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Abstract

Vehicular emissions cause heavy metal pollution and exert negative impacts on environ-

ment and roadside vegetation. Wild plants growing along roadsides are capable of absorb-

ing considerable amounts of heavy metals; thus, could be helpful in reducing heavy metal

pollution. Therefore, current study inferred heavy metal absorbance capacity of some wild

plant species growing along roadside. Four different wild plant species, i.e., Acacia nilotica

L., Calotropis procera L., Ricinus communis L., and Ziziphus mauritiana L. were selected for

the study. Leaf samples of these species were collected from four different sites, i.e., Con-

trol, New Lahore, Nawababad and Fatehabad. Leaf samples were analyzed to determine

Pb2+, Zn2+, Ni2+, Mn2+ and Fe3+ accumulation. The A. nilotica, Z.mauritiana and C. procera

accumulated significant amount of Pb at New Lahore site. Similarly, R. communis and A.

nilotica accumulated higher amounts of Mn, Zn and Fe at Nawababad and New Lahore sites

compared to the rest of the species. Nonetheless, Z.mauritiana accumulated higher

amounts of Ni at all sites compared with the other species included in the study. Soil surface

contributed towards the uptake of heavy metals in leaves; therefore, wild plant species

should be grown near the roadsides to control heavy metals pollution. Results revealed that

wild plants growing along roadsides accumulate significant amounts of heavy metals.

Therefore, these species could be used to halt the vehicular pollution along roadsides and

other polluted areas.
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Introduction

Environmental pollution harms earth’s ecosystems due to toxic substances and energy release into

air, land and water. Air pollution is the most noxious among all of the pollution types [1–5].

Vehicular emission is a significant source of air pollution. Heavy metals like iron (Fe), cadmium

(Cd), lead (Pb), copper (Cu), chromium (Cr), nickel (Ni), zinc (Zn) and manganese (Mn) are

released from several wires, alloy, tires and pipes of vehicles into roadside surroundings [6–10].

Motor vehicles are regarded as the main source of air pollution globally. Motor vehicles release

carbon monoxide, the major part of nitrogen oxides (NOx), volatile organic compounds (VOCs),

toxic chemicals and some fine particles [11–14]. The sources of heavy metals include leather tan-

ning, lead-acid batteries, fluorescent, fuel, battery industry and thermal power plants [15].

Heavy metals such as Fe, Cu, Ni, Cd, Cu, Pb and Zn are released through different parts of

vehicles [16–20]. Heavy metals emitted from various sources are accumulated on the soil sur-

face [18, 21, 22]. Human activities are the main cause of heavy metal pollution [17, 23, 24].

Every year, millions of tons of heavy metals are released into the air, which destroy environ-

mental ecology and ecosystem and negatively affect human health [25–30].

The effects of vehicular pollution appear on the physiological aspects of plants [31–34]. The

pH of soil is gradually altered by the absorption of heavy metals that affect anatomical, physio-

logical and reproductive attributes of plants [35–38]. Reproductive parts of plants are adversely

affected by automobile’s emission [38–40]. Heavy metal pollution affects seedling growth and

germination of roadside vegetation [41–43]. The germination rate of seeds is decreases due to

excessive Pb toxicity [44, 45]. Remediation is mandatory to control heavy metal pollution for

recovery and restoration of ecosystem [46, 47]. Many remediation technologies have been devel-

oped to avoid the harmful effects of heavy metal pollution. Phytoremediation is a low cost and

highly useful technique for the reduction of heavy metals’ pollution. Different types of plants

with high absorbance capacity for heavy metals can be used in phytoremediation [48–50].

Different plant species are known to absorb, detoxify and tolerate higher levels of heavy

metal pollution [51, 52]. Few tree species, includingMangifera indica L., Pongamia pinnata L.

Pierre, Dalbergia sissoo Roxb andHoloptelea integrifolia L. are used to control air pollutants

[53–55]. Roadside plants are usually more tolerant to heavy metals and indicate their compe-

tent capability for plantation in ecological areas for urban ecosystem restoration [26, 56]. The

rate of urbanization in Pakistan is about 38.6%. Therefore, roads loaded with high traffic pro-

duce higher amounts of heavy metal pollution. Pakistan is trying to control vehicular pollution

with limited resources and awareness [57].

Vegetation and soil samples are the most economical and easiest ways to assess heavy met-

als’ pollution in roadsides [58–60], some other plants [61, 62], grasses [63] and few other

organisms like fish [64, 65] have been used to monitor heavy metal pollution. Due to relative

importance of wild plants and places, current study was conducted to infer heavy metal accu-

mulation capacity of different wild species growing along roadsides. The particular objectives

of the study were; i) to investigate the concentration of selected heavy metals in the leaves of

different wild plants at different sites, ii) to compare the amount of heavy metals between

plants and sites and iii) to estimate the concentration of heavy metals in soil from selected

sites. The results will help to select the plants for phytoremediation purposes along roadsides.

Materials andmethods

Plant species

Four plant species, i.e., Acacia nilotica L., Calotropis procera L., Ricinus communis L. and Zizi-

phus mauritiana Lam. were selected for the current study.
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Collection of plant samples

The leaves of these species were collected from four different sites, i.e., control, New Lahore,

Nawababad and Fatehabad. Control site was selected 50 meters away from the roadside to

exclude the risk of vehicular emission. The plant leaves were cut with a cutter, sealed in poly-

thene bags and brought to the laboratory for further analysis.

Determination of heavy metals in leaf samples

For evaluating heavy metal accumulation, leaf samples were dried in an oven at 70˚C for 15

days. The digestion process was used following [66, 67] for the estimation of heavy metal

accumulation.

Digestion method

The 0.1g of dried plant leaves were added in a conical digestion flask, where 6ml of Nitric acid

(HNO3) was added and kept overnight at 25˚C. Digestion flask was placed on the hot plate at

150˚C until the acid evaporated. When fumes appeared, 1ml hydrogen peroxide (H2O2) was

added to each digestion flask. Then sample flask was left to cool down, and the colorless liquid

solution was diluted by measuring the flask with 50 ml water. The filtered solution was used to

measure heavy metals (Pb2+, Zn2+, Ni2+, Mn2+, and Fe3+) accumulation using Atomic Absorp-

tion Spectrophotometer (Perkin Elmer) [68, 69].

Soil sampling and determination of heavy metals in soil samples

The soil samples were collected from selected sites. The 500 g of soil was collected from each

site and stored in polythene bags. The sample preparation method was identical, as mentioned

above, to evaluate heavy metals concentration in soil samples.

Determination of soil pH and Electrical Conductivity (EC)

The soil samples (200 g) were collected from each study site. soil paste made by gradual addi-

tion of distilled water to the samples with the help of a spatula. There was no free water on the

surface of the paste. The paste was kept for saturation and distilled water was added according

to the needs. The mixture was held for 16 hours. Filtration was done using a Vacuum filtration

system with the Buchner funnel having a filter paper. The filtrate was collected in glass bottles

and analyzed. The pH of the soil was determined by using a pHmeter. The EC of soil was

determined by using an EC meter [70].

Physiological parameters

Determination of chlorophyll and carotenoid contents. The chlorophyll a, b, total chlo-

rophyll, and carotenoids contents were determined according to the method of [71, 72]. Fresh

leaves were cut into small pieces and placed into 5 ml of 80% acetone solution. The solution

was filtered and centrifuged at 14000 rpm for 15 minutes at 4˚C. The absorbance was calcu-

lated at 663 nm (chlorophyll b), 645 nm (chlorophyll a) and 480 nm (carotenoids) using a

spectrophotometer (Hitachi Model U2800 Japan). The chlorophyll and carotenoids substances

were obtained by following formulas 1, 2, and 3, respectively.

Chlorophyll a

Chl a (mg/g-1 leaf fresh weight) = [12.7(OD 663)– 2.69 (OD 645)] � V/1000 � W.
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Chlorophyll b

Chl b (mg/g-1 leaf fresh weight) = [22.9 (OD 645)– 4.68 (OD 663)] � V/1000 � W.

Total chlorophyll

Total chl (mg/g-1 leaf fresh weight) = [20.2 (OD 645)– 8.02 (OD 663)] � V/1000 � W.

Carotenoids

Carotenoids (mg/g-1 leaf fresh weight) = [Acar/EM] � V/1000 � W.

Acar = OD 480+ 0.114 (OD 663)– 0.638 (OD 645)

Where, EM = 100% = 2500, OD =Optical density = Volume of sample andW=Weight of sample.

Statistical analysis

The collected data were analyzed using one-way analysis of variance (ANOVA). Means were

compared using Duncan Multiple Range Test (DMR) where ANOVA indicated significant dif-

ferences [73, 74].

Results

Manganese accumulation

The highest concentration of Mn (1.1 mg/g) was noted in A. nilotica compared with other

three wild plants (Fig 1A). The mean Mn concentration significantly varied among plants and

sites. The lowest Mn (0–0.1 mg/g) was accumulated at control site. The Mn concentration was

high (1.43 mg/g) in R. communis at New Lahore site, while at Nawababad site higher Mn accu-

mulation (1.6 mg/g) was noted for A. nilotica. On the other hand, at sites 1 and 2, Mn accumu-

lation was high (Fig 1C), and at site 2, a higher concentration was obtained in all plant species

(Table 1). Table 1 illustrated mean values, which could be higher significant differences of Mn

for the Acacia nilotica and Ricinus communis from Nawababad. The lowest amount of Mn in

the leaves was estimated at control site, which significantly differed from all other sites. Over-

all, A. nilotica and R. communis accumulated the highest amounts of Mn.

Lead accumulation

The highest Pb accumulation was recorded for Z.mauritiana, while the lowest Pb was accu-

mulated by A. nilotica (Fig 1B). At New Lahore, the highest amount of Pb (6 mg/g) was

recorded in Z.mauritiana than all other plants and sites (Table 1). A. nilotica has been

reported as a good indicator of roadside pollution. The new Lahore site has heavy traffic,

which possibly emit significant amounts of Pb. Therefore, A. nilotica accumulated higher Pb at

this site. Plants by sites interaction indicated that Pb concentration differed among plants at

various sites. The highest Pb was acquired by Z.mauritiana (5.638 mg/g) at New Lahore site

followed by C. procera at New Lahore and A. nilotica at Fatehabad site (Table 1).

Zinc accumulation

The lowest amount of Zn was accumulated by Z.mauritiana, while C. procera accumulated

higher amount (1.10 mg/g) of Zn (Fig 1C). Higher Zn was present in soil at New Lahore and
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Fig 1. Heavy metal accumulation in different wild plant species growing on roadside in a heavy automobile emission area, means sharing
same letters are statistically non-significant (p>0.05).

https://doi.org/10.1371/journal.pone.0249147.g001

Table 1. Interactive effect of wild plants and sites on accumulation of different metals in the leaves of studied plant species.

Sites Plants Mn (mg g-1) Pb (mg g-1) Zn (mg g-1) Ni (mg g-1) Fe (mg g-1)

Control A. nilotica 0.13 c 1.16 e 0.09 d 1.12 f 0.21 f

C. procera 1.31 ab 4.42 cd 1.88 a 6.28 c 2.44 a

R. communis 1.59 a 4.54 bcd 1.42 b 6.37 bc 2.47 a

Z.mauritiana 1.39 ab 4.86 bc 1.92 a 6.35 bc 2.46 a

New Lahore A. nilotica 0.20 c 1.18 e 0.09 d 0.07 f 0.47 e

C. procera 1.24 b 4.92 b 1.94 a 6.27 c 1.49 d

R. communis 1.40 ab 4.28 d 1.94 a 6.50 abc 1.49 d

Z.mauritiana 1.31 ab 4.75 bcd 1.91 a 6.35 bc 1.49 d

Nawababad A. nilotica 0.07 c 1.23 e 0.05 d 0.72 e 0.48 e

C. procera 1.40 ab 4.72 bcd 1.18 bc 6.13 c 1.49 d

R. communis 1.56 a 4.48 bcd 1.43 b 6.19 c 1.45 d

Z.mauritiana 1.14 b 4.58 bcd 1.70 a 6.29 c 1.46 d

Fatehabad A. nilotica 0.08 c 1.13 e 0.10 d 0.95 de 0.49 e

C. procera 1.12 b 5.64 a 1.39 bc 6.68 ab 1.70 c

R. communis 1.16 b 4.83 bc 1.17 c 6.85 a 1.66 c

Z.mauritiana 1.18 b 4.72 bcd 1.39 bc 6.66 ab 1.88 b

LSD 0.05 0.29 0.48 0.24 0.37 0.07

Means sharing same letters within a column are statistically non-significant (p>0.05).

https://doi.org/10.1371/journal.pone.0249147.t001

PLOS ONE Vehicular pollution increases heavy metal accumulation in roadside vegetation

PLOSONE | https://doi.org/10.1371/journal.pone.0249147 May 13, 2021 5 / 15

https://doi.org/10.1371/journal.pone.0249147.g001
https://doi.org/10.1371/journal.pone.0249147.t001
https://doi.org/10.1371/journal.pone.0249147


Fatehabad sites (1.5 and 1.9 mg/g) than other sites. A. nilotica, C. procera and Z.mauritiana

accumulated significant amount of Zn at site 2 (Fig 3D). Plant by sites interaction demon-

strated the four different levels for comparison (Table 1). R. communis accumulated lower Zn

level than A. nilotica and C. procera. Similarly, A. nilotica acquired less Zn than C. procera at

New Lahore site, while a higher Zn amount was observed in C. procera at Nawababad site

(Table 1).

Nickel accumulation

The increased concentration of Ni was recorded for Z.mauritiana, whereas the lowest amount

of Ni was noted for R. communis (Fig 1D). The Ni (6–7 mg/g) was accumulated by tested

plants at all sites except control. The Ni accumulation was in the order Z.mauritiana, C. pro-

cera, A. nilotica and R. communis (Fig 1D). The results revealed that Z.mauritiana found

appropriate for decreasing Ni pollution.

Iron accumulation

A. nilotica absorbed the highest concentration of Fe, while R. communis accumulated the low-

est amount of Fe (Fig 2). Soil samples indicated that all sites had deposited increased amount

of Fe (Fig 2). On the other hand, A. nilotica absorbed the highest concentration of Fe at New

Lahore site (Table 1) than other sites. C. procera and R. communis accumulated same amount

of Fe, while A. nilotica differed from the rest of the plant species.

Heavy metal accumulation in soil

The physicochemical properties of soil samples collected from the study sites are shown in

Table 2. The pH of the soil samples was alkaline, which varied among sites. The EC values

were almost similar to earlier studies [75]. Soils had higher concentrations of Pb and Ni com-

pared to other heavy metals (Fig 3). Similarly, some researchers [76, 77] examined heavy metal

accumulation in the soil. The Pb and Ni are extensively released metals from the exhaust of

vehicles. High concentrations of these metals is linked with high EC as EC can directly affect

the availability of ions in the soil. The saline nature of the soil represented the high EC values.

Fig 2. Iron accumulation in in different wild plant species growing on roadside in a heavy automobile emission
area, means sharing same letters are statistically non-significant (p>0.05).

https://doi.org/10.1371/journal.pone.0249147.g002
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The level of other heavy metals except Pb and Ni in soil samples was low. Because of alkaline

pH, soil induced metal ions retention and immobilization [78]. This is also possible due to the

limited effect of leaching in the soil nutrients [79].

Effect of heavy metals on physiological parameters

Chlorophyll a. Chlorophyll a content was higher in A. nilotica and C. procera than other

plant species (Fig 4A). Chlorophyll a concentration was increased by 3 mg/g in C. procera at

control site, while lower at other sites (Table 3). The highest chlorophyll a was noted in C. pro-

cera at control site, while A. nilotica, R. communis and Z.mauritiana concentration level was

lower at Fatehabad site (Table 3).

Chlorophyll b. The higher amount of chlorophyll b was measured for C. procera with 1.8

mg/g, and 1.4 mg/g of chlorophyll b was recorded from R. communis (Fig 4B). Chlorophyll b

Table 2. Basic physicochemical parameters of the soil samples for selected different sites.

Sites pH EC (μs/m)

Control 6.88 ± 0.21 13.71 ± 0.71

New Lahore 7.18 ± 0.05 26.36 ± 1.90

Nawababad 8.19 ± 0.12 27.73 ± 1.88

Fatehabad 8.47 ± 0.27 27.46 ± 1.29

Means sharing same letters within a column are statistically non-significant (p>0.05).

https://doi.org/10.1371/journal.pone.0249147.t002

Fig 3. Heavy metal concentrations (mg/g dry weight) in the soil at various sites along Faisalabad-Jhang road.

https://doi.org/10.1371/journal.pone.0249147.g003
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in was lower at all sites in all plants except control site. Besides, chlorophyll b amount at all site

was lower than control site (Table 3). Similarly, in all plant species concentration of chloro-

phyll b was highest at the control site as compared to all other sites (Table 3).

Fig 4. Physiological attributes of different wild plant species growing on roadside in a heavy automobile emission area.

https://doi.org/10.1371/journal.pone.0249147.g004

Table 3. Interactive effect of wild plants and sites on different biochemical parameters of studied plant species.

Sites Plants Chlorophyll a (mg g-1) Chlorophyll b (mg g-1) Carotenoids (mg g-1) Total chlorophyll (mg g-1)

Control A. nilotica 2.09 b 3.03 ab 5.01 a 4.05 a

C. procera 1.59 bc 1.26 c 1.27 d 1.14 c

R. communis 1.25 bc 1.27 c 1.31 d 1.25 c

Z.mauritiana 1.55 bc 1.35 c 1.27 d 1.39 c

New Lahore A. nilotica 3.07 a 3.72 a 4.01 b 4.12 a

C. procera 1.14 c 1.21 c 1.16 d 1.18 c

R. communis 1.13 c 1.24 c 1.13 d 1.30 c

Z.mauritiana 1.14 c 1.17 c 1.14 d 1.32 c

Nawababad A. nilotica 2.07 b 2.40 b 3.03 c 3.41 b

C. procera 1.13 c 1.24 c 1.11 d 1.30 c

R. communis 1.17 c 1.18 c 1.18 d 1.20 c

Z.mauritiana 1.11 c 1.18 c 1.14 d 1.30 c

Fatehabad A. nilotica 2.11 b 2.75 b 1.68 d 3.05 ab

C. procera 1.34 bc 1.30 c 1.18 d 1.33 c

R. communis 1.53 bc 1.17 c 1.28 d 1.36 c

Z.mauritiana 1.41 bc 1.30 c 1.23 d 1.34 c

LSD 0.05 0.087 0.082 0.76 0.75

Means sharing same letters within a column are statistically non-significant (p>0.05).

https://doi.org/10.1371/journal.pone.0249147.t003
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Total chlorophyll. Total chlorophyll concentration was lowest in R. communis and Z.

mauritiana (Fig 4D). All plant species accumulated higher total chlorophyll content at control

site than rest of the sites (Table 3). Total chlorophyll concentration at control site was 3.6 mg/

g, while it was lower at all other sites. The lower total chlorophyll was found in all plant species

at all sites except control (Table 3).

Carotenoids. The carotenoids content in different plants were A. nilootica> C. procera>

R. communis> Z.mauritiana (Fig 4C). Similarly, carotenoids content in leaf samples of all

plants followed the order control>New Lahore> Nawababad> Fatehabad (Table 3).

Regarding sites, lower carotenoids contents were found at all sites than control site.

Discussion

The experimental analysis conducted by Anwar et al. [80] revealed that some heavy metals,

including Zn, Fe, Pb, Ni and Mn in the leaves of some plant species and leafy vegetables on the

roadside in Karachi, Pakistan. These plant species (Nerium oleander, F. virens, Guaiacum offici-

nale, and Ficus bengalensis) accumulated the largest concentration of metals from roadside

automobile pollution. Therefore, these plants can be used as a bio indicator in the future for

roadside pollution [81]. Pirzada et al. [82] reported that the highest concentration of heavy

metals was observed in C. sativa and D. sissoo. Thus, these species can be helpful for bioreme-

diation of metals. Celik et al. [83] has observed a significant quantity of Zn, Mn, Fe, Ni, and Pb

in leaves of Robinia pseudo-acacia L. and soil samples in Turkey. Tiwari et al. [84] noted that

some plants were growing along roadsides can be used for phytoremediation of Fe and Mn.

Heavy metals such as Pb, Mn, Zn and Ni in the roadside plants such as grasses and Caesalpinia

species are accumulated in India [85–87]. These species could be used for bioindicators of

heavy metals pollution on the roadside.

Ogbonna et al. [88] suggested that plants are related to some factors that can introduce

some variation in the leaves for Pb and Ni. Anarcadium occidentale accumulated the high con-

centration of Pb and Psidium guajava absorbed the increased amount of Ni, which was the

best indicator for urban air pollution [89]. In the current study, A. nilotica and Z.mauritiana

were good bio-monitoring for Pb and Ni, respectively.

Jung et al. [90] conducted a study on heavy metals’ pollution and showed the highest con-

centration of Fe (8.73 ug/m3) near to subway station. The increased concentration of Fe

occurred due to friction between the brake abrasion and wheel [91]. A similar study reported

the heavy metal accumulation in wild plant species along the road [92]. The highest concentra-

tion of Zn was found in the C. camphora, and the leaves of Populus euramevicana [93]. In the

present study, A. nilotica, Z.mauritiana and C. procera absorbed a higher amount of Zn, and

A. nilotica accumulated a high amount of Fe. It is suggested that Fe plays a significant role in

photosynthetic activity since it is accumulated in the chloroplast [94, 95].

The urban wild plants play a vital role in the environment like reducing the heat effect on

the island and sink air pollutants [96]. Therefore vegetation and trees could be contributing to

the control of air pollution and mitigate global warming [97].

Uka et al. [98] reported that the carotenoid content was lower for the leaf samples of four

tree species, which were collected from the arterial road sites, and those species significantly

differed at the control site except Polyalthia longifolia (p< 0.05). In the Terminalia catappa

0.11 mg/g of carotenoid content was noted at the Arterial road III. Additionally, Polyalthia

longifolia has accumulated 0.17 mg/g of carotenoids at Arterial road I.

Many researchers estimated the reduced carotenoid content under roadside pollution [99,

100]. The reduction of carotenoid content at the New Lahore site, Nawababad site, and Fateha-

bad site induced the vehicular emission to reduce the pigments in the leaf samples [101]. The
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air emissions were transferred in the tissues through the stomata of leaves, which could be

decreased the pigments in the leaf cells by the result of chloroplast denaturation [102]. Simi-

larly, in other studies, reduced content of chlorophyll was observed [13, 103].

Conclusion

The results showed that heavy metal pollution alters chemical composition of wild plants. Z.

mauritiana is favorable for higher accumulation of Ni. Likewise, R. communis and A. nilotica

accumulated higher amounts of Mn. For the control of Pb pollution, Z.mauritiana and A.

nilotica proved suitable. Additionally, R. communis and A. nilotica are promising indicators

for Zn and Fe. Overall, tested plant species reduced roadside pollution and can be used to con-

trol the heavy metal pollution from the roadside.

Acknowledgments

This project was supported by Researchers Supporting Project Number (RSP-2021/7) King

Saud University, Riyadh, Saudi Arabia.

Author Contributions

Conceptualization: Sikandar Altaf, Mumtaz Hussain, Rahmat Ullah Shah, Rehmat Ullah,

Muhammad Ihsan Ullah, Abdul Rauf, Mohammad Javed Ansari, Sulaiman Ali Alharbi,

Saleh Alfarraj, Rahul Datta.

Data curation: Sikandar Altaf.

Formal analysis: Sikandar Altaf, Mumtaz Hussain, Rahmat Ullah Shah, Rehmat Ullah,

Muhammad Ihsan Ullah, Abdul Rauf, Mohammad Javed Ansari, Sulaiman Ali Alharbi,

Saleh Alfarraj, Rahul Datta.

Funding acquisition:Mumtaz Hussain.

Investigation: Sikandar Altaf.

Methodology:Mumtaz Hussain.

Project administration:Mumtaz Hussain.

Software: Sikandar Altaf.

Supervision:Mumtaz Hussain.

Validation:Mumtaz Hussain.

Writing – original draft: Rubina Altaf, Abdul Rauf.

Writing – review & editing: Rubina Altaf, Rahmat Ullah Shah, Rehmat Ullah, Muhammad

Ihsan Ullah, Mohammad Javed Ansari, Sulaiman Ali Alharbi, Saleh Alfarraj, Rahul Datta.

References
1. Ur Rehman S, Ahmed R, Ma K, Xu S, AslamMA, et al. (2021) Ammonium nitrate is a risk for environ-

ment: a case study of Beirut (Lebanon) chemical explosion and the effects on environment. Ecotoxicol-
ogy and Environmental Safety 210: 111834. https://doi.org/10.1016/j.ecoenv.2020.111834 PMID:
33401200

2. Khan FSA, Mubarak NM, Tan YH, Khalid M, Karri RR, et al. (2021) A comprehensive review on mag-
netic carbon nanotubes and carbon nanotube-based buckypaper-heavy metal and dyes removal.
Journal of Hazardous Materials: 125375. https://doi.org/10.1016/j.jhazmat.2021.125375 PMID:
33930951

PLOS ONE Vehicular pollution increases heavy metal accumulation in roadside vegetation

PLOSONE | https://doi.org/10.1371/journal.pone.0249147 May 13, 2021 10 / 15

https://doi.org/10.1016/j.ecoenv.2020.111834
http://www.ncbi.nlm.nih.gov/pubmed/33401200
https://doi.org/10.1016/j.jhazmat.2021.125375
http://www.ncbi.nlm.nih.gov/pubmed/33930951
https://doi.org/10.1371/journal.pone.0249147


3. Sharma J, Goutam J, Dhuriya YK, Sharma D (2021) Bioremediation of Industrial pollutants. Microbial
Rejuvenation of Polluted Environment: Springer. pp. 1–31.

4. Tudi M, Daniel Ruan H, Wang L, Lyu J, Sadler R, et al. (2021) Agriculture Development, Pesticide
Application and Its Impact on the Environment. International Journal of Environmental Research and
Public Health 18: 1112. https://doi.org/10.3390/ijerph18031112 PMID: 33513796

5. Asthana D (2006) Text book of environmental studies: S. Chand Publishing.

6. Ubwa S, Abah J, Ada C, Alechenu E (2013) Levels of some heavy metals contamination of street dust
in the industrial and high traffic density areas of Jos Metropolis. Journal of Biodiversity and Environ-
mental Sciences 3: 13–21.

7. Nazzal Y, Rosen MA, Al-Rawabdeh AM (2013) Assessment of metal pollution in urban road dusts
from selected highways of the Greater Toronto Area in Canada. Environmental Monitoring and
Assessment 185: 1847–1858. https://doi.org/10.1007/s10661-012-2672-3 PMID: 22644122

8. AuthmanMM, Zaki MS, Khallaf EA, Abbas HH (2015) Use of fish as bio-indicator of the effects of
heavy metals pollution. Journal of Aquaculture Research & Development 6: 1–13.

9. Adamiec E, Jarosz-Krzemińska E, Wieszała R (2016) Heavy metals from non-exhaust vehicle emis-
sions in urban and motorway road dusts. Environmental Monitoring and Assessment 188: 1–11.
https://doi.org/10.1007/s10661-015-4999-z PMID: 26627206

10. Jaradat QM, Masadeh A, Zaitoun MA, Maitah BM (2005) Heavy metal contamination of soil, plant and
air of scrapyard of discarded vehicles at Zarqa City, Jordan. Soil & Sediment Contamination 14: 449–
462.

11. Talbi A, Kerchich Y, Kerbachi R, Boughedaoui M (2018) Assessment of annual air pollution levels with
PM1, PM2. 5, PM10 and associated heavy metals in Algiers, Algeria. Environmental Pollution 232:
252–263. https://doi.org/10.1016/j.envpol.2017.09.041 PMID: 28943349

12. França FC, Albuuerque AM, Almeida AC, Silveira PB, Crescêncio Filho A, et al. (2017) Heavy metals
deposited in the culture of lettuce (Lactuca sativa L.) by the influence of vehicular traffic in Pernam-
buco, Brazil. Food chemistry 215: 171–176. https://doi.org/10.1016/j.foodchem.2016.07.168 PMID:
27542464

13. Chauhan A (2010) Photosynthetic pigment changes in some selected trees induced by automobile
exhaust in Dehradun, Uttarakhand. New York Science Journal 3: 45–51.

14. Narwaria Y, Kush K (2012) Environmental assessment of air pollution on roadside plants species at
Dehradun, Uttrakhand, India. Journal of Environmental Research and Development 7: 710–714.

15. Verma R, Dwivedi P (2013) Heavy metal water pollution-A case study. Recent Research in Science
and Technology 5.

16. Eteh D, Francis E, Ajoko I (2021) GIS and remote sensing technology in evaluation of geostatistical
heavy metals soil for environmental quality in yenagoametropolis, bayelsa state Nigeria. Journal of
Applied Science and Environmental Studies 4: 2286–2307.

17. Shuaib M, AzamN, Bahadur S, RommanM, Yu Q, et al. (2021) Variation and succession of microbial
communities under the conditions of persistent heavy metal and their survival mechanism. Microbial
Pathogenesis 150: 104713. https://doi.org/10.1016/j.micpath.2020.104713 PMID: 33387608

18. Weber CJ, Santowski A, Chifflard P (2021) Spatial variability in heavy metal concentration in urban
pavement joints–a case study. SOIL 7: 15–31.

19. Kumar D, Khan EA (2021) Remediation and detection techniques for heavymetals in the environment.
Heavy Metals in the Environment: Elsevier. pp. 205–222.

20. Cizmecioglu SC, Muezzinoglu A (2008) Solubility of deposited airborne heavy metals. Atmospheric
Research 89: 396–404.

21. Xu Y, Shi H, Fei Y, Wang C, Mo L, et al. (2021) Identification of soil heavy metal sources in a large-
scale area affected by industry. Sustainability 13: 511.

22. Yang H, Wang F, Yu J, Huang K, Zhang H, et al. (2021) An improved weighted index for the assess-
ment of heavy metal pollution in soils in Zhejiang, China. Environmental Research 192: 110246.
https://doi.org/10.1016/j.envres.2020.110246 PMID: 33007280

23. Komijani M, Shamabadi N, Shahin K, Eghbalpour F, Tahsili MR, et al. (2021) Heavy metal pollution
promotes antibiotics resistance potential in the aquatic environment. Environmental Pollution: 116569.
https://doi.org/10.1016/j.envpol.2021.116569 PMID: 33540257

24. Aguilera A, Bautista-Hernández D, Bautista F, Goguitchaichvili A, Cejudo R (2021) Is the urban form a
driver of heavy metal pollution in road dust? Evidence fromMexico City. Atmosphere 12: 266.

25. Babula P, Adam V, Opatrilova R, Zehnalek J, Havel L, et al. (2009) Uncommon heavy metals, metal-
loids and their plant toxicity: a review. Organic Farming, Pest Control and Remediation of Soil Pollut-
ants: 275–317.

PLOS ONE Vehicular pollution increases heavy metal accumulation in roadside vegetation

PLOSONE | https://doi.org/10.1371/journal.pone.0249147 May 13, 2021 11 / 15

https://doi.org/10.3390/ijerph18031112
http://www.ncbi.nlm.nih.gov/pubmed/33513796
https://doi.org/10.1007/s10661-012-2672-3
http://www.ncbi.nlm.nih.gov/pubmed/22644122
https://doi.org/10.1007/s10661-015-4999-z
http://www.ncbi.nlm.nih.gov/pubmed/26627206
https://doi.org/10.1016/j.envpol.2017.09.041
http://www.ncbi.nlm.nih.gov/pubmed/28943349
https://doi.org/10.1016/j.foodchem.2016.07.168
http://www.ncbi.nlm.nih.gov/pubmed/27542464
https://doi.org/10.1016/j.micpath.2020.104713
http://www.ncbi.nlm.nih.gov/pubmed/33387608
https://doi.org/10.1016/j.envres.2020.110246
http://www.ncbi.nlm.nih.gov/pubmed/33007280
https://doi.org/10.1016/j.envpol.2021.116569
http://www.ncbi.nlm.nih.gov/pubmed/33540257
https://doi.org/10.1371/journal.pone.0249147


26. Rai PK (2013) Environmental magnetic studies of particulates with special reference to biomagnetic
monitoring using roadside plant leaves. Atmospheric Environment 72: 113–129.

27. Girma A, Skidmore AK, De Bie C, Bongers F, Schlerf M (2013) Photosynthetic bark: Use of chlorophyll
absorption continuum index to estimate Boswellia papyrifera bark chlorophyll content. International
Journal of Applied Earth Observation and Geoinformation 23: 71–80.

28. Yang J-L, Zhang G-L (2015) Formation, characteristics and eco-environmental implications of urban
soils–A review. Soil science and plant nutrition 61: 30–46.

29. Bafana A, Krishnamurthi K, Sivanesan S, Naoghare PK (2018) Mutagenicity and genotoxicity testing
in environmental pollution control. Mutagenicity: Assays and Applications: Elsevier. pp. 113–132.

30. Thijs S, Andonov AV, Wojcik M, Vangronsveld J (2020) 10 Phytomanagement of Pollutants. Soil and
Groundwater Remediation Technologies: A Practical Guide: 125.

31. Rai PK (2016) Impacts of particulate matter pollution on plants: Implications for environmental biomo-
nitoring. Ecotoxicology and environmental safety 129: 120–136. https://doi.org/10.1016/j.ecoenv.
2016.03.012 PMID: 27011112

32. Chemerys I, Myslyuk O, Chemerys V (2020) Effect of vehicle emissions on the morphological and
physiological changes of Taraxacum officinaleweb. Ukrainian Journal of Ecology 10.

33. Kumar A, Kumar P, Singh H, Kumar N (2021) Adaptation and mitigation potential of roadside trees
with bio-extraction of heavy metals under vehicular emissions and their impact on physiological traits
during seasonal regimes. Urban Forestry & Urban Greening 58: 126900.

34. Singh H, YadavM, Kumar N, Kumar A, Kumar M (2020) Assessing adaptation and mitigation potential
of roadside trees under the influence of vehicular emissions: A case study ofGrevillea robusta and
Mangifera indica planted in an urban city of India. Plos one 15: e0227380. https://doi.org/10.1371/
journal.pone.0227380 PMID: 31990922

35. Ramos-Montaño C (2020) Vehicular emissions effect on the physiology and health status of five tree
species in a Bogota, Colombia urban forest. Revista de Biologia Tropical 68.

36. Banerjee S, Palit D, Banerjee A (2021) Variation of tree biochemical and physiological characters
under different air pollution stresses. Environmental Science and Pollution Research: 1–21. https://
doi.org/10.1007/s11356-020-11060-z PMID: 33009614

37. Visez N, Ivanovsky A, Roose A, Gosselin S, Sénéchal H, et al. (2020) Atmospheric particulate matter
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