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Abstract: Microplastics and heavy metals, which originated from irrigation water, fertilizers, pesticides, vehicles, and
agricultural processes such as cover material treatments, are significant pollutants in agricultural ecosystems. Their harmful
effects pose a threat to the health of organisms and ecosystems. This study aimed to determine the effects of microplastic and
copper treatments on the number of leaves stem and root diameter in tomato Lycopersicum esculentum L.) and kale (Brassica
oleraceae L. var. acephala DC.) plants. Microplastics were obtained by cutting agricultural mulch, used as a cover material, into
small pieces (2.5 mm-4 mm) using scissors. Twelve experimental sets were created using microplastic concentrations of 0%,
0.5%,1.5%, and 2.5%, along with copper sulphate (CuSO.) at concentrations of 100 ppm and 500 ppm. The number of leaves,
the stem and root diameters of the plants were measured. While the number of leaves, stem and root diameters in tomato
plants, as well as the stem and root diameters in kale plants, did not significantly vary with microplastic and copper (Cu)
treatments, significant differences were observed in the number of leaves in kale plants. The maximum and minimum leaf
numbers were observed in the control group and the experimental set where 500 ppm CuSO. + 0.5% microplastic was applied,
respectively. Different results emerged when microplastics and Cu were applied separately and together. These findings
highlight the need for future studies that explore the long-term effects of microplastics and heavy metals on various plant
species under different environmental conditions and using multiple physiological and biochemical parameters.
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Mikroplastik ve Bakir Uygulamalarinin Domates ve Karalahanada Yaprak Sayisi, Govde ve Kok
Cap1 Uzerine Etkileri

Oz: Sulama suyu, giibreler, pestisitler, araclar ve ¢rtii materyali uygulamalar1 gibi tarimsal islemlerden kaynaklanan
mikroplastikler ve agir metaller, tarimsal ekosistemlerde onemli kirleticilerdir. Zararli etkileri organizmalarin ve
ekosistemlerin sagligi icin tehdit olusturmaktadir. Bu calismada, mikroplastik ve bakir uygulamalarinin domates
(Lycopersicum esculentum L.) ve lahana (Brassica oleraceae L. var. acephala DC.) bitkilerinde yaprak sayisi govde vekok capi
tizerindeki etkilerinin belirlenmesi amaglanmistir. Mikroplastikler, ¢rtii malzemesi olarak kullanilan tarimsal mal¢in makas
kullanilarak kiiciik parcalara (2.5 mm-4 mm) kesilmesiyle elde edilmistir. %0, %0.5, %1.5 ve %2.5 mikroplastik ile 100 ppm ve
500 ppm konsantrasyonlarinda bakir siilfat (CuSOs) kullanilarak on iki deney seti olusturulmustur. Domates ve lahana
bitkilerinin yaprak sayis: ve govde/kok caplar: ol¢iilmiistiir. Bulgular, mikroplastik ve bakir (Cu) uygulamalarinin domates
ve lahana bitkilerinde govde cap1 ve kok capi tizerinde 6nemli bir degisiklige neden olmadigini gostermistir. Bununla birlikte,
yaprak sayist mikroplastik ve bakir (Cu) uygulamalarma bagl olarak lahana bitkisinde énemli 6lctide degisirken, domates
bitkisinde onemli bir degisim olmamuistir. Lahana bitkisinde en fazla yaprak kontrol grubunda, en az yaprak 500 ppm CuSOs
+ %0.5 mikroplastik uygulanan deney setinde tespit edilmistir. Mikroplastik ve Cu ayr1 ayr1 ve birlikte uygulandiginda elde
edilen bulgular farklilik gostermistir. Sonuglar, mikroplastik ve agir metallerin bitkiler tizerindeki etkilerini farkli kosullarda
arastiracak kapsamli calismalara gereksinim oldugunu ortaya koymaktadir.

Anahtar kelimeler: Brassica oleraceae L. var. acephala DC, mahsul, Lycopersicum esculentum L., kirlilik, toprak.
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1. Introduction

In recent years, the health of living organisms and
ecosystems has been threatened due to the increasing
severity of environmental pollution derived from
anthropogenic activities. Intensive industrial activities
based on technological developments and population
growth have greatly increased the diversity and
concentration of environmental pollutants (Ofoezie et al.,
2022). Microplastics (MPs) and heavy metals are important
pollutants whose harmful effects are better understood
thanks to the studies conducted in recent years (Zhou et
al., 2019; Kajal & Thakur, 2024).

Plastics, whose use is increasing daily due to their
practical and economical nature, cause permanent
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pollution because of their long decomposition process in
nature. Through transformation processes, biotic and
abiotic weathering, plastics break down into small
particles and create invisible pollution in all ecosystems
(Lin et al., 2022; Megha et al., 2025). Plastic particles
smaller than 5 mm are called MP (Koelmans et al., 2022;
Guo et al., 2025). Due to their small size and light weight,
they can easily be transported and dispersed in any
environment. In the hadal sediments of the Mariana
Trench, known as the deepest place in the world's ocean,
200-2200 MPs per litter were detected (Peng et al., 2018).
At an altitude of 8.440 miles on Mount Everest, the highest
point in the world, Napper et al. (2020) estimated 1-30 MPs
per litter, likely originating from the climbers' clothing.
Allen et al. (2019) determined that MPs can be transported
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up to 95 km and thus reach even isolated settlements
through atmospheric transport. MPs facilitate the
transport of environmentally harmful substances,
including organic pollutants, heavy metals, and human
pathogens. For this reason, in the United Nations
Environment Programme (UNEP), it was reported that
MPs are among the top 10 contributors to environmental
pollution (Desai, 2015).

MPs are classified into two groups based on their
formation (Rezaie & Forghani, 2022). Microbead-shaped
MPs found in cosmetic products are called primary MPs
(Waldman & Rillig, 2020). Secondary MPs are generated
when plastics undergo physical, chemical, or biological
degradation into smaller pieces due to factors such as pH
changes, heat, and especially sunlight (Nasseri & Azizi,
2022). Since secondary MPs result from the breakdown of
macroplastics, they are more abundant in nature than
primary MPs (Waldman & Rillig, 2020).

MPs also pose a threat as pollutants in agricultural
ecosystems. Irrigation water containing plastic, pesticides,
fertilizers, and cover material (mulch) treatments are the
main factors that cause MP pollution in agricultural
ecosystems (Wang et al., 2019; Jin et al., 2022). The mulch
treatments used in the cultivation of crops such as tomato,
strawberry, maize, sunflower, and watermelons have
significantly  increased microplastic pollution in
agricultural soils in recent years (Adamczewska-Sowiriska
et al., 2025). Research highlighting the potential issues
arising from soil contamination with microplastics in
agricultural areas (Jin et al, 2022; Yu et al, 2022)
emphasizes the need for further studies on this topic.

Studies on MPs have mostly focused on aquatic
ecosystems because they are easier to study (Bakir et al.,
2012; Rillig, 2012; Sun et al., 2019). There are few studies on
the effects of MPs in terrestrial ecosystems and therefore,
their impact is poorly understood (Azeem et al., 2021; Chia
etal., 2021; Colzi et al., 2022). Plant growth and production
are also affected by MP pollution because of the
contamination of soils by MPs.

For example, Wu et al. (2020) exposed Oryza sativa L.
to polystyrene MP stress and after 21 days, shoot biomass
decreased by 13.1%, 18.8%, and 40.3% in low, medium,
and high- concentrations treatments, respectively. Li et al.
(2020a) applied polyvinyl chloride (PVC) MP particles
with sizes ranging from 100 nm to 18 pm at concentrations
of 0.5%, 1%, and 2% to the root systems and leaves of
lettuce. MPs did not cause any changes in root activity.
However, the total length, surface area, volume, and
diameter of the roots increased. Khalid et al. (2020) found
that MPs directly affect plants by clogging seed pores,
limiting nutrient uptake in water and soil, and causing
plastic accumulation in leaves, roots, and stems. de Souza
Machado et al. (2019) investigated the effects of six
different MPs on spring onion (Allium fistulosum L.) and
observed significant changes in plant biomass, tissue
element composition, and root properties.

Ullah et al. (2021) found that MP accumulation in soil
harms agricultural production by negatively affecting
plants. It was observed that the number of leaves, leaf area,
and stem diameter changed in response to MP treatments
in wheat and grass (Qi et al., 2018; Boots et al., 2019).
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Heavy metals such as Pb, Cu, Mn, Fe, and Cd are
classified as a group of metals with a density greater than
5 g/cm? and an atomic number greater than 20 (Apaydin,
2005; Yiicel Tartan, 2023). The concentrations of heavy
metals in water and soil are typically low but they increase
due to human activities such as mineral extraction, energy
production, domestic and industrial waste, agricultural
processes as well as geological and volcanic activities,
erosion, and fires (Akyildiz & Karatas, 2018). While heavy
metals found in nature are essential for living organisms
in small amounts, they can become toxic at higher
concentrations (Sharma & Agrawal, 2005).

Copper (Cu) is a micronutrient required by plants for
chlorophyll production, protein synthesis, respiration,
DNA and RNA regulation as well as the functioning of
respiration, photosynthesis, cell wall metabolism, and the
activation of various oxidase enzymes (Okcu et al., 2009;
Bolat & Kara, 2017). High copper concentrations in plants
can lead to tissue damage, pigment deficiency, reduced
leaf width, and deterioration of plant roots. Negative
effects on photosynthesis may occur due to ion loss and
DNA damage in the roots, resulting from the deterioration
of the plant's membrane permeability (Yildirim, 2022).
Toxic levels of copper disrupt anabolic processes in plants
such as stomatal movement, photosynthesis, germination,
protein synthesis, and the hormonal and enzymatic
balance (Yruela, 2005; Yildirim, 2022). Cai et al. (2014)
reported that high concentrations of Cu lead to changes in
root morphology. Marques et al. (2018) explained that
elevated copper concentrations negatively affected the
stem and root diameters of Hymenaea courbaril L. plants
and that there was a decrease in the vascular cylinder area
and cortex thickness in terms of root anatomy.

This study aimed to determine the effects of MPs and
Cu treatments on the number of leaves, stem and root
diameters in tomato (L. esculentum) and kale (B. oleraceae L.
var. acephala DC.), two commonly produced vegetables
worldwide. Tomato is a summer vegetable from the
Solanaceae family, widely cultivated both worldwide and
in Ttrkiye due to its taste, nutritional value, and diverse
uses (Peralta & Spooner, 2007). Tomato is a rich source of
lycopene and, therefore, an excellent antioxidant (Durmus
et al,, 2018). Kale is a cold-climate winter vegetable from
the Brassicaceae family, rich in chlorophyll and beta-
carotene and abundant in antioxidants, vitamins, and
minerals (Ayaz et al., 2008; Alibas & Okursoy, 2012).

MPs and copper sulphate (CuSO,) were applied to
the plants both separately and together. It was
hypothesized that plant responses to MPs and copper
might differ when applied together compared to when
applied separately. Therefore, the effects of MP pollution,
especially from mulch treatment and copper, which is
found in many pesticides and accumulates to high
concentrations in soil, were assessed based on the number
of leaves, stem and root diameters, which are indicators of
plant development. The data obtained from this study is
expected to provide valuable information for professionals
in the fields of agriculture, ecology, and botany.

2. Material and Method
2.1. Materials

Tomato seedlings were produced from Rio Grande tomato
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seeds obtained from the Yalova Atattirk Horticultural
Central Research Institute. Black Sea leaf cabbage kale
seeds (TARMEN Tohumculuk, Balikesir, Tiirkiye) were
used to grow the kale seedlings. MPs were obtained by
cutting the mulch (0.4 pm thick polyethylene), which is
used as a cover material in agriculture, into small pieces
2.5 to 4 mm in size by scissors (Ren et al., 2021). The MP
rates applied to the soil were determined based on a
literature review (de Souza Machado et al., 2018; Wu et al.,
2019; Li et al., 2020b; Meng et al., 2021). Four different
concentrations of MPs (0%, 0.5%, 1.5%, and 2.5%) were
added to the growing environment of the plants. The 1:1
soil-peat mixture was used as a growing environment for
the plants. The soil was taken from the field at a depth of
0-25 cm, air-dried, and sieved through a 4 mm sieve. Peat
was added to the field soil at a volume of 1:1. According to
the determined MP concentrations, MPs were added to the
soil-peat mixture.

2.2. Experimental sets

This study was conducted to determine the effects of
microplastic (MP) and copper (Cu) treatments on the
number of leaves, stem and root diameters in tomato and
kale plants, 12 different experimental sets were designed
(Table 1) for each plant species. The experimental sets were
arranged according to a strip plot design. For each
experimental set, 12 plants were used (replicated),
totalling 144 tomato and 144 kale plants.

Table 1. Experiment sets

Control

100 ppm CuSO4

500 ppm CuSO4

0.5% MP

1.5% MP

2.5% MP

100 ppm CuSO4 + 0.5% MP
100 ppm CuSO4 + 1.5% MP
100 ppm CuSO4 + 2.5% MP
500 ppm CuSOs+ 0.5% MP
500 ppm CuSO4+ 1.5% MP
500 ppm CuSO4 + 2.5% MP

2.3. Cultivation of plants

The cultivation of the tomato plants was carried out in the
greenhouse located in the garden of Amasya University
Suluova Vocational School. The pots were watered with
tap water, considering the field capacity, and left to
incubate for one week (Zhang et al., 2020). The surface
sterilization of the seeds was done by being soaked in a
20% NaClO (Sodium hypochlorite) solution for 10
minutes, then washed with distilled water 5 times (Pinto
et al,, 2011). Tomato and kale seeds were sown in pots. All
pots were watered daily with 10 mL of tap water until
germination was completed. After germination, tomato
seedlings were watered with 100 ml of tap water every
other day. When plant growth slowed down, the pots were
watered with a solution prepared with 20 mL nitrogenous
liquid organomineral fertilizer (Lotufert Hector, Lotus
Tohumculuk ve Giibre San. A.S., Antalya, Tiirkiye) for 10
litters of water. After the seedlings reached the desired size
(1 month after germination), 100 and 500 ppm CuSO4
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solutions started to be applied to the relevant experimental
sets. The control pots and the pots containing only MPs
were watered with tap water and the other pots were
watered with the determined concentrations of CuSO4
solution. CuSOy solution was applied 4 times during the
experiment. Tomato plants were harvested 43 days after
sowing seeds.

To increase the survival rate of kale plants, kale seeds
were germinated in viols and then transplanted into pots.
For this purpose, field soil and peat were mixed in a
volumetric ratio of 1:1. MPs were added to soil-peat
mixtures at 0%, 0.5%, 1.5%, and 2.5% rates. The viols and
the pots were filled with soil-peat or soil-peat-MP mixtures
according to the experiment sets. Each of the viols was
watered with 20 mL of tap water and incubated for one
week. Then, the surface sterilization of the kale seeds was
done, and the seeds were sown to the viols. Each viol was
watered with 5 mL of tap water every day until
germination. After 8 days, the kale seeds had germinated,
and the seedlings were watered with tap water for
approximately 10 days. Then, the seedlings were watered
consistently every day with a solution of Lotufert Hector
brand nitrogenous liquid organomineral fertilizer, once
with tap water and once with 30 ml of fertilized water.
After the seedlings matured (2 weeks later), they were
placed in the pots, which were watered with 400 mL of tap
water and incubated for one week before. The kale
seedlings were grown under standard room conditions.
After 3 weeks, the pots were taken out to grow outdoors.
The side facing the outside is covered with a transparent
nylon cover to prevent them from being affected by rain.
According to the experimental sets, 4 concentrations of 100
and 500 ppm CuSO; solution were applied to the kale
plants. The kale plants were harvested 110 days after
sowing seeds.

Fungicides and insecticides used in tomato and kale
cultivation to prevent diseases and herbivore attacks were
applied to each experimental set and plant individual at
equal concentrations and times to ensure they did not
interfere with the effects of microplastic and Cu
treatments.

2.4. Measurements of plants

The number of leaves of the plants was determined by
counting the leaves emerging from the main branch. The
stem diameters of the plants were measured using
millimetric paper based on 1 cm above the point of
emergence from the soil. Plant root diameters were
calculated by rotating the first part of the plants
underground around the root with millimetric paper.

2.5. Statistical Analysis

The data were tried to be determined by calculating the
standard deviation values, mean values, and statistical
significance levels (P<0.05) using the IBM SPSS Statistic-20
statistical program. Differences between the experimental
groups were determined by using the One-way ANOVA
test, Tukey and Tamhane post-hoc tests. Relationships
between parameters were examined by Pearson's
Correlation analysis.

3. Results and Discussion

Supplying healthy and sufficient food is one of the most
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important threats of today and the future. The increase in
environmental pollution in recent years has required
serious focus on this problem. Revealing the effects of
environmental pollution through studies guides solution
suggestions. In this study, artificial pollution was created
by applying MP and Cu to the soil and it was tried to
determine how the number of leaves, root and stem
diameter of tomato and kale plants were affected. Since
leaves are basic photosynthetic organs, they provide key
information both in terms of production and the general
development status of the plant. The stem and root
diameters are parameters that provide important
information about the development status of the vascular
bundles and the plant growth. The results of the study
showed that the responses of the plants to the MP and Cu
treatments for the examined parameters varied depending
on the plant species, pollutant type, and separate or
combined exposure to pollutants.

By adding MP and Cu to the growing medium of
tomato and kale plants, the effects of these two factors on
the number of leaves, stem and root diameter were tried to
be determined separately and together. The results of the
changes in the parameters examined in tomato and kale
plants caused by MP and Cu treatments are presented
under the following headings.

3.1. Number of Leaves

Results showed that although there were differences
among the data sets, the number of leaves in tomatoes did
not significantly vary due to MP and Cu treatments (Table
2). The Cu addition applied at different concentrations did
not affect the mean number of leaves in a significant trend
in the tomato plants. Similar trends were observed in the
experimental sets where MPs were applied. While the
number of leaves increased slightly with moderate MP
addition (1.5%), the addition of 0.5% and 2.5% MP showed
similar results to the control group in tomato plants (Fig.
1). The most effective MP rate was 1.5% for the number of
leaves in tomato plants.
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Figure 1. Number of leaves in tomato plants according to the
experimental sets

Table 2. Differences in mean number of leaves, stem diameter, and
root diameter of tomato plants

Sum of Squares df Mean Square F P
Number of Leaves 13.910 11 1.265 1.206 0.289
Stem Diameter (mm) 39.410 11 3.583 1.339 0.210
Root Diameter (mm) 37.354 11 3.396 1.172 0.313

In the kale plants, there was a significant variation in
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the mean number of leaves (Table 3). The number of leaves
of kale plants grown in 500 ppm CuSO4+ 0.5% MP and 500
ppm CuSOy + 1.5% MP added soils differed from those of
the control groups (Fig. 2). The maximum and the
minimum leaf number were determined in the control
group and the experimental set where 500 ppm CuSO4 +
0.5% MP was applied, respectively. Although it was not
statistically significant, the number of leaves increased in
parallel with the increase in Cu concentration applied to
the kale plants. Different concentrations of MP treatments
resulted in different trends depending on the presence and
concentration of Cu (Table 2).
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Figure 2. Number of leaves in kale plants according to the
experimental sets

Table 3. Differences in mean number of leaves, stem diameter, and
root diameter of kale plants

Sum of Squares  df Mean Square F P
Number of Leaves 51.222 11 4.657 2.665 0.004
Stem - Diameter g 10 1 1719 0.852 0589
(mm)
Root Diameter (mm) 31.021 11 2.820 0.796 0.644

While the number of leaves significantly varied
depending on MP and Cu treatments in kale, no
statistically significant variation was observed in tomato
plants. This difference may be because the plants are
genetically, anatomically,  physiologically, and
metabolically different from each other. In addition, it may
also have resulted from climatic factors since they are
vegetables produced in summer and winter conditions.
While the number of leaves showed a similar trend among
the experimental sets in tomato, it tended to decrease in
cabbage due to the increase in MP concentration only in
MP and 100 ppm Cu + MP applied plants and when the
copper concentration was increased, it tended to increase
in parallel with the increase in MP concentration. When
high concentrations of copper (500 ppm) and MP
combination were applied to the kale plants, a more
significant negative effect was observed on the number of
leaves and this negative effect appeared to decrease as the
MP concentration increased. This may be due to the low
sorption of Cu in the soil due to high concentrations of
MPs.

While copper did not change the number of leaves at
low concentrations, it significantly increased the number
of leaves at high concentrations in Arabidopsis plants
(Kolbert et al., 2012). Hasan and Jho (2023) found that the
number of leaves decreased by 16.5% in lettuce plants
exposed to 3% polyethylene MP fragments compared with
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those of controls, while there was no significant variation
in lettuce plants exposed to polyethylene MP fiber. Singh
and Singh (2022) determined that compared with the
controls, the number of leaves of Trigonella foenum-graecum
L. treated with MPs did not differ after 20, 60, and 80 days.
Colzi et al. (2022) reported that, except for polypropylene
MPs, other MP types had no effect on the number of leaves
in Cucurbita pepo L. Gao et al. (2019) indicated that the
number of leaves of Lactuca sativa L. decreased with an
increase in MP concentration. In the study of Ikhajiagbe et
al. (2023), a reduction was determined in the number of
leaves of Celosia argentea L. grown in soils polluted with
the MPs. Although it varies depending on the plant
species, applied MP size and type, the findings of previous
studies approximately support the results of our study.

3.2. Stem and Root Diameter

The stem diameters of tomato and kale plants did not
significantly vary due to MP and Cu treatments. The
maximum stem diameter was measured in 500 ppm Cu
applied tomato plants and in 1.5% MP applied kale plants,
while the minimum stem diameters were measured in 100
ppm Cu applied tomato plants and in 100 ppm Cu + 2.5%
MP applied in kale plants (Fig. 3). The increase in Cu
concentration led to a slight increase in stem diameter in
tomato plants but it was not statistically significant. While
the increase in MP rate led to a decrease in stem diameter
in tomato plants where MPs were applied single and
combined with 500 ppm Cu, a slight increase was
determined in tomato plants where MPs were applied
combined with 100 ppm Cu. Although it was not
statistically significant, the increase in Cu concentration
led to a slight decrease in stem diameter in kale plants (Fig.
4). MP treatments caused the same trends in all
experimental sets and 1.5% of MP treatments led to a bit
increase in stem diameter in kale plants.

Similar to the stem diameters, the root diameters of
tomato and kale plants did not significantly differ due to
MP and Cu treatments. The maximum root diameter was
measured in 500 ppm Cu + 1.5% MP applied tomato plants
and in 500 ppm + 2.5% MP applied kale plants, while the
minimum stem diameters were measured in 2.5% MP
applied tomato plants and in 500 ppm Cu applied kale
plants. The increase in Cu and MP concentrations led to a
decrease in the root diameter of the tomato plants (Fig. 5).
In 100 and 500 ppm Cu applied tomato plants, root
diameters increased parallel with increased MP
concentration. Similar to tomato, the increase in Cu
concentrations decreased the root diameters of the kale
plants. However, the increase in the MP concentrations
increased the root diameters nearly in all experimental sets
(Fig. 6). The MP and Cu treatments did not significantly
change the stem and root diameters of the tomato and kale
plants in this study. Pinto-Poblete et al. (2023) expressed
that both single and combined treatments of Cu
nanoparticles and MPs significantly decreased the stem
diameter of strawberries. While the single treatment of
MPs was more effective than other treatments 40 days after
transplanting of strawberries, the effects of MPs, Cu and
Cu + MPs treatments on stem diameter were similar on
day 60. These results explained that plant age, in other
words, measurement time also affects plant responses to
MP and Cu treatments. Marques et al. (2018) observed that
Cu negatively affected the stem diameter at the highest
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concentration (800 mg kg=') in Hymenaea courbaril L.
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Figure 3. Mean stem diameters in tomato plants according to the
experimental sets
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Figure 4. Mean stem diameters in kale plants according to the
experimental sets
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Figure 5. Mean root diameters in tomato plants according to the
experimental sets
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Figure 6. Mean root diameters in kale plants according to the
experimental sets
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Qi et al. (2018) reported that a 1.5% macro and MP
mixture in the sandy soil did not significantly affect the
stem diameter of Triticum aestivum L. No significant
difference was found in the stem diameter between the
control and the MP-treated groups in T. foenum-graecum
(Singh & Singh, 2022). In the studies of Boots et al. (2019),
Bosker et al. (2019), de Souza Machado et al. (2019), and
many others, it was reported that MPs affect the plant
physiological growth parameters and effects of MPs
change depending on several factors such as plant species,
the type of MPs, and soil and ecological conditions (Rillig
et al,, 2019; Singh & Singh, 2022). The Cu treatment
significantly influenced the mean root diameter in
Elsholtzia haichowensis Y.Z.Sun (Cai et al., 2014). The
root diameter of Pinus pinaster Aiton exposed the Cu
significantly increased while that of Pinus pinea L. did not
increase (Arduini et al., 1995). The high concentrations of
Cu increased the root diameter by altering the cell
organization in the root apex and increasing the areas of
cortex and vascular cylinder in Vitis labrusca L. (Ambrosini
etal., 2015).

de Souza Machado et al. (2019) observed an average
reduction of approximately 5% in root diameter in spring
onions exposed to polyester MPs. Li et al. (2023)
determined that the root diameters of the Oryza sativa L.
plants treated with MPs were higher than those of the
control groups. Similar with our results, root diameters
did not significantly vary based on different
concentrations of MPs in Nicotiana tabacum L. (Zhang et al.,
2022). In the study of Li et al. (2020a), an increase in PVC-a
(<18 pm) concentrations reduced the root diameter of
lettuce, while an increase in PVC-b (>18 pm)
concentrations increased the root diameter. Additionally,
the root diameters of the lettuce plants treated with 0.5% a
MP were significantly larger than those of the control
group. However, there was no significant difference in
root diameter of the lettuce plants treated with the 1.5%
and 2.5% MPs from those of the control group. These
results indicated that different sizes and concentrations of
the MPs led to different effects on the root diameter.

4. Conclusions

Our findings, along with results from the literature,
indicate that MPs and high concentrations of metals such
as Cu negatively impact crop development and pose a
threat to agricultural ecosystems. The effects of MPs on
growth parameters, such as the number of leaves, stem
and root diameters, vary depending on factors like plant
species, type, size, and concentration of MPs as well as
harvest time (plant age) and environmental conditions.
The variation in the number of leaves, stem and root
diameters may have been influenced by many factors
affecting plant development such as water stress, changes
in nutrient uptake, MP, and copper stress. More detailed
and comprehensive studies are needed to clarify these
factors. Additionally, a broader range of growth
parameters and plant species should be studied to better
understand the effects of MPs on plant species.

Future studies should focus on understanding the
interactive effects of microplastics and heavy metals on a
broader range of crops and physiological parameters.
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