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The influence of lead compounds on selected morphological 
features and the physiological processes of Zea mays L.

Introduction

Soil is a valuable, non-renewable environmental resource, essential for the development 
and continuity of plant growth and life. �e soil stores, �lters and transforms various 
substances, including nutrients and carbon. It contains mineral salts and water – sub-
stances necessary for the seed germination process, for the growth and development of 
most plants. It is a heterogeneous mixture of organic and inorganic compounds with 
various particle sizes (Kabata-Pendias, Pendias, 2001).

Soils should be protected because of their importance, both for the natural envi-
ronment and in the economic and social context. However, in the modern world, soil 
degradation is a serious problem. �e reason for this degradation is anthropopression 
manifested by: inadequately conducted agricultural and forestry works, industrial ac-
tivity, tourism, uncontrolled development of cities and industrial regions, and improper 
land development (Marcinek et al., 1995; Ettler, 2016; Możdżeń et al., 2017; Huo et al., 
2020). As side e�ect of the process of industrialisation, urbanisation and technology 
advances, one of the many problems around the world is the release of heavy metals into 
the soil. Heavy metal pollution causes adverse changes in soil properties, has a direct 
impact on water quality, and negatively a�ects biodiversity and climate change (Rod-
riguesa et al., 2017). Such di�use pollution also threatens the production of organic 
food (Konieczna et al., 2018a, b).

Among heavy metals, lead (Pb) is an element that accumulates easily in soils and 
sediments (Kabata-Pendias, Pendias, 2001). �e main sources of its pollution are emis-
sions from copper, iron and steel smelters, smelted zinc ores and cement production 
(Pattee, Pain, 2002; Carocci et al., 2016). In many countries around the world, the release 
of lead has been reduced, but unfortunately it is still used in the automotive industry, 



El
ke

 B
lo

em
, J

ow
ita

 C
ia

ra
ne

k

64

in the production and recycling of batteries, boat building, pottery and book printing, 
ammunition for hunting. Due to its non-biodegradable nature, its concentration accu-
mulates in the environment, which contributes to an increase in the threat to health and 
life of organisms (Jiao et al., 2012; Li et al., 2012; Arnemo et al., 2016; Zhou et al., 2018).

Although lead is not an essential element for plants, it is easily absorbed and accu-
mulates in di�erent plant parts. �e highest amounts of lead were found in the roots of 
plants, with the simultaneous limitation of its translocation to the above-ground parts 
(Seregin, Ivanov, 2001). Lead uptake by plants is regulated by the pH, particle size and 
cation exchange capacity of the soil. �e excess of lead causes blackening of the root 
system of plants, growth inhibition and chlorosis. Moreover, photosynthesis is disturbed, 
mineral nutrition and water balance are disrupted, the hormonal status is changed and 
the structure and permeability of cell membranes is a�ected (Sharma, Dubey, 2005; 
Puła et al., 2019). �e toxic e�ect of lead on living organisms is mainly related to the 
reaction of lead ions with sul¶ydryl groups of enzymes and proteins (Kabata-Pendias, 
Pendias, 2001; Kabata-Pendias, Mukherjee, 2007). �e extent to which this metal a�ects 
plants varies with its concentration as well as with plant species. Some plants can tolerate 
levels of heavy metals that are already toxic to other plants (Kranner, Colville, 2011).

Although studies of the lead-plant interactions are quite frequent, few experiments 
have been performed simultaneously at the stage of seed germination and plant growth. 
�erefore, the aim of the current study was to determine the germination of grains and 
the growth of maize (Zea mays L.) plants that are equally exposed to lead in the form of 
nitrate compounds. It was hypothesised that the percentages of the lead solution used 
had a di�erent e�ect on the physiological parameters of maize. �erefore, analyses 
were carried out on (1) grains germination capacity, (2) plant growth, (3) fresh and 
dry mass of maize organs and (4) photosynthetic activity by measuring photosynthesis 
and transpiration.

Material and methods

Plant material
Grain of maize (Zea mays L.) was purchased in the POLAN garden store. �ese grains 
were used in Petri dishes germination biotests and for cultivation in the growth chamber.

Solution used in experiment
Water solutions of Pb(NO3)2 × 4H2O were prepared according to the procedure for 0.1%, 
1% and 3% solutions. A solution containing 1% was prepared from 1 g of a chemical 
compound dissolved in 99 ml of distilled water. �e other solutions were prepared 
accordingly and stored in the refrigerator for the duration of the experiment.
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Germination condition
Maize grains (Zea mays L.), rinsed under running distilled water by 30 min., were placed 
in sterile Petri dishes with a diameter of 15 cm with three layers of �lter paper (100 grains 
per Petri dish). Each Petri dish was soaked with 10 ml of the appropriate solution and 3 
ml was watered every other day. �e control consisted of Petri dishes with grains watered 
with distilled water in the same amounts as the Petri dishes with lead solutions. �e ger-
mination test in Petri dishes was stored in the dark at a temperature of 25°C (day / night) 
and under a relative air humidity of 60–70%. A�er 24 hours, the germinated grains were 
counted. �e operation was repeated a�er 48 h, 72 h and 96 h.

Plant cultivation
Maize grains germinated in Petri dishes were planted in 0.5 litre pots with sand and 
were transferred into a growth chamber with a light intensity of 200 μmol × m–2 × s–1 

(LI-COR, USA), during the photoperiod of 12 h and with a temperature of 25°C and 
a temperature of 20°C. �e relative humidity (RH) was 70–80%.

Two di�erent experimental setup were established. In one group of pots plants were 
grown from grains which germinated already on substrates containing lead(II) nitrate 
solution and which were watered during their further growth with distilled water. �e 
second group of pots included plants grown from grains germinated in distilled water 
but which were watered during their growth with lead(II) nitrate solution. �e control 
group consisted of plants, which were watered with distilled water, both during germi-
nation and further growth. Once a week, all plants were watered with Steiner medium 
(Steiner, 1961).

Biometric analysis
�e e�ect of di�erent concentrations of Pb(NO3)2 solutions on the growth of maize 
plants was measured with a calliper, with an accuracy of ±0.1 cm. �e length of the 
roots, blades, leaves (�rst to ��h leaf) and the remaining part of the shoot was meas-
ured. Based on the formula of Mominul Islam et al. (2012), the length of the organs 
expressed as a percentage of control organ was determined (IP):

IP [%] = [1 – (LS / LC)] × 100

IP – inhibition percentage [%], LS – organ length [cm] treated with the water solution 
type, LC – organ length [cm] treated with the distilled water (control group)

Plant biomass
�e fresh mass (FM) of the maize organs was determined on a laboratory balance 
(Ohaus Adventurer Pro, USA) with an accuracy of 0.0001 g. In order to determine the 
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dry mass, plant organs were dried in a laboratory dryer (WAMED SUP 100, Poland) for 
48 h at a temperature of 105°C. Based on the masses obtained, the percentage of water 
content was determined according to the formula: WC = [(FM – DM) / FM] × 100
and percentage of dry mass: DM = (DM / FM) × 100; where WC – water content, FM 
– fresh mass, DM – dry mass.

Photosynthesis and transpiration
�e intensity of photosynthesis (PN) and transpiration (E) was determined for the 
third maize leaf. For this purpose, the CIRAS-2 infrared gas analyser was used. A PLC 
4 board chamber with an area of 2.5 cm2 was used for measurements. �e intensity of 
light reaching the leaf during photosynthesis measurements was 200 μmol × m–2 × s–1, 
60–70% humidity, and temperature was about 25°C.

Statistical analysis
�e signi�cance of di�erences between the subjects was tested by Duncan’s test for homo-
geneous groups, at the level of p ≤ 0.05; mean values (n = 5, ± SD) marked with di�erent 
letters in rows or columns di�er signi�cantly. �e calculations were made in Excel and 
Statistica for Windows 13.1. StatSo�, Inc. (2021).

Results

Germination of maize was a�ected by the higher concentrated lead solutions (Tab. 1). 
A�er 48 h of germination of Zea mays L. grains it was observed that grains germinated 
to a higher extent in the lead salt solution containing 0.1% Pb(NO3)2, compared to 
the control and the higher concentrations of lead solutions. �e lowest percentage of 
germinated grains was found on the substrates containing 3% Pb(NO3)2.

On the third day of germination, the number of germinated grains was lower in 
each concentration of lead solutions, compared to the germination rate in the control 
Petri dishes. �e signi�cantly, lowest number of seeds germinated in the Petri dishes 
containing the 3% lead solution. In the next two days of germination, the percentage 
of germinated grains was the highest in the control, in relation to the lead salt solution 
used. Along with the increase in the concentration of the solution, a signi�cant inhibi-
tion of the germination of maize grains was demonstrated (Tab. 1).

Maize plants developed very di�erently in relation to the applied lead treatment 
when grown in pots (Tab. 2). Plants grown from grains germinated already on lead 
water solutions developed signi�cantly shorter roots compared to plants that germi-
nated without lead but were watered with metal solutions during their growth a�er 
germination (Fig. 1; Tab. 2).
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Tab. 1. Percentage of germinated maize grains (Zea mays L.) treated with solutions of Pb(NO3)2 at con-
centrations of 0.1%, 1% and 3% in the germination test in Petri dishes

Time [h] Control 0.1% 1% 3%
48 56 b 66 a 22 e 2 f
72 92 a 82 b 36 d 12 f
96 94 a 90 b 66 d 20 e
120 99 a 90 b 67 d 21 f
mean values (n = 5) marked with di�erent letters (within the row) di�er signi�cantly according to Dun-
can’s test at p ≤ 0.05

Tab. 2. Development of di�erent plant organs of Zea mays L. in length [cm] in relation to lead application 
at di�erent concentrations during germination in comparison to treatment a�er germination (Control – 
seeds and plants treated with distilled water; lead application: Pb(NO3)2 water solutions at 0.1%, 1% and 
3% concentrations during the germination stage or as irrigation during growth)

Organ Control
Lead application during germination Lead application during growth

0.1% 1% 3% 0.1% 1% 3%
Root 20.80 c 19.82 d 18.32 de 19.70 d 23.80 a 21.40 bc 14.60 g
Blade 6.40 a 3.54 e 3.14 g 4.80 d 5.60 bc 5.70 b 3.30 f
I Leaf 5.60 a 4.52 c 3.42 e 4.80 b 5.30 ab 5.50 ab 4.80 b
II Leaf 15.80 a 10.06 de 9.04 e 12.50 cd 15.20 ab 15.30 ab 13.10 c
III Leaf 23.30 d 18.10 f 17.36 g 21.60 d 26.50 b 28.20 a 18.40 e
IV Leaf 13.60 cd 19.56 b 19.05 b 14.50 c 19.70 b 21.70 a 11.40 e
V Leaf 9.00 a 7.14 b 6.28 c 0.00 h 2.80 f 6.00 c 0.00 h
Rps 5.26 a 5.02 ab 5.24 a 3.00 c 3.60 c 4.10 b 3.40 c
I Leaf, II Leaf, III Leaf, IV Leaf, V Leaf – leaf number, Rps – Remaining part of the shoot; mean values 
(n = 5) marked with di�erent letters (within the row) di�er signi�cantly according to the Duncan test 
at p ≤ 0.05

Compared to the control, the roots of Z. mays were the longest in plants grown from 
grains germinated in distilled water and watered with 0.1% Pb(NO3)2 during growth, 
and the shortest in plants treated with 3% Pb(NO3)2. Biometric analyses of blades and 
leaf I and II showed that each of the solutions inhibited the growth of these organs, re-
gardless of the stage in which lead was applied. In case of the third leaf shorter leaves in 
comparison to the control were developed in plants which germinated in lead solutions, 
but longer ones when lead application occurred during growth. �e IV leaf was longer in 
lead-treated plants regardless of the application phase. Compared to the control shorter 
leaves were observed only in the plants that received 3% Pb(NO3)2 during growth. �e 
length of ��h maize leaf was the longest for the control plants. Plants germinated in 
lead solution or watered with 3% Pb(NO3)2 solution did not develop a ��h leaf. �e 
remaining part of the shoot was signi�cantly the longest in the control plants, compared 
to the plants receiving lead at germination or during growth (Tab. 2).
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�e percentage of growth inhibition (IP value) for the di�erent plant organs in re-
lation to lead application is shown in �gure 1. �e IP clearly indicate that the strongest 
negative e�ect was observed for the length of the ��h leaf.

Biomass development of maize in relation to lead application is shown in table 3. 
�e fresh mass of root of the maize plants varied depending on the concentration of 
the solution.

Fig. 1. Length, expressed as the IP (Inhibition Percentage) index in percentage of the control group, of the 
individual plant organs of Zea mays L. (Treatments: Control – watered with distilled water in comparison 
to Pb(NO3)2 solutions at concentrations 0.1%, 1% and 3% applied at (A) – germination or (B) – during 
growth; mean values (n = 5), positive values indicate a negative e�ect, negative values indicate a positive 
e�ect; 1 (blue): 0.1% Pb(NO3)2, 2 (yellow): 1% Pb(NO3)2, 3 (green): 3% Pb(NO3)2; Rps – Remaining part 
of the shoot
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Tab. 3. Development of fresh biomass [g] of individual plant organs of Zea mays L. in relation to lead 
application at di�erent concentrations during germination in comparison to treatment a�er germination 
(Control – seeds and plants treated with distilled water; lead application: Pb(NO3)2 water solutions at 
0.1%, 1% and 3% concentrations during the germination stage or as irrigation during growth)

Organ Control
Lead application during germination Lead application during growth

0.1% 1% 3% 0.1% 1% 3%
Root 2.0122 ab 2.1154 a 1.9886 b 1.7870 c 2.1014 a 1.7925 c 0.7218 f
Blade 0.4916 d 0.4830 d 0.4022 e 0.4906 d 0.7736 b 0.8453 a 0.2836 f
I Leaf 0.0440 f 0.0710 d 0.0640 e 0.0886 cd 0.1210 a 0.1128 b 0.0190 g
II Leaf 0.1518 e 0.1550 e 0.1536 e 0.2216 d 0.3054 a 0.2948 ab 0.1116 g
III Leaf 0.3014 ef 0.3111 e 0.3077 f 0.3700 d 0.5555 b 0.6220 a 0.2082 h
IV Leaf 0.3646 b 0.3706 b 0.3506 b 0.1950 d 0.3934 a 0.4320 a 0.1108 f
V Leaf 0.0924 a 0.0754 b 0.0600 c 0 h 0.0334 f 0.0428 e 0 h
Rps 0.4004 b 0.4298 ab 0.4320 ab 0.2030 d 0.3558 c 0.4123 ab 0.1452 f
I Leaf, II Leaf, III Leaf, IV Leaf, V Leaf – leaf number, Rps – Remaining part of the shoot; mean values 
(n = 5) marked with di�erent letters (within the row) di�er signi�cantly according to the Duncan test 
at p ≤ 0.05

�e lowest biomass development was recorded for all investigated plant parts in 
plants treated with solutions containing 3% of lead, compared to the control, regardless 
of the application stage. �e values of the fresh mass of the blades were clearly higher 
for plants treated with lead solutions during growth in comparison to application at 
germination stage. Compared to the control, the fresh mass of the �rst three leaves was 
higher in plants watered with lead solutions during growth while that of the plants that 
received lead during the germination stage was comparable. �e fourth leaf achieved the 
highest fresh mass in maize plants watered during growth with 0.1% or 1% Pb(NO3)2, 
relative to the control. �ere were no di�erences in the values of this parameter between 
the control plants and the plants germinating in 0.1% and 1% of Pb(NO3)2. Biomass of 
the ��h leaf was lower in all treatments in comparison to the control. �e fresh mass of 
the remaining part of the maize shoot was greater in plants grown from grains watered 
with lead solutions during the germination stage. Generally, in the remaining cases, 
these values were lower than the control. �e lowest fresh mass values were recorded 
in plants watered with 3% Pb(NO3)2 during growth.

�e percentage of dry mass in the roots of Z. mays grown from grains watered with 
lead solutions was the highest in the control, in relation to all solutions used (Fig. 2). 
In the case of plants treated with lead solutions during growth, the highest percentage 
of root dry mass was found in those watered with 3% Pb(NO3)2. �e percentage of dry 
mass of the blade was lower in each of the lead solutions, in relation to the control, 
regardless of the watering stage.

The influence of lead com
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Exceptions were noted for plants from the germination stage treated with 0.1% 
Pb(NO3)2 and in the growth stage treated with 3% Pb(NO3)2. For the �rst maize leaf, 
lower values of this parameter were found, compared to the values from the control 
plants. �e percentage of dry mass for the 2nd and 3rd leaves di�ered from the control 
and depended on the concentration and time of application. In the case of the ��h leaf, 
lower values of this parameter were observed compared to the control sample. Dry mass 
for the remaining part of the shoot showed di�erent values compared to the control.

�e dry mass of Z. mays roots was greatest in the control plants (Tab. 4). Regardless 
of the treatment stage, a decrease in the mass gain of this organ was observed once the 
concentration of lead solutions increased. �e dry mass values for the blade varied 

Fig. 2. Development of dry biomass [g] of individual plant organs of Zea mays L. in relation to lead appli-
cation at di�erent concentrations during germination (A) in comparison to treatment a�er germination 
during growth (B) (mean values (n = 5); 1 (blue) – control (distilled water), 2 (red) – 0.1% Pb(NO3)2, 
3 (green) – 1% Pb(NO3)2, 4 (yellow) – 3% Pb(NO3)2, Rps – Remaining part of the shoot)
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depending on time of lead application and concentration of the solution. In most cases, 
the dry mass of the �rst maize leaf was higher in plants watered with lead solutions 
in comparison to the control. For the �rst leaf no di�erences were found between the 
control plants and plants that received 3% Pb(NO3)2 solution at germination stage or 
during growth. For the second leaf, the dry mass value was higher in the plants treated 
with lead solutions compared to the control. �e lowest value was observed for plants 
watered with 3% Pb(NO3)2 during growth. Dry mass of the third leaf was not a�ected 
by lead application during germination while that of the fourth leaf was clearly lower 
in plants watered with lead solutions and at the highest lead concentration during 
germination stage. �e dry mass of the ��h leaf was signi�cantly lower in each lead 
treatment what was already obvious in the results presented before. Compared to the 
control, the dry mass of the remaining part of shoot was lower in all plants watered 
with lead solutions during growth. During the germination stage, the dry mass of this 
organ was higher in the treatment with 1% Pb(NO3)2.

Tab. 4. Development of dry biomass [g] of individual plant organs of Zea mays L. in relation to lead 
application at di�erent concentrations during germination in comparison to treatment a�er germination 
(Control – seeds and plants treated with distilled water; lead application: Pb(NO3)2 water solutions at 
0.1%, 1% and 3% concentrations during the germination stage or as irrigation during growth)

Organ Control
Lead application during germination Lead application during growth

0.1% 1% 3% 0.1% 1% 3%
Root 0.2976 a 0.2618 c 0.2666 c 0.2274 d 0.2290 d 0.2300 d 0.1402 g
Blade 0.0548 b 0.0628 a 0.0464 c 0.0476 c 0.0550 b 0.0643 a 0.0332 d
I Leaf 0.0078 c 0.0110 a 0.0092 b 0.0076 c 0.0106 a 0.0110 a 0.0070 c
II Leaf 0.0244 c 0.0256 bc 0.0312 a 0.0254 bc 0.0302 a 0.0308 a 0.0202 d
III Leaf 0.0523 b 0.0560 b 0.0554 b 0.0500 bc 0.0586 ab 0.0686 a 0.0350 d
IV Leaf 0.0660 ab 0.0700 a 0.0626 ab 0.0300 d 0.0434 c 0.0523 b 0.0174 e
V Leaf 0.0146 a 0.0080 c 0.0088 bc 0 g 0.0028 e 0.0053 d 0 g
Rps 0.0332 b 0.0150 d 0.0438 a 0.0208 c 0.0242 c 0.0300 b 0.0198 d
I Leaf, II Leaf, III Leaf, IV Leaf, V Leaf – leaf number, Rps – Remaining part of the shoot; mean values 
(n = 5) marked with di�erent letters (within the row) di�er signi�cantly according to the Duncan test 
at p ≤ 0.05

Water content in the roots and blades of maize was highest in plants watered during 
growth with lead solutions of 0.1% and 1%, in relation to the remaining concentrations 
and the control (Tab. 5).

In the case of the blade and the examined leaves, the lead solutions partly caused 
an increase in the percentage of water content. Statistically signi�cant di�erences were 
shown especially in maize plants watered with lead solutions during growth. In the 
case of the remaining part of the shoot, there were no di�erences in the water content 
in relation to lead application.
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�e intensity of photosynthesis of maize leaves changed in relation to the concen-
tration of lead solutions. With an increase in lead concentration, a decrease in the 
photosynthetic e�ciency of plants was observed (Fig. 3).

Tab. 5. Total water content [%] of individual plant organs of Zea mays L. in relation to lead application 
at di�erent concentrations during germination in comparison to treatment a�er germination (Control – 
seeds and plants treated with distilled water; Lead application: Pb(NO3)2 water solutions at 0.1%, 1% and 
3% concentrations during the germination stage or as irrigation during growth)

Organ Control
Lead application during germination Lead application during growth

0.1% 1% 3% 0.1% 1% 3%
Root 85.21 bc 87.62 b 86.59 bc 87.27 b 89.10 a 87.17 a 80.58 c
Blade 88.85 c 87.00 c 88.46 bc 90.30 b 92.89 a 92.39 a 88.29 b
I Leaf 82.27 b 84.51 b 85.63 b 91.42 a 91.24 a 90.25 a 63.16 c
II Leaf 83.93 b 83.48 b 79.69 bc 88.54 a 90.11 a 89.55 a 81.90 a
III Leaf 82.65 ab 82.00 ab 82.00 ab 86.49 a 89.45 a 88.97 a 83.19 ab
IV Leaf 81.90 b 81.11 b 82.14 ab 84.62 ab 88.97 a 87.89 a 84.30 a
V Leaf 84.20 c 89.39 b 85.33 c n.d. d 91.62 a 87.62 bc n.d. d
Rps 91.71 a 96.51 a 89.86 ab 89.75 ab 93.20 a 92.72 a 86.36 ab
I Leaf, II Leaf, III Leaf, IV Leaf, V Leaf – leaf number, Rps – Remaining part of the shoot, n.d. – not de-
veloped; mean values (n = 5) marked with di�erent letters (within the row) di�er signi�cantly according 
to the Duncan test at p ≤ 0.05

Fig. 3. �e intensity of photosynthesis (PN) and transpiration (E) of the third leaf of Zea mays L. grown 
from grains treated with lead solutions during germination stage and distilled water during growth (A, 
C), and distilled water during germination and lead solutions during growth (B, D); Pb(NO3)2 solutions at 
concentrations 0.1%, 1% and 3%;mean values (n = 5, ± SD) marked with di�erent letters di�er signi�cantly 
according to the Duncan test, with p ≤ 0.05
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In plants grown from grains treated with Pb(NO3)2 solutions during germination, 
signi�cant di�erences were found between 3% solutions and the control sample (Fig. 
3A). In plants grown from grains treated with distilled water, and with lead solutions 
during growth, a negative e�ect of lead was demonstrated at concentrations of 1% and 
3% (Fig. 3B). �e intensity of transpiration of Z. mays leaves was signi�cantly lower 
in each of the treatments with lead solutions at germination as well as during growth 
(Fig. 3.C–D) with the only exception of plants that received 0.1% Pb(NO3)2 during 
germination (Fig. 3C).

Discussion

Contamination of soils with heavy metals causes the accumulation of these metals 
in plant organs, which reduce crop yield (Saifullah et al., 2015). �is is con�rmed by 
scienti�c reports from various regions of the world (Adekunle et al., 2009; Singh et al., 
2010; Bigdeli, Seilsepour, 2010; Zhuang et al., 2009; Kachenko, Singh, 2006; Schreck 
et al., 2013). One of the �rst stages of plant contact with heavy metals is seeds sown 
into contaminated soil. During germination, the seed coat becomes permeable not 
only to water, but also to other environmental factors. It is the �rst protective barrier 
that metals pass to get inside the embryo (Kranner, Colville, 2011; Możdżeń, Rzepka, 
2016). �is study showed the inhibitory e�ect of lead compounds on the germination 
of maize (Zea mays L.). �e negative e�ect of lead, in the form of nitrate compounds, 
increased in proportion to the concentration of their solutions (Tab. 1). �is kind of 
response could be related, i.e. with limited water uptake and transport in the presence 
of lead compounds (Abraham et al., 2013). It could also result from the interference of 
lead with the enzymes of proteases and amylases (Sengar et al., 2008). Heavy metals in 
high concentrations contribute to the destabilisation of metabolic processes and the 
production of excess compounds, harmful to further growth and development (Brewer, 
2010; Możdżeń et al., 2017).

Lead, regardless of the form in which it occurs, not only limits seed germination, 
but also adversely a�ects plant growth. It inhibits root growth to a greater extent than 
growth of aboveground plant parts (Greger, 2004; Liu et al., 2009; Shah et al., 2010; Yang 
et al., 2010; Seregin, Ivanov, 2011). Lead absorption by the roots takes place through the 
apoplastic route or through calcium ion-permeable channels. A�er absorption, lead ac-
cumulates primarily in the root cells due to the blockage of the “Casparian strips” in the 
endoderm. Additionally, lead can be picked up by the negative charges on the root cell 
walls. As the concentration of lead in cells increases, there are also a number of changes 
at their ultrastructural level (Piechalak et al., 2002).

In the studies carried out here, the negative e�ect of lead solutions on the growth 
of maize organs was demonstrated (Fig. 1, 4; Tab. 2). �e highest negative e�ect of lead 
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was found in plants grown from grains germinated on substrates with the analysed 
solutions, compared to plants treated with lead solutions only during growth. For 
example, Shah et al. (2010) found that the seedling stage is more susceptible to heavy 
metal stress than the later vegetative stages.

�e positive values of the IP index indicated the percentage of inhibition of organ 
growth relative to the control (Fig. 1). �ese di�erences, with respect to control, were 
highest for the ��h leaf and the remaining part of the shoot, and not for the roots. �e 
observed stimulating e�ect of lead on root growth was most likely a secondary e�ect, 
caused by damage to the selective function of cell membranes (Jasiewicz, 1996). Lead 
uptake by the root system is a passive process and is proportional to the presence of 
soluble forms in the substrate. �e factors that signi�cantly increase its phyto-bio-
availability are the acidic pH of the soil and high ambient temperature. Atmospheric 
lead is an important source of contamination of plants, especially aboveground parts 
and soils. It is estimated that approximately 73–95% of the total lead content in plants 
comes from this source (Kabata-Pendias, Pendias, 2001).

Fig. 4. Maize (Zea mays L.) plants grown from grains treated with solutions of Pb(NO3)2 at concentrations 
of 0.1%, 1% and 3% at (A) germination and (B) during growth (Photo. E. Bloem)
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Ahmad et al. (2011) found the phytotoxic e�ect of lead on germinating, growth, 
and the value of fresh and dry mass of maize seedlings. In this study, a decreasing fresh 
and dry mass and changes in the water content in maize organs was observed (Fig. 2,
Tab. 2–5) in relation to lead concentration. �e di�erences in the values of these 
parameters were proportional to the concentrations of the lead solutions and slightly 
di�ered between the chemical compounds from which they were prepared (Ahmad 
et al., 2011; Malar et al., 2014; Iqbal et al., 2017). �e obtained results clearly indicate 
that maize belongs to plants with poorly developed adaptive mechanisms in relation to 
high concentrations of lead. �e mechanism of tolerance consists primarily in changes in 
the properties of cell membranes, which, due to the secretion of more pectin’s, increase 
their sorption capacity in relation to lead. Lead can also be excluded from metabolism 
by retaining it in endoderm cells. One of the processes of lead immobilisation in plants 
is its precipitation in the form of ortho- and pyrophosphates on the cell membranes of 
the roots or stems (Jasiewicz, 1996; Sharma, Dubey, 2005).

Lead has a strong in�uence not only on the morphology but also on the physiology 
of plants. It causes changes in the structure and functioning of chloroplasts, blocks 
the electron transport chain, the enzymes of the Calvin cycle, impairs the uptake of 
essential elements – Mg and Fe, and causes CO2 de�ciency due to the closure of the 
stomata. Under environmental stress, stomata as well as non-stomata factors can 
reduce the photosynthetic abilities of plants (Kodera et al., 2008; Oliwa et al., 2016). 
In the present experiment it was observed that the rate of transpiration (E) in�uences 
the photosynthetic ability (Fig. 3). With the increase in the concentration of lead 
solutions, a decrease in the photosynthetic e�ciency of plants was observed. Lower 
values of parameters were demonstrated in maize plants treated with lead solutions 
during growth, compared to the control (Fig. 3B). �is type of reaction was likely due 
to excessive evaporation, which can transport the lead ions up the plant and binds 
them in the surrounding vascular tissue. Perhaps it was also due to the accumulation 
of lead in the cuticular layer of the leaves (Verbruggen et al., 2009; Puła et al., 2019). 
�e chemical forms of lead have di�erent e�ects on plants, changing their biological 
properties. Although they are similarly taken up from the soil, transposed and stored in 
plant organs, they a�ect the metabolism to a di�erent extent, in extreme cases leading 
to death (Iqbal et al., 2017).

Plants have developed strategies to combat heavy metal stress (Hong-Bo et al., 2010). 
�is include, e.g., reduced uptake of metals into the cell, binding of lead to phyto-chel-
atins, glutathione and amino acids in the vacuole by forming complexes. To achieve 
nutrient homeostasis, plants have developed various strategies for mobilization and 
uptake, chelation, storage, and transport between cells and organs. Plants regulate the 
uptake of nutrients, while responding to changes in the soil and inside (Williams et 
al., 2000). As a secondary defence system, they have developed antioxidant activation 
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abilities to combat the increased production of reactive oxygen species (Reddy et al., 
2005; Pourrut et al., 2011).

Conclusion

In response to toxic soil conditions, plants struggle to survive by reduced absorption 
of heavy metals, activating mechanisms that exclude their absorption in metabolically 
inactive cells. Despite this, they still cannot cope with this type of stress, which is man-
ifested by disturbances in their life processes.

In this experiment, it was observed that lead contamination inhibited the germi-
nation of maize grains (Zea mays L.) (1), elongation growth of plants organs (2), fresh 
and dry masses (3) and limited their photosynthetic functions (4). �ese changes were 
proportional to the concentration of lead solutions. A negative impact of lead on the 
morphology and physiology of maize was observed at germination as well as on early 
growth. At this stage of study, it is di�cult to determine at which stage lead was more 
toxic to plant development.
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Abstract
Soil contamination with heavy metals leads to the accumulation of signi�cant amounts of these elements in 
plants and disrupts their growth and development. �e current experiment investigated the e�ect of lead in 
the form of Pb(NO3)2 in water solutions of various percentages (0.1%, 1%, 3%) on the germination of maize 
grains (Zea mays L.), plant growth (fresh and dry mass) and their photosynthetic activity. �e experiment was 
performed on plants grown from grains germinated on lead solutions and on plants germinated in distilled 
water, and watered with lead solutions during growth. �e negative in�uence of lead solutions on the germi-
nation capacity of grains was demonstrated. Regardless of the timing of lead application, maize elongation 
growth was clearly inhibited. Similar results were obtained for the masses of the examined plant organs. �e 
rate of transpiration in�uenced the photosynthesis intensity and depended on the concentration of the lead 
solution. Along with the increase in lead concentrations a negative e�ect of lead on all the parameters tested 
was observed. In general, it can be concluded that only proper management of arable soils can limit the uptake 
of heavy metals by plants and thus improve their growth and development.
Key words: elongation growth, germination, masses, photosynthesis, transpiration
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Wpływ związków ołowiu na wybrane cechy morfologiczne 
i procesy fizjologiczne Zea mays L.

Streszczenie
Skażenie gleb metalami ciężkimi prowadzi do kumulowania znacznych ilości tych pierwiastków w roślinach 
oraz zaburzeń ich wzrostu i rozwoju. W doświadczeniu zbadano wpływ ołowiu, w postaci wodnych roztworów 
Pb(NO3)2 o różnych stężeniach procentowych (0.1%, 1%, 3%), na kiełkowanie ziarniaków kukurydzy (Zea 
mays L.), wzrost roślin (świeżą i suchą masę) oraz ich aktywność fotosyntetyczną. Eksperyment wykonano 
na roślinach wykiełkowanych na roztworach z ołowiem i na roślinach wykiełkowanych na wodzie destylo-
wanej, a podlewanych roztworami ołowiu w czasie wzrostu. Wykazano negatywny wpływ roztworów ołowiu 
na zdolność kiełkowania ziarniaków. Niezależnie od etapu podlewania, wzrost elongacyjny kukurydzy był 
wyraźnie hamowany. Podobne rezultaty uzyskano dla mas badanych organów roślin. Szybkość transpiracji 
wpływała na intensywność fotosyntezy i zależała od stężenia roztworu ołowiu. Wraz ze wzrostem stężeń 
ołowiu, obserwowano jego negatywny wpływ na wszystkie badane parametry. Generalnie można stwierdzić, 
że tylko właściwe gospodarowanie glebami uprawnymi może ograniczyć pobieranie metali ciężkich przez 
rośliny i tym samym poprawić ich wzrost oraz rozwój.
Słowa kluczowe: kiełkowanie, wzrost elongacyjny, masa, fotosynteza, transpiracja
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