, g·ha−1 dm.

Micronutrients Part of Pea

Source of Variation

Pea Cultivar Year of Research

‘Milwa’ ‘Batuta’ LSD0.05 2015 2016 LSD0.05

Mo

Seed 14.38 14.04 n.s. 15.96 b 12.46 a 2.0
Aerial part 10.58 10.50 n.s. 11.45 b 9.63 a 1.39

Root 0.10 0.09 n.s. 0.11 b 0.08 a 0.02
Sum 25.06 24.63 n.s. 27.52 b 22.17 a 3.48

B

Seed 52.2 54.8 n.s. 55.0 52.0 n.s.
Aerial part 102.2 103.7 n.s. 85.7 a 120.3 b 26.3

Root 2.5 2.4 n.s. 2.2 2.7 n.s.
Sum 157.0 160.9 n.s. 142.8 a 175.0 b 25.2

Fe

Seed 275.5 282.3 n.s. 370.4 b 187.3 a 58.2
Aerial part 549.3 496.5 n.s. 547.6 498.3 n.s.

Root 188.3 164.3 n.s. 244.4 b 108.3 a 59.1
Sum 1013.1 943.1 n.s. 1162.3 b 793.9 a 98.8

a,b—Means for investigated factors with different letters in the rows are significantly different; n.s.—Not signifi-
cantly differ at p ≤ 0.05.

The uptake of all tested micronutrients, in all separated parts as well as the total uptake
by the whole plant, did not vary significantly depending on the pea cultivar (Table 6).

The bioaccumulation factors of molybdenum and iron calculated for the roots and
aerial parts and on average for the whole plant were generally highest in the first two stages
of vegetative growth of pea and decreased during its generative development (Table 7). In
the case of boron, the pattern was reversed. The bioaccumulation factor of this element
in the aerial parts and on average in the whole biomass was lower in the initial stages
of development than in the final stages. The values calculated for the roots were not
significantly varied between development stages.

Table 7. Bioaccumulation factors of Mo, B, and Fe in successive growth stages of a pea.

Micronutrients Part of Pea
Growth Stages (BBCH)

LSD0.05
14 33 55 65 75 90

Mo

Seed 87.1
Aerial part 58.1 b 55.5 b 49.7 ab 41.3 a 42.4 a 39.2 a 12.1

Root 56.8 c 75.7 d 50.4 bc 41.3 bc 38.8 b 10.9 a 16.1
Averages in the whole plant 57.4 bc 65.6 c 50.0 ab 41.3 a 40.6 a 45.7 a 10.7

B

Seed 52.6
Aerial part 56.8 a 56.2 a 61.1 ab 60.7 ab 63.6 b 63.4 b 6.2

Root 50.2 53.1 53.4 52.1 53.8 49.6 n.s.
Averages in the whole plant 54.1 a 55.6 a 60.5 b 60.3 b 63.2 b 59.3 b 4.5

Fe

Seed 0.02
Aerial part 0.07 d 0.05 c 0.03 b 0.02 a 0.03 b 0.03 b 0.01

Root 0.79 c 0.48 b 0.37 a 0.31 a 0.30 a 0.28 a 0.10
Averages in the whole plant 0.39 c 0.15 b 0.06 a 0.04 a 0.04 a 0.03 a 0.08

a,b,c,d—Means for investigated factors with different letters in the rows are significantly different; n.s.—Not
significantly differ at p ≤ 0.05.

The bioaccumulation factor of molybdenum calculated for the roots and aerial parts
was higher in the conditions of the experiment conducted in 2015 than in 2016, while in
the case of the seeds the pattern was reversed (Table 8). The average value of this factor
for the entire plant was similar in the two years of the experiment. A lack of significant
variation between years was also noted in the case of the iron bioaccumulation factor in all
separate parts and on average for the whole plants. The bioaccumulation factor of boron
for all separate parts and on average for the whole plants was higher in 2016 than in 2015.
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Table 8. Bioaccumulation factors of Mo, B, and Fe in pea.

Micronutrients Part of Pea

Source of Variation

Pea Cultivar Year of Research

‘Milwa’ ‘Batuta’ LSD0.05 2015 2016 LSD0.05

Mo

Seed 89.4 1 84.5 1 n.s. 73.5 1a 100.5 1b 9.3
Aerial part 49.0 2 46.4 2 n.s. 51.4 2b 44.0 2a 4.7

Root 50.2 2b 41.1 2a 6.3 57.7 2b 33.6 2a 6.3
Averages in the whole plant 52.3 2 49.5 2 n.s. 60.9 2 59.4 2 n.s.

B

Seed 52.9 1 52.3 1 n.s. 15.7 1a 89.5 1b 5.8
Aerial part 61.3 2 59.3 2 n.s. 19.2 2a 101.4 2b 2.4

Root 52.1 2 52.0 2 n.s. 15.7 2a 88.4 2b 3.1
Averages in the whole plant 59.7 2 58.0 2 n.s. 18.7 2a 98.9 2b 1.9

Fe

Seed 0.02 1 0.02 1 n.s. 0.02 1 0.02 1 n.s.
Aerial part 0.04 2 0.04 2 n.s. 0.04 2 0.04 2 n.s.

Root 0.44 2 0.40 2 n.s. 0.45 2 0.39 2 n.s.
Averages in the whole plant 0.12 2 0.11 2 n.s. 0.13 2 0.10 2 n.s.

1—Only for BBCH 90 growth phase; 2—Meanly during the growing season–for all growth phases; a,b—Means for
investigated factors with different letters in the rows are significantly different; n.s.—Not significantly differ at
p ≤ 0.05.

The bioaccumulation factors of all tested micronutrients were similar for the two pea
cultivars. Only the bioaccumulation factor of molybdenum in the roots was higher for
‘Milwa’ than for ‘Batuta’.

The translocation factors of molybdenum, boron, and iron were significantly de-
pendent on the growth stage of a pea, and in the case of molybdenum also on the year
(Tables 9 and 10). The highest translocation factors for boron and iron were obtained at
full maturity for the aerial parts (Ap), and in the case of molybdenum for the seeds. The
lowest translocation factors for molybdenum and boron were generally obtained in the
initial stages of growth. The molybdenum translocation factor for the aerial parts and seeds
was lower in the conditions of 2015 than in 2016.

Table 9. Translocation factors of Mo, B, and Fe to aerial parts (Ap) and seeds (S) of a pea.

Micronutrients

Growth Stages (BBCH)

14
(Ap)

33
(Ap)

55
(Ap)

65
(Ap)

75
(Ap)

90
(Ap)

90
(S)

Meanly to
Ap and S at

90 BBCH
LSD0.05

Mo 1.1 a 0.8 a 1.3 a 1.5 a 1.8 a 3.7 b 8.3 d 5.4 c 1.6
B 1.1 ab 1.0 a 1.2 bc 1.2 bc 1.3 c 1.3 c 1.1 ab 1.2 bc 0.2
Fe 0.09 ab 0.10 bc 0.09 ab 0.08 a 0.09 ab 0.11 c 0.08 a 0.10 bc 0.02

a,b,c,d—Means for investigated factors with different letters in the rows are significantly different.

Table 10. Translocation factors of Mo, B, and Fe in aerial parts of pea (on average during the
growing season.

Micronutrients Part of Pea

Source of Variation

Pea Cultivar Year of Research

‘Milwa’ ‘Batuta’ LSD0.05 2015 2016 LSD0.05

Mo
Seed 8.9 1 7.6 1 n.s. 6.9 1a 9.6 1b 2.2

Aerial part 1.7 2 1.6 2 n.s. 1.3 2a 2.0 2b 0.3
Averages 5.8 2 5.1 2 n.s. 5.0 2a 5.9 2b 0.7
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Table 10. Cont.

Micronutrients Part of Pea

Source of Variation

Pea Cultivar Year of Research

‘Milwa’ ‘Batuta’ LSD0.05 2015 2016 LSD0.05

B
Seed 1.1 1 1.2 1 n.s. 1.3 1 1.0 1 n.s.

Aerial part 1.2 2 1.2 2 n.s. 1.3 2 1.2 2 n.s.
Averages 1.2 2 1.3 2 n.s. 1.3 2 1.1 2 n.s.

Fe
Seed 0.08 1 0.09 1a n.s. 0.08 1 0.09 1 n.s.

Aerial part 0.09 2 0.09 2 n.s. 0.08 2 0.09 2 n.s.
Averages 0.09 2 0.09 2 n.s. 0.08 2 0.09 2 n.s.

1—Only for BBCH 90 growth phase, 2—meanly during the growing season-for all growth phases; a,b—Means for
investigated factors with different letters in the rows are significantly different; n.s.—Not significantly differ at
p ≤ 0.05.

The translocation factors were not significantly affected by the conditions of the
experiment (year of the study) in the case of boron and iron, or by the cultivar in the case of
any of the micronutrients (Table 10).

4. Discussion

The authors cited in the ‘Introduction’ section indicate the important role of the mi-
cronutrients analyzed in this study, i.e., molybdenum, boron, and iron, in the process of
symbiotic nitrogen fixation and the self-sufficiency of plants in terms of nitrogen nutrition.
Molybdenum plays an important role in iron metabolism, in part as a component of en-
zymes catalyzing nitrogen reduction and the assimilation and reduction of nitrates [38–40].
Iron is essential to bacteroids for the synthesis of the enzyme that fixes atmospheric nitrogen–
nitrogenase, as well as cytochromes, ferredoxins, and hydrogenases [29,41–44]. Nitrogenase
activity is dependent on boron, and both a deficiency and a surplus of boron are undesir-
able [45,46]. Furthermore, boron is essential for the development of root nodules, in which
the reduction of N2 to available forms for plants takes place [47].

The content of molybdenum in most plants ranges from 0.1 to 3.0 mg Mo·kg−1

DW [48,49]. Symanowicz and Kalembasa [50] report that the increased content of this
element in plants may be due to a neutral soil reaction, which increases its solubility and
availability. Our experiment was conducted on the soil of pH 6.5–6.6, which indicates that
the test plant was well supplied with molybdenum. The average molybdenum content in
the pea roots in the entire growing period was 3.00 mg·kg−1, ranging from 0.72 mg·kg−1 at
full maturity to 4.98 mg·kg−1 at the three-internode stage. Similarly, the highest content of
this element in the aerial parts (3.94 mg Mo·kg−1) was noted at the three-internode stage. At
this stage, in which the molybdenum content in the roots and aerial parts was highest, there
was a marked increase in the rate of atmospheric nitrogen fixation [19]. At full maturity,
the highest molybdenum content was noted in the seeds (on average 5.76 mg Mo·kg−1),
which is in agreement with reports by Hamlin [49] and Butnariu et al. [51]. According to
these researchers, among all parts of the pea, the seeds have the highest content of this
element. In addition, the amount of molybdenum accumulated in the seeds was 57.2% of
the total uptake by the whole plant.

The iron content in legume plants usually ranges from 75 to 400 mg Fe kg−1 DW [52].
According to the authors cited, the content of iron changes considerably during the growing
period, in varying degrees in different parts of the plant. Burton et al. [53] report that in
the early growth period of soybean, the root nodules have the highest iron content (about
44% of Fe). In our study, the average iron content in pea for the entire growing period
was 1944.7 mg·kg−1, ranging from 1284.2 mg·kg−1 at full maturity to 3639.0 mg·kg−1

at the four-leaf stage. According to Römheld and Nikolic [54], after a pea attains full
maturity, the iron content in the seeds is lower than in the vegetative organs, which was
confirmed in the present study. The iron content in the total biomass of pea averaged
544.9 mg·kg−1. The highest iron content, as in the case of the roots, was noted at the
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four-leaf stage (1820.9 mg·kg−1), and the lowest at full maturity (144.7 mg·kg−1). At this
stage, 105.8 mg Fe·kg−1 was recorded in the seeds, and the amount accumulated in them
was 28.5% of the total uptake by the whole plant.

Boron content higher than 5 mg B·kg−1 in plant tissues is sufficient for the growth and
development of plants [52]. The optimum content of this element for the growth of legume
plants ranges from 20 to 50 mg·kg−1 DW. For pea, the optimum boron content in the leaves
is 23 mg B·kg−1 [55]. According to literature data, the content of this microelement in the
pea plants grown in our study can be considered sufficient. In the aerial parts, all values
exceeded 23 mg B·kg−1. The boron content in the roots of a pea for the entire growing
period averaged 22.1 mg·kg−1, ranging from 20.2 mg·kg−1 at full maturity to 23.8 mg·kg−1

at the three-internode stage. On average in the pea biomass, the content of this element
was 25.3 mg·kg−1, with the highest content recorded in the stage when 50% of pods were
of typical length (26.6 mg·kg−1), and the lowest at the four-leaf stage (23.8 mg·kg−1). The
increasing content of boron in successive development stages of a pea may be due to a
greater demand for it in growing organs than in mature ones [56]. Apart from soil factors,
boron uptake by plants is influenced by the transpiration rate, which depends on relative
humidity and air temperature. Low humidity and higher temperatures increase the uptake
of boron by plants [57]. This dependency was noted in our study as well. In 2016, when the
average air temperature during the growing season was higher than in 2015, the content of
boron was higher in all separate parts of the plants and on average in the whole biomass of
pea, and its uptake by the whole plant was greater as well.

In the current cultivation system, as soon as the seeds are removed from the field and
the remainder of the plant becomes crop residue (in our study consisting of the roots and
aerial parts—stems, leaves, and threshed pods), less than half (42.8%) of the molybdenum,
about two thirds (66.3%) of the boron, and less than three quarters (71.5%) of the iron
accumulated in the biomass of the pea plants were returned to the soil.

The literature data indicate a positive correlation between the rate of symbiotic ni-
trogen fixation and the iron concentration in the root nodules [58]. Our study showed no
significant relationship between iron content in the pea roots and the amount of nitrogen
taken up by the plant from all sources (Table 11). The correlation coefficients indicated
that the amount of nitrogen taken up by pea from the atmosphere and mineral fertilizer
increased with the content of molybdenum in the roots, while in the case of boron content
in this part of the plant the reverse relationship was observed. A study on yellow lupine
also showed a negative correlation between boron content in the roots and the amount of
nitrogen taken up from the atmosphere [59].

The bioaccumulation factor (BAF) represents the plant’s potential to take up and
accumulate elements from the soil. It defines their allocation from the environment (soil)
to the plants [36,37]. A bioaccumulation factor from 1 to 10 indicates a hyperaccumulator
plant, a BAF value of 0.1–1 indicates a moderate accumulator plant, a BAF value of 0.01–0.1
indicates a low accumulator plant, and a BAF value of <0.01 indicates a non-accumulator
plant [60]. In our study, the bioaccumulation factors of molybdenum and boron were well
over 10, which indicates the active accumulation of these elements in pea. The BAF for iron
from 0.02 to 0.79 indicates low accumulation. Accumulation of this element was greater
in the roots (BAF 0.28–0.79) than in the aerial parts (BAF 0.02–0.07). These differences
prompted us to calculate the translocation factor (TF) for the elements. The TF shows the
susceptibility of elements to translocation from the roots of plants to the aerial parts [61].
Among the elements tested, molybdenum and boron translocated more easily in the plant
than iron, as indicated by the higher TF values obtained in both years of the study. A TF
above 1 indicates the plant’s potential for a hyperaccumulation of an element. Our study
confirmed this potential in pea for molybdenum and boron. In the case of boron, the value
was similar throughout the growing period, while in the case of molybdenum it increased
markedly from the flowering stage until full maturity. TF calculated for iron did not exceed
0.12 during the growing period, which indicates a very minor allocation of this element
in pea.
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Table 11. Linear correlation coefficients between pea seed yield, the whole mass, and N uptake from
different sources (presented by Wysokinski and Lozak [19]) and Mo, B, and Fe content in the roots
and whole mass.

Specification

Pea’s Parameter

Seeds Mass Whole
Mass

N Content in
Whole Mass

N Uptake

From
Air

From
Fertilizer

From
Soil

Mo content in roots 0.87 * 0.81 * 0.34 0.86 * 0.75 * 0.34
Mo content in whole mass 0.69 * 0.61 * 0.14 0.52 0.73 * 0.47
B content in roots −0.88 * −0.82 * −0.30 −0.88 * −0.71 * −0.27
B content in whole mass −0.91 * −0.90 * −0.22 −0.94 * −0.70 * −0.30
Fe content in roots 0.43 0.44 −0.09 0.37 0.40 0.01
Fe content in whole mass −0.28 −0.38 −0.19 −0.37 −0.27 −0.36

*—The value of the correlation coefficient is significant, p < 0.05.

5. Conclusions

The highest content of Mo, B, and Fe in the pea roots was recorded from the four-
leaf stage to the full flowering stage, i.e., in the period when symbiosis is established and
atmospheric nitrogen fixation is most intensive. At full maturity, the pea plants accumulated
the largest amount of molybdenum in the seeds (57.2% of total uptake) and the most boron
and iron in the aerial parts (64.7% and 53.5%, respectively). The bioaccumulation factors
of Mo and Fe were generally highest in the initial growth stages and decreased with the
plant’s generative development, while in the case of boron the dependency was reversed.
The BAF values also indicate high bioaccumulation of Mo and B and low bioaccumulation
of Fe in the pea mass. The translocation factors indicate that pea has a high potential for
allocation of Mo and B from the roots to the aerial parts, while the allocation of Fe is very
low. In 2016, when the average air temperature during the growing season was higher than
in 2015, the content of boron was higher in the separate parts of the plant and on average
in the whole plant, as was the uptake of this micronutrient by the whole plant. This pattern
was reversed in the case of Mo and Fe. The values for all parameters tested in most cases
did not differ between pea cultivars.
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