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This study evaluates in vitro tolerance of white poplar genotypes to the presence of lead in an acidic rooting medium. 
Lead was supplemented in form of Pb(NO3)2, in the following concentrations: 0 M (Control), 10-6 M, 10-5 M, 10-4 M and 10-3 
M. After four weeks of cultivation, the following characters were measured: number of roots, the length of the longest 
root, the shoot height, dry root mass and dry shoot mass, and parameters related to photosynthetic pigments: content 
of chlorophyll a, b, a+b, and of carotenoids in fresh mass, as well as chlorophyll a/b ratio. For further statistical analysis, 
tolerance indices by Turner and Marshal (TI) were calculated for each measured character. The strongest inhibitory effect 
was achieved on the medium with 10-4 M Pb(NO3)2, but the best differentiation between genotypes was achieved on 
the medium with 10-5 M Pb(NO3)2. The highest tolerance indices for the length of the longest root and shoot height had 
genotypes L-12 and LBM, and for root and shoot dry mass genotypes LCM and L-12. There were no significant differences 
between genotypes in tolerance indices by any of the examined photosynthetic parameters. The obtained results suggest 
that both low pH and the presence of citric acid as chelating agent improved evaluation of lead tolerance in comparison 
with the results obtained on media with standard pH and without citric acid in similar studies. In vitro tests on acidic 
medium with citric acid can efficiently differentiate examined genotypes for lead tolerance, which could be important for 
their use in phytoextraction projects, especially on acidic soils.
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AbsTrAcT

INTrODUcTION

With the start of the rapid development of mining 
and industrialization at the end of the 19th century, the 
ecosystems have been constantly polluted by a wide variety 
of heavy metals (Benavides et al. 2005). Accumulated in 
sufficient quantities, heavy metals not only pose serious 
problems to plant growth and development, but to human 
health as well (Arora et al. 2008). 

Lead is a heavy metal that is considered one of the 
most toxic metals (Zhang 2003), and the major pollutant in 
both terrestrial and aquatic ecosystems (Sharma and Dubey 
2005). Lead naturally occurs in the soil, but its content 
can be greatly increased by human activities (Seregin and 
Ivanov 2001). River sediments also receive significant 

anthropogenic loads of metals from both point and nonpoint 
sources (Sakan et al. 2009).

Apart from negative effects on membrane structure, 
water potential, and hormonal status, its toxicity is mostly 
related to oxidative stress by increased accumulation of 
free radicals and reactive oxygen species. Lead stimulates 
this process by affecting enzyme activity and inhibition 
of electron transport during oxidative phosphorylation 
(Seregin and Ivanov 2001, Sharma and Dubey 2005, Zengin 
and Munzuroglu 2005).

Phytoextraction is an environmentally friendly in 
situ technique for cleaning up metal from contaminated 
land. By phytoextraction toxic metals are taken out from 
contaminated soil and accumulated in the above-ground 
tissues of higher plants, which is sometimes assisted with 
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different chelating agents in order to increase the efficiency 
(Pulford and Watson 2003, Sinhal et al. 2010).

Poplars are often used in phytoremediation. Their main 
advantages are fast growth, adaptability, well-developed 
root system that reaches underground waters, the ability 
to transpire considerable amounts of water (Aitchison et 
al. 2000), and the possibility of the establishment of short 
coppice culture (Rockwood et al. 2000). Poplars could be 
compared to the hyperaccumulators in the heavy metal 
accumulation by large biomass production (Pulford and 
Watson 2003) and relatively high quantity of extracted metal 
per plant (di Lonardo et al. 2011). White poplars (Populus 
section Populus) are interesting for their higher tolerance to 
drought and salinity compared to black poplars (P. section 
Aigeiros Duby).

Considering limitations of field studies on large long-
lived organisms, the use of in vitro culture of tree species 
remains an interesting technique for studying the effects of 
elevated levels of heavy metals and the selection of heavy 
metal-tolerant genotypes. Developmental and molecular 
data obtained by Castiglione et al. (2007) in white poplar 
support the use of in vitro techniques in the study of heavy 
metal stress responses. Tolerance of white poplars to 
heavy metals, including lead, has been tested in controlled 
conditions, and differences among genotypes were found 
(Kališova-Špirochova et al. 2003, Bojarczuk 2004, Bittsanszky 
et al. 2005, Katanic et al. 2007, 2008, di Lonardo et al. 2011). 
Nowadays, these tests include the use of media that increase 
bioavailability and mobility of heavy metals by lowering pH 
and the use of chelators (Vuksanović et al. 2017a).

In this research, the effect of lead on morphometric 
parameters, biomass accumulation, and content of 
photosynthetic pigments in five white poplar (Populus 
alba L.) genotypes in vitro was studied. The aim was to 
evaluate and select lead-tolerant white poplar genotypes 
cultured in vitro on acidic medium in the presence of citric 
acid, regarding the possible use of these genotypes in 
phytoremediation projects on acidic and lead-contaminated 
soils.

MATErIALs AND METHODs

Plant Material and Shoot Multiplication
Five white poplar genotypes were examined: Villafranca 

(Italy), L-12 (Serbia), L-80 (Serbia), LBM (Serbia), and LCM 
(Serbia). These genotypes have been proved suitable for 
biomass production, landscaping, and horticulture and 
suitable for in vitro testing to abiotic stresses (Kovačević 
et al. 2013a, Vuksanović et al. 2016, 2019a). According 
to Kovačević and Igić (2018) and Kovačević et al. (2020), 
Villafranca, L-12 and L-80 genotypes are characterized by 
relatively good rooting of hardwood cuttings. Also, special 
attention is paid to L-12 genotype due to its high biomass 
production and wood characteristics (Ištok et al. 2019, 
Sedlar et al. 2019). 

Micropropagation of five tested genotypes was 
performed by shoot tips and axillary buds to preserve clonal 
fidelity (Rani and Raina 2000, Confalonieri et al. 2003). The 
medium used in shoot multiplication has been described by 
Kovačević et al. (2013a).

The cultures were kept at 26±2°C in the white 
fluorescent light (3500 lux∙m-2) with a 16-hour photoperiod 
and subcultured at 4-week intervals.

Lead Treatments
For the experiment, 2.0 cm long shoot tips from micro 

shoots gained from the multiplication phase were placed on 
rooting ACM medium containing no hormones, adjusted to 
pH 3 before sterilization. Citric acid was added to provide 
pH stability (Skirvin et al. 1986). By lowering the medium pH 
and by acting as a chelating agent, citric acid was expected 
to improve lead uptake by plants and to achieve more 
critical tests for lead tolerance.

The following concentrations of lead in form of Pb(NO3)2 
were examined: 0 M (as a Control), 10-6 M, 10-5 M, 10-4 M, 
and 10-3 M, labeled L0, L1, L2, L3, and L4, respectively.

The sterilization of media was performed by the 
microwave oven. The media were heated until they started 
to boil and then poured into sterilized jars in the laminar 
chamber, in order to preserve the jellification potential 
of agar that could be compromised by low medium pH 
(Kovačević et al. 2013b, Vuksanović et al. 2016, 2017a). 

The cultures were kept for 4 weeks, at the same 
conditions as cultures for shoot multiplication. Three 
jars with five plants per jar were set per each Genotype × 
Medium combination. For pigment content determination, 
additional three jars with five shoots per jar were established 
per each Genotype × Medium treatment.

Lead Tolerance Assessment
After four weeks of cultivation, the following 

morphometric characters were determined: the number of 
roots per plant, the length of the longest root per plant, and 
the height of the shoot.

The following characters describing biomass were 
determined: dry root mass per plant and dry shoot biomass 
accumulation per plant. For dry shoot biomass accumulation, 
fifteen rootless shoot tips were dried at 700C for 72 hours 
and then weighted. The dry shoot biomass accumulation 
was calculated as a difference between dry shoot biomass 
at the beginning and at the end of the experiment. The dry 
mass root/shoot ratio was calculated, as well as the ratio 
between dry root and dry shoot biomass accumulation.

Content of photosynthetic pigments in fresh shoot 
mass for chlorophyll a (Chl a), chlorophyll b (Chl b) and 
total carotenoids was determined spectrophotometrically 
(Wettstein 1957). The chlorophyll a+b and chlorophyll a/b 
ratio were then calculated.

The toxicity of the applied lead concentration and 
differences in lead tolerance among the examined genotypes 
were evaluated by tolerance indices. The tolerance index 
(TI) was calculated according to Turner and Marshal (1972), 
as a ratio between the value of a parameter on the medium 
with a particular lead concentration (Xc(Pb)) and the value 
obtained on the control (XControl) (Equation 1):

                               (1)
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Statistical Analysis
The whole experiment was designed as completely 

randomized. The obtained data were analyzed by two-
way factorial analysis of variance, as well as Fisher’s Least 
significant difference test (LSD test) with STATISTICA 13 
statistical program (TIBCO Software Inc. 2017).

rEsULTs

Morphometric Characters
No obvious signs of toxicity, like chlorosis, necrosis, 

or decay of shoot tissue, were observed, and the rooting 
of shoots was nearly 100% on all examined media (Figure 
1). Only on L4 medium (with 10-3 M Pb(NO3)2) the partial 
darkening of roots was noticed. The results for the measured 
characters are given in Supplementary File.

Factor Genotype had significant effect on the tolerance 
indices of measured morphometric characters, except for the 
length of the longest root. The effect of lead concentration 
was significant for the length of the longest root and shoot 
height, while interaction Genotype × Medium had no 
significant influence on any of the examined morphometric 
characters (Table 1). Since there was no significant effect 
of factor Medium, as well as of interaction Genotype × 
Medium on tolerance index based on the number of roots, 
data from further statistical analysis for this parameter are 
not presented. 

According to the LSD test for tolerance, indices for the 
length of the longest root on L3 and L4 were significantly 
lower than on L1 and L2 media. In total, the highest tolerance 
index for the length of the longest root had genotype L-12, 

and the lowest genotype L-80. The best differentiation of 
genotypes by this tolerance index was found on L2 medium. 
On this medium tolerance index for the length of the longest 
root for genotype L-80 was lower than for other examined 
genotypes (Table 2).

In total, the reaction of most of the examined poplar 
genotypes to lead treatments by shoot height appeared to 
be similar as by the length of the longest root, except for 
genotype L-80 which achieved significantly slower growth 
than others. Except significantly smaller tolerance index for 

(a)

(b)
Figure 1. Rooted microshoots of genotype LBM after four 
weeks of in vitro cultivation on examined concentrations of 
Pb(NO3)2: (a) Shoots; (b) Root system.

Character
Source of variation

Genotype (A) Medium (B) Interaction A×B

Morphometric characters

Number of roots 13.48** 1) 2.15 0.75

The length of the longest root 2.54 6.13** 1.65

Shoot height 5.58** 7.38** 0.94

Biomass characters

Dry root mass 6.98** 3.78* 1.62

Dry shoot mass 7.71** 3.12* 2.54*

Dry mass root/shoot ratio 5.87** 1.77 1.06

Content of photosynthetic pigments

Chlorophyll a content 1.10 4.36* 1.53

Chlorophyll b content 2.13 3.36* 1.5

Chlorophyll a+b content 1.45 4.22* 1.57

Carotenoids content 0.59 3.97* 1.10

Chlorophyll a/b ratio 1.90 1.11 0.82

Table 1. Results of F-test for tolerance indices based on the examined characters.
1) Labels for F-test: * - significant at the level α=0.05; ** - significant at the level α=0.01
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shoot height of L-12 on medium L4 than on L1 and L2, there 
were no significant differences in the reaction of genotypes by 
morphometric characters on the examined media (Table 2).

Biomass Characters
All tolerance indices for biomass characters were 

significantly affected by both Genotype and Medium 
factors, except for the main effect of Medium on tolerance 
index for dry mass root/shoot ratio. The effect of interaction 
Genotype × Medium was significant only for dry shoot 
mass accumulation (Table 1). Since factor Medium and 
interaction Genotype × Medium did not achieve significant 

effect on tolerance index based on the number of roots, for 
this parameter data from further statistical analysis are not 
presented.

There was a significantly lower tolerance index for dry 
root mass accumulation on medium L3 (10-4 M Pb(NO3)2), 
compared to other examined lead concentrations. In 
total, the highest tolerance indices for dry root mass 
accumulation achieved L-12 and LCM, and the lowest L-80. 
The best differentiation between genotypes was achieved 
on medium L2 (10-5 M Pb(NO3)2), where L-12 and LCM had 
lower tolerance indices for dry root mass accumulation than 
L-80 and Villafranca (Table 3).

Table 2. Tolerance index for the length of the longest root and shoot height of the examined white poplar genotypes cultured 
on media with different lead concentrations (Fisher’s LSD test).
*) The differences between values marked with the same letter are not significant at the level α=0.05

c(Pb(NO3)2)
(M) Villafranca L-12 L-80 LbM LcM Total (Medium)

Tolerance index for the length of the longest root

10-6 1.03 abcdef *) 1.57 a 1.39 abc 1.45 a 1.26 abcd 1.36 a

10-5 1.25 abcd 1.49 a 0.55 ef 1.37 a 1.24 abcd 1.21 a

10-4 0.72 def 1.13 abcdef 0.78 bcdef 1.10 abcde 0.75 cdef 0.93 b

10-3 1.41 ab 0.94 abcdef 0.39 ef 0.60 f 0.80 bcdef 0.85 b

Total (Genotype) 1.10 ab 1.28 a 0.83 b 1.16 a 1.01 ab

Tolerance index for shoot height

10-6 1.07 abcdefg *) 1.34 a 0.94 cdefghi 1.24 abc 1.15 abcde 1.16 a

10-5 1.14 abcdef 1.29 ab 0.81 efghi 1.15 abcd 0.99 bcdefgh 1.09 a

10-4 0.80 fghi 1.07 abcdefg 0.61 i 1.02 bcdefgh 0.83 efghi 0.89 b

10-3 1.09 abcdefg 0.76 ghi 0.64 hi 0.96 defgh 0.97 bcdefgh 0.91 b

Total (Genotype) 1.02 a 1.12 a 0.77 b 1.10 a 0.98 a

c(Pb(NO3)2)
(M) Villafranca L-12 L-80 LbM LcM Total (Medium)

Tolerance index for dry root mass

10-6 1.00 cdefgh *) 2.06 ab 1.21 bcdefgh 1.75 abcd 1.58 abcde 1.56 a

10-5 0.78 efgh 2.07 ab 0.29 h 1.39 bcdeg 1.95 abc 1.31 a

10-4 0.50 fgh 1.40 bcdefg 0.45 fh 0.52 fh 1.19 bcdefgh 0.77 b

10-3 1.61 abcde 1.23 bcdefgh 0.61 defgh 0.71 efgh 2.50 a 1.34 a

Total (Genotype) 0.97 b 1.69 a 0.65 b 1.12 b 1.81 a

Tolerance index for dry shoot mass

10-6 0.76 f *) 1.74 abc 1.42 cdef 1.34 cdef 1.78 abc 1.40 a

10-5 0.82 ef 1.65 bcd 0.75 f 1.46 cde 1.69 abc 1.31 ab

10-4 0.80 ef 1.16 cdef 0.70 f 0.80 f 1.73 abc 1.00 b

10-3 1.03 cdef 0.87 def 2.64 a 0.92 ef 2.27 ab 1.37 a

Total (Genotype) 0.85 c 1.36 b 1.20 bc 1.14 bc 1.87 a

Table 3. Tolerance index for dry root and shoot mass of the examined white poplar genotypes on media with different lead 
concentrations (Fisher’s LSD – test).
*) The differences between values marked with the same letter are not significant at the level α=0.05
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In total, the lowest tolerance index for dry shoot mass 
accumulation was achieved on medium L3. The highest 
tolerance index in total for genotypes was achieved by LCM, 
and the lowest by genotype L-80. The best differentiation 
between genotypes was achieved on medium L2, where 
L-12 and LCM had significantly higher tolerance indices than 
genotypes L-80 and Villafranca (Table 3).

Content of Photosynthetic Pigments
Factor Medium had a significant effect on the variation of 

tolerance indices for all examined photosynthetic characters, 
except for chlorophyll a/b ratio (Table 1). Because there 
was no significant effect of any of the controlled sources of 
variation on tolerance index based on chlorophyll a/b ratio, 
data from further statistical analysis for this parameter are 
not presented. Also, results of LSD test for treatments of 
factor Genotype and interaction Genotype × Medium are 
not presented, because their effects were not significant 
for tolerance indices for any of examined photosynthetic 
pigments’ traits.

The highest values of tolerance indices for the examined 
photosynthetic characters were gained on L4 medium (10-

3 M Pb(NO3)2) (Table 4). However, neither of the examined 
media was found to be useful in the differentiation of 
genotypes by tolerance indices for any of the examined 
photosynthetic traits.  

DIscUssION

The success of phytoremediation is considerably related 
to the ability of a plant to survive and grow in the presence 
of a pollutant in the growing substrate. This is particularly 
important for poplars, which have been well-recognized as 
species that play an important role in the phytoremediation 
of polluted sites. Some studies indicate that there is a small 
probability that the poplar plant would face lethal lead 
concentrations in soil solution. According to Huang et al. 
(1997), in most of the contaminated soils they examined, 
lead content in soil solution amounted to less than 0.1% of 
the total lead content in the soil. Also, Kališova-Špirochova 
et al. (2003) found that in a highly polluted industrial area, 
where contaminated soil contained 16000 mg∙kg-1 of Pb2+, 
the content of lead in water leachate was just 0.45 mg.l-1 (i.e. 
5.49 μM). Thus, it seems that genotypes should be selected 
in order to achieve vigorous growth on substrates polluted 
with lead in relatively tolerable concentrations.

In concordance with the results from some previous 
works (Kališova-Špirochova et al. 2003, Katanić et al. 2007, 

di Lonardo et al. 2011, Kovačević et al. 2013a), in most of 
the examined media no signs of intoxication were found on 
shoots. In this work, only sporadic necrotic changes were 
found on the roots formed in medium with 10-3 M Pb(NO3)2, 
which is consistent with the results by Kovačević et al. 
(2013a) on the same medium. However, Bojarczuk (2004) 
reported an inhibitory effect of the medium with pH 5.5 and 
2.0 mM Pb(NO3)2 on shoot and root development of calli of 
hybrid aspen on regeneration medium. On medium with 1.0 
mM Pb(NO3)2 they found that all traits, except shoot height, 
did not differ significantly from that in the control medium. 
This is in concordance with the results we gained on our L4 
medium, which contained the same concentration of lead 
nitrate, and where the tolerance indices were around 1 for 
all examined traits.

Tolerance indices for shoot height and length of the 
longest root were mostly below 1 on L3 and L4 media, and 
above 1 on L1 and L2 media, indicating inhibition of shoot 
and root growth on high, and stimulating effect on low lead 
concentrations. These results are in accordance with the 
results by Seregin and Ivanov (2001), who found that low 
lead concentrations promote root growth. Baker and Walker 
(1989) extensively discuss the stimulative effect of low 
concentrations of heavy metals in a substrate, stressing that 
this phenomenon should be further examined, especially in 
non-essential metals, such as lead.  

Different parameters that describe root growth and 
analog tolerance index are extensively used in heavy metal 
tolerance studies in plants (Baker and Walker, 1989). In our 
work the tolerance index for the number of roots was under 
the weak influence of the factor Medium, while Kovačević 
et al. (2013a) reported that this influence was significant 
and the presence of lead in the medium appeared to be 
stimulative. However, the effect of the factor Medium on 
tolerance index for the length of the longest root in their 
study was not significant, while in our work the inhibitory 
effect of high lead concentrations was significant.  It could 
be assumed that these differences in results are caused by 
higher bioavailability of lead and consequently its higher 
toxicity in media studied in our work due to low pH and the 
presence of citric acid as a chelating agent in media, which is 
in concordance with the results by Yang et al. (2006).

Tolerance indices based on dry shoot and dry root 
mass accumulation were mostly higher than 1, suggesting 
the stimulating effect of the examined media on biomass 
accumulation, except for the inhibitory effect on dry root 
mass accumulation on L3 medium. Kališova-Špirochova et al. 
(2003) reported the stimulating effect of 10-4 M Pb2+ on total 
plant biomass accumulation in aspen rooted shoots in liquid 

Table 4. Tolerance indices for content of photosynthetic pigments in white poplar genotypes grown on different concentrations of 
Pb(NO3)2 (Fisher’s LSD test).
*) The differences between values marked with the same letter are not significant at the level α=0.05

c(Pb(NO3)2)
(M)

Chlorophyll a
content

Chlorophyll b
content

Chlorophyll a+b
content

Carotenoides
content

10-6 0.898 b *) 0.990 ab 0.923 b 0.852 b

10-5 0.903 b 0.882 b 0.897 b 0.898 b

10-4 0.868 b 0.855 b 0.864 b 0.877 b

10-3 1.180 a 1.189 a 1.182 a 1.156 a
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medium in vitro. In concordance with our results, Katanić et 
al. (2007) found inhibitory effect of 10-4 M Pb·EDTA in growing 
medium on fresh biomass accumulation of white poplar 
shoots. Although necrotic changes were found on roots 
formed on L4 medium (10-3 M Pb(NO3)2), the stimulating 
effect of this medium on biomass accumulation was found 
in our work. This stimulation was probably caused by the 
nitrogenous component of lead nitrate, whose quantity 
was increased in this medium by 20% compared to control. 
While Bojarczuk (2004) used a twice as high concentration 
of Pb(NO3)2 to achieve the inhibitory effect, with lower pH 
and the presence of citrate acid, as a chelating agent, L3 
medium achieved the inhibitory effect with a much lower 
concentration of lead, which is more likely to be found in the 
field (Kališova-Špirochova et al. 2003). These findings favor 
this medium to be used in further lead tolerance testing. 
However, the best genotype differentiation according to 
tolerance indices for most of the examined morphological 
and biomass traits was achieved on L2 medium (10-5 M 
Pb(NO3)2). Therefore, this medium should also be taken into 
consideration, especially in the evaluation of white poplar 
genotypes that would be used in afforestation of soils that 
are moderately contaminated with lead.  

Regarding the content of photosynthetic pigments as 
a stress marker (Ghnaya et al. 2009), our results suggest 
a significant effect of the examined media on most 
photosynthetic characters, except chlorophyll a/b ratio. The 
strongest inhibitory effect was achieved on L2 and L3 media. 
The effect of L4 medium was stimulating, probably for the 
same reason as we assumed for biomass accumulation 
characters. However, Kovačević et al. (2013a) gained no such 
effects on media with pH 5.5 and with no chelating agents.

Extensive research has been done in describing the 
inhibitory effect of the high and stimulating effects of low 
lead concentrations on the content of photosynthetic 
pigments (Ewais 1997, Sarvari et al. 2002, Kaznina et al. 
2005, Zengin and Munzuroglu 2005). According to Seregin 
and Ivanov (2001), the lead in toxic concentrations is 
responsible for restrained chlorophyll synthesis, resulting 
in decreased chlorophyll content. The same authors state 
that chlorophyll b is more affected than chlorophyll a, 
while numerous authors suggest decrement of chlorophyll 
a/b ratio on high lead concentrations (Sarvari et al. 2002, 
Kamel 2008, Kovačević et al. 2013a). However, the results of 
our research show that tolerance indices for the examined 
photosynthetic characters of the studied genotypes within 
the same medium were relatively similar, with no significant 
effect of factor Medium on tolerance index for chlorophyll 
a/b ratio.

In order to achieve a more critical test for the evaluation 
of white poplar genotypes for use in phytoremediation 
projects, we used modified medium with the intention to 
increase the bioavailability of lead by increasing its mobility 
both by lowering the pH and using citric acid as a chelating 
agent (Yang et al. 2006). Beside general benefits in lead 
testing in vitro, test on acidic media could be especially 
important for situations where heavy metal pollution is 
accompanied by acidification of soil, such as soil pollution 
after accidents in mining facilities (Antonijević and Marić 
2008).

In comparison with the results gained by Kovačević et 
al. (2013a) on media with pH 5.5, it can be assumed that a 
stronger effect of lead in our work was achieved by lowering 
pH and using citric acid. Likewise, Vuksanović et al. (2017b) 
gained toxic effect and total absence of rooting of Populus 
nigra in medium with pH 3 and 10-3 M Cu2+, while di Lonardo 
et al. (2011) reported absence of toxic effect on Populus alba 
for the same concentration of copper in medium with pH 
5.2. 

Generally, differences in lead tolerance between the 
examined genotypes were rather low and mostly non-
significant. However, regarding tolerance indices obtained 
on L2 and L3 media, the differences between the examined 
genotypes can be discussed and their lead tolerance can be 
evaluated. In this case, genotype Villafranca was used as 
a standard, regarding its frequent use in biotechnological 
studies and its good in vitro performance in the presence of 
lead and some other heavy metals (di Lonardo et al. 2011). 
According to both length of the longest root and shoot 
height, genotype L-12 achieved the best tolerance, and 
together with LBM had the greatest tolerance indices, higher 
than 1. According to dry root and shoot mass accumulation, 
best tolerance achieved LCM which, together with L-12, 
achieved tolerance indices higher than 1. It was not possible 
to differentiate genotypes by examined photosynthetic 
characters neither on medium L3 nor on medium L2. Thus, 
considering the obtained results, it can be assumed that the 
genotype with the best performance in lead tolerance is 
genotype L-12, followed by LBM and LCM. Also, all examined 
genotypes achieved better lead tolerance than standard 
Villafranca genotype. These results are in accordance 
with Kovačević et al. (2013a), who obtained the best 
differentiation of white poplar genotypes on the medium 
with pH 5.5 and 10-4 M Pb(NO3)2, the highest tolerance index 
for shoot height was achieved by L-12 and L-80, while the 
highest tolerance indices for dry shoot accumulation were 
recorded for LBM and LCM. The most striking difference 
between two studies is the reaction of genotype L-80. In 
our and also in the work by Vuksanović et al. (2019b) L-80 
achieved relatively good growth performance on control 
medium with pH 3 (see Supplementary File). However, in 
our study this genotype achieved lowest tolerance indices 
of all genotypes on lead treatment media L2 and L3 for the 
majority of examined traits, while its performance on lead 
treatment media with pH 5.5 in the work by Kovačević et 
al. (2013a) was relatively good. Thus, it seems that the low 
lead tolerance of genotype L-80 in our study is specifically a 
reaction to enhanced bioavailability of lead in conditions of 
low pH and in the presence of a chelating agent.   

Baker and Walker (1989) discussed positively the use 
of tissue culture in heavy metal tolerance studies in plants, 
emphasizing the possibility of faster tolerance testing with 
a smaller amount of material and without destruction of 
the mother plant. Watson et al. (2003) and Pulford et al. 
(2002) demonstrated in Salix sp. that the results obtained in 
hydroponics and in the field are comparable. Doran (2009) 
and Capuana (2011) elaborated that the response of plants 
to environmental contaminants can be predicted on the 
basis of the results from tissue cultures, which would reduce 
the necessity and costs of conventional field experiments. It 
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could be assumed that changes made in media proposed in 
this work in course of the increased bioavailability of lead 
would decrease differences between the results obtained in 
vitro and in field conditions. However, for final evaluation, 
further research should be performed in order to relate 
data from in vitro to field conditions, considering lower 
availability of lead in soil, higher juvenility of the material in 
vitro, and complexity of the interaction between plant and 
habitat.

cONcLUsIONs

According to the presented results, the presence of 
citric acid in the medium with low pH enforced the toxic 
effect of lead compared to previous similar studies. The 
strongest toxic effect was found for the medium with 10-4 
M Pb(NO3)2 but the best differentiation between genotypes 
was achieved on medium with 10-5 M Pb(NO3)2. According 
to most of the examined parameters, lead tolerance in 
genotypes L-12, LBM, and LCM was better than in standard 
Villafranca genotype. Results of this work support the 

further application of in vitro tests in heavy metal tolerance 
research and evaluation in white poplar genotypes.
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