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Microplastics are a global contaminant with serious consequences for ecosystems and human
health, yet their effects on terrestrial soil and plants are poorly understood. We conducted the
systematic research to reveal the impact of polyethylene microplastics (PE MPs), polypropylene
(PP) MPs and Mixture of PE + PP, size (0.1 — 1 vs 2 — 3.5 mm), concentration (1% vs 5%) on
soil biochemical and physiochemical of tomato (Solanum lycopersicum L) health. The results
showed that the addition of MPs resulted in elevated soil pH, particularly at 5% concentration
and size 2 — 3.5mm. There was a remarkable 30.6 — 47% decreased in soil respiration and
inorganic nitrogen levels, after expose to PE, PP, and PE + PP, while plant height, chlorophyll
content, and light adapted yield remained unaffected. Microplastics negatively impacted leaf
production and fruit production, with 2- 3.5mm MPs sizes leading to 9-20% decreased in leaf
number, fruit count and biomass. Additionally, MPs concentration played a role in shoot
biomass, with 1% concentrations resulting in 9% reduced biomass. These findings are expected
to provide valuable insights into the complex interactions between PE, PP, PP + PE on soil and

plant health.



Chapter I

INTRODUCTION: MICROPLASTIC TYPES, SOURCES, AND
EFFECTS ON PEOPLE, PLANTS, AND SOILS

Background
Plastics are type of synthetic polymer that are similar to natural resins found in trees and other

plants that is derived from natural gas, coal, and crude oil through a process known as
polymerization (Kluenen et al., 2020; Colzi et al., 2022). This process allows for the
manipulation of molecular structures, resulting in a wide range of plastics with diverse
properties. Common types include polyethylene (PE), polypropylene (PP), polyvinyl chloride
(PVC), polystyrene (PS), and polyethylene terephthalate (PET), each serving unique purposes
due to their distinct characteristics (Choi et al., 2021; Fuller et al., 2016; Guo et al., 2020;
Kluenen et al., 2020). Since wide scale production started in the 1930s, there has been a dramatic
increase of Microplastics (MP) created between 1950 and 2015 with at least 8.3 billion tons
being made (Azeem et al., 2021; Gao et al, 2019; Kluenen et al., 2020). Polymers play a crucial
role in various industries, providing efficient solutions for packaging, construction, healthcare,
electronics, and more. They revolutionize manufacturing processes and enable the creation of
diverse products such as food packaging, medical devices, and electronics components. Despite
their benefits, plastics pose significant environmental challenges. One of the most pressing issues
is plastic pollution, particularly in oceans and waterways. Single-use plastics, such as bottles,
bags, and straws, contribute to this pollution, endangering marine life and ecosystems
(Subhankar Chatterjee and Shivika Sharma, 2019). Additionally, one crucial aspect of this

impact is the breakdown of plastics into smaller particles over time. Transitioning from large



macroplastics to microplastics, which can persist in the environment for hundreds of years, and
understanding this process is essential for comprehending the full scope of plastic pollution

(Azeem et al., 2021; Gao et al, 2019; Kluenen et al., 2020).

Breakdown Processes
Plastic sources can be divided into two main groups based on their origins, such as

whether the particles are originally produced with those dimensions (primary) or derived from
breakdown of larger debris through physical, biological, and chemical degradation processes
(secondary; Tursi et al., 2022). The main sources of primary MPs are plastic containers, personal
care products, tires, road markings, marine coatings, and synthetic textiles. Azeem et al., 2021;
Gao et al, 2019; Kluenen et al., 2020; Tursi et al., 2022). Secondary sources are mainly
photodegrading by sunlight caused by exposure to UV-B radiation, biodegradation by
microorganism, or hydrolysis by sea water (Azeem et al., 2021; Tursi et al., 2022). Plastics
undergo physical and chemical weathering, leading to fragmentation into smaller pieces (Azeem

etal., 2021; Tursi et al., 2022).

Size matters
Plastic pollution comes in different size, due to fragmentation and degradation of debris.

Macroplastics refer to fragments > 20mm such as bottles, bags, and packaging materials.
Mesoplastics are intermediate-sized plastic particles, ranging from 5 — 10 mm in diameter.
Microplastics are tiny plastic particles <5mm outer diameter (OD). Nanoplastics are the smallest
form of plastic particles, measuring < 0.1 micrometer (um) OD (Gao et al., 2019; Guo et al.,
2020; Zhao et al., 2023). The ecological consequences of these plastics depend on the size, with

large organisms being more vulnerable to ingesting entire plastic bags, while smaller organisms



may ingest smaller plastic particles, which cause reduction in feeding capability and ultimately
weight loss and decrease in growth. (Gao et al., 2019; Guo et al., 2020; Subhankar Chatterjee

and Shivika Sharma, 2019).

Consequences of microplastics on aquatic organisms
While there has been considerable research on the effects of MPs in aquatic ecosystems,

less attention has been paid to the potential effects of MPs in the terrestrial environment (Sabor
et al., 2022; Baraki et al., 2021; Guo et al., 2020; Kluenen et al., 2020). Studies on effects of MPs
in aquatic ecosystems shows that the tiny plastic fragments are persistent in aquatic ecosystems
and are mistaken as food and digested by a range of aquatic biota such as phytoplankton,
zooplankton, coral, sea urchins, lobster, fish, crayfish, and they eventually get transferred to
higher trophic levels (Subhankar Chatterjee and Shivika Sharma, 2019). A study carried out in
Australia’s Great Barrier Reef detected the presence of MPs in the mesenterial tissue within the
gut cavity of scleractinian corals, which has negative effects on coral’s health (Subhankar
Chatterjee and Shivika Sharma, 2019). Several experimental studies also revealed that
zooplankton can ingest polystyrene beads of dimension of 1.7 — 30.6 um (Subhankar Chatterjee
and Shivika Sharma, 2019). A study on Centropages typicu (copepod), showed microplastic
ingestion of size 7.3 um, which resulted in low feeding ability and negatively affected their
health (Subhankar Chatterjee and Shivika Sharma, 2019). Another study on freshwater shrimp
when exposed to MPs such as polymethylmetacrcylate (PMMA) and polydroxybutyrate (PHB)
shows decreased growth of this organism (Subhankar Chatterjee and Shivika Sharma, 2019). The
polyethylene (PE) MPs uptaken in benthic organism freshwater amphipod caused decrease in the

growth and reproduction processes (Subhankar Chatterjee and Shivika Sharma, 2019).



Microplastic effects on humans
Microplastics have also been found in the human body, such as human blood, which

could be a result of ingesting fruits or organism with MPs (Ya et al., 2021). A study carried out
by Conti et al. (2020) found microplastics in apples and carrots. Despite this finding, the exact
implications of microplastics on human health remain inadequately understood. Studies show
humans may experience immune system disruption, cytotoxicity, inflammation, neurotoxicity,
and transfer to other tissues after being exposed to them (Md. Simul Bhuyan, 2022; Yan et al.,
2021). A study carried out by Yan et al. (2021) shows inflammatory bowel disease was

significantly higher in patients with MPs than people without MPs.

Microplastic concentration in terrestrial environment
Several studies show that >80% of the MPs wastes that end up in aquatic ecosystems

comes from the land (Sabor et al., 2022; Ya et al., 2022, Azeem et al., 2021). It is estimated that
4-23 times more MPs are released and retained in terrestrial environments compared to the ocean
(Ren et al., 2021; John et al., 2022; Kluenen et al., 2020). Therefore, because of the high
retention of terrestrial MPs pollution, it is necessary to shift our focus to consequences of these
pollutants on the terrestrial environment. Several studies on terrestrial environments revealed
how MPs affects altered soil physical and chemical properties, reduce plant growth, and inhibit
animal feeding abilities (Subhankar Chatterjee and Shivika Sharma, 2019; Sabor et al., 2022; Ya

etal., 2022, Azeem et al., 2021).

Microplastic sources in soil
Microplastics can enter soil through compost and sewage sludge, plastic mulching,

deposition, irrigation, and other ways (Azeem et al., 2021; Kluenen et al., 2020). Agricultural



activities have been identified as one of the main anthropogenic activities that generates MPs
pollution in soil due to biosolid application. Recent studies estimate the annual input of MPs to
farmlands through biosolids ranges from 43,000 to 430,000 tonnes/year in Europe and North
America (Nizzetto et al., 2016), and from 2,800 to 19,000 tonnes/year in Australia (Ng et al.,
2018). In southern China the concentration of plastic particles found in agricultural soil ranges
from 7,100 to 42,960 particles/kilogram (kg*; mean 18,760 particles kg) annually, (Zhang and

Liu, 2018).

Most common plastics found in agricultural soils
The most common MPs in terrestrial environments are polyethene (PE), polypropylene

(PP), polystyrene (PS), and polyvinyl chloride (PVC; Choi et al., 2021; Fuller et al., 2016), with
PE and PP emerging as the predominant types among the seven types of plastic (i.e., PP, PE,
PES (polyester), acrylic, PA (polyamide), PVC, and PS) found in 30 farmland studies,

constituting 65.96% and 18.29%, respectively, among the surveyed farmlands (Hu et al., 2022).

Effects of microplastics on soil
Microplastics accumulation in soil has been shown to cause deleterious effects to soil

health and function (Colzi et al.,2022; Guo et al., 2020), such as altering soil pH which in turn
affects the microbial community, bioavailability of metals and other micro- and macro-nutrients
along with biochemical processes in the rhizosphere (Azeem et al., 2021; Colzi et al.,2022; Guo
et al., 2020; Liu et al., 2022). Nitrogen (N) is an essential plant nutrient and soil microorganisms
influence the availability of N in the soil through nitrogen fixation (Nannnipieri and Eldor, 2009;
Shi et al., 2022). Ya et al. (2022) demonstrated that the addition of PE microplastic pollution to

soil altered the soil microbial community composition. Another study shows that PE



microplastics significantly decreased soil nitrate (NOs~), mineral N (MN), total dissolved N
(TDN), the net cumulative N nitrification (Nn) at elevated temperatures (Shi et al., 2022).
Furthermore, Ma et al. (2023) found that the addition of PE into the soil decreased the soil pH by

3.06%.

Effects of microplastics on plants
MPs appear to have detrimental impacts on plant growth, chlorophyll concentrations, and

photosynthesis rates (Boot et al., 2019; Colzi et al., 2022; de Souza Machado et al., 2019; Shi et
al., 2022b; Wu et al., 2022). Xin et al. (2014) found that maize heights were 3.3%,

11.9%, and 16.8% lower at the seedling stage in treatments with plastic residuals of 180, 360,
and 720 kg per hectare, respectively, compared to those without residual treatment. A study on
garden cress (Lepidum sativum), demonstrated a 56%, 46%, and 21% reduction in germination
rates after 8 hours at 103 to 107 particles per millimeter (mL 1) of NPs and MPs at three
difference sizes (50, 500, and 4800 nm). Another study investigated root growth of onion (Alluim
cepa) and found a 41.5% reduction in root length compared to control treatments after 72 hours
of polystyrene (PS) size (50mm) exposure, (Giorgetti et al, 2020). Reductions in growth were
attributed to the accumulation of MP particles obstructing the growth of roots or interfering with
nutrient uptake, leading to stunted growth (Bosker et al., 2019; Giorgetti et al, 2020). Gao et al.
(2019), also found that MPs greatly reduced photosynthetic rate and chlorophyll content of
lettuce (Lactuca sativa) possibly through reductions in electron flow in photosynthesis as a result
of less water uptake. Furthermore, penetration of MPs into the cell wall of plants results in less
absorption by chlorophyll (Chatterjee and Sharma, 2019). Recently, a study carried out on

tomato plants (Lycipersicon esulentum L.) demonstrated an inhibitory effect ranging from 10.1%



to 23.6% on seed germination, with PE identified as the most toxic among the three different

types of microplastics PS, PP, and PE used (Shi et al., 2022b).

CHAPTER II

Evaluating the Impact of Microplastics on the Soil Biochemical
Environment and Cherry Tomato (Solanum lycopersicum) Productivity

Introduction
The presence of microplastics (MPs) in the environment is a serious concern due to their high

persistence, bioaccumulation, and extensive use in agricultural production (Azeem et al., 2021;
Li et al., 2021). Microplastics are a diverse group of polymers which are extremely small debris,
mostly produced from petrochemicals extracted from oil and gas products (Colzi et al., 2022;
Kluenen et al., 2020). Since wide scale production started in the 1930s, there has been a dramatic
increase of MPs created between 1950 and 2015 with at least 8.3 billion tons being made
(Azeem et al., 2021; Gao et al, 2019; Kluenen et al., 2020). Despite the large production, over
half of the MPs that have been produced get thrown away as waste (Gao et al, 2019). Given the
high durability of plastics and being non-biodegradable, most of this waste is still present in the
environment, and some are even found in remote places such as Antarctica (Leistenschneider et

al., 2021).

Plastic pollution comes in different sizes, due to fragmentation and degradation of debris.

Particles with sizes <5 mm are typically classified as MPs while sizes <0.1 um are referred to as



nanoplastics (NPs; Mariano et al., 2021). Ecological consequence of these plastics depends upon
the size, with smaller particles capable of being absorbed and transported through plant roots
(Booker et al., 2019; Gao et al., 2019), or consumed by soil microbes (Gao et al., 2019; Guo et
al., 2020; Chatterjee and Sharma, 2019). Plastics comes in various types, each with distinct
properties (Fuller et al., 2016; Guo et al., 2020). The most common MPs in terrestrial
environmental are polyethene (PE), polypropylene (PP), polystyrene (PS), and Polyvinyl
chloride (PVC; Choi et al., 2021; Fuller et al., 2016), with PE and PP emerging as the
predominant types among the seven types of plastic (PP, PE, PES (polyester), acrylic, PA
(polyamide), PVC, and PS) found in 30 farmland studies, constituting 65.96% and 18.29%,

respectively, among the surveyed farmlands (Hu et al., 2022).

While there has been considerable research on the effects of MPs in aquatic ecosystems,
less attention has been paid to the potential effects of MPs in the terrestrial environment (Baraki
etal., 2021; Guo et al., 2020; Kluenen et al., 2020; Sabor et al., 2022). Several studies show that
>80% of the MP wastes that end up in aquatic ecosystems comes from the land (Azeem et al.,
2021; Sabor et al., 2022; Ya et al., 2022), yet it is estimated that 4-23 time more MPs are
released and retained in terrestrial environments compared to the ocean (Horton et al., 2017).
Therefore, because MPs are highly retained on the landscape, it is necessary to shift the focus to
consequences of these pollutants on the terrestrial environment. Microplastic can enter into soil
through compost and sewage sludge, plastic mulching, deposition, irrigation, and other ways
(Azeem et al., 2021; Kluenen et al., 2020). Recent studies estimate, the annual input of MPs to
farmlands through biosolid ranges from 43,000 to 430,000 tonnes/year in European and North
American (Nizzetto et al., 2016), from 2,800 and 19,000 tonnes/year in Australia (Ng et al.,

2018). In southern China the concentration of plastic particles found in agricultural soil ranges



from 7100 to 42,960 particles/kilogram (kg™; mean 18,760 particles kg*) annually, (Zhang and

Liu, 2018).

Microplastics accumulation in soil have been shown to cause deleterious effects to soil
health and function (Colzi et al.,2022; Guo et al., 2020), such as altering the pH of soils which in
turn affects microbial community, bioavailability metals and other micro- and macro-nutrients
along with other biochemical processes in the rhizosphere (Azeem et al., 2021; Colzi et al.,2022;
Guo et al., 2020; Liu et al., 2022). Nitrogen (N) is an essential plant nutrient and soil
microorganisms influence the availability of N in the soil through nitrogen fixation (Nannnipieri
and Eldor, 2009; Shi et al., 2022). Ya et al. (2022) demonstrated that the addition of PE
microplastic pollution to soil altered the soil microbial community composition. Another study
shows that PE microplastics significantly decreased soil Nitrate (NO3~), mineral N (MN), total
dissolved N (TDN), the net cumulative N nitrification (Nn) at elevated temperatures (Shi et al.,
2022). Furthermore, Ma et al. (2023) found that the addition of PE into the soil decrease the soil

pH by 3.06%.

In addition to having deleterious effects on soil communities, MPs appear to have
detrimental impact on plant growth, chlorophyll concentrations, and photosynthesis rate (Boot et
al., 2019; Colzi et al., 2022; de Souza Machado et al., 2019; Shi et al., 2022b; Wu et al., 2022).
Xin et al. (2014) found that maize heights were 3.3%, 11.9%, and 16.8% lower in treatments
with plastic residuals of 180, 360, and 720 kg per hectare (hm2), respectively, at the seedling
stage compared to those without residual treatment. Reductions in maize height was attributed to
the accumulation of MP particles obstructing the growth of root or interfering with nutrient
uptake, leading to stunted growth (Bosker et al., 2019). Gao et al. (2019), also found that MPs

greatly reduced photosynthetic rate and chlorophyll content of Lactuca sativa possibly through
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reductions in electron flow in photosynthesis as a result of less water uptake. Furthermore,
penetration of MPs into the cell wall of plant results in less absorption by chlorophyll (Chatterjee
and Sharma, 2019). Recently, a study carried out on tomato (Lycipersicon esulentum L.)
demonstrated an inhibitory effect ranging from 10.1% to 23.6% on seed germination, with PE
identified as the most toxic among the three different types of microplastics PS, PP, and PE used

(Shi et al., 2022b).

Tomato (Solanum lycopersicum) is a widely grown horticultural crop in the United
States, China, and Southern Europe, mostly under greenhouse conditions (Mori et al., 2008;
Cheng et al., 2022). Prior research, has highlighted variations in toxicity among different MPs
types, concentrations, and size (Shi et al., 2022b: Yu et al., 2020; Yu et al., 2022). Notably, PE
was identified as the most toxic among MPs (PE, PP, PS; Shi et al., 2022b), the highest
concentration (e.g., 15,000-17,000,000 particles/L), of MPs had the most significant impact (Yu
etal., 2020; Yu et al., 2022), and the largest MPs size had the most negative impact on plant
health among the sizes tested (50, 500, and 4800 nm; Booker et al., 2019). We hypothesized that
the phytotoxicity effect of MPs on soil health and tomato physio-biochemical parameters will
intensify with increasing concentration and size, and this trend will be observed within each MPs
type with the mixture (PE + PP) anticipated to exhibit the highest level of toxicity. While
previous studies have examined the effects of microplastics on tomatoes (Hernandez-Arenas et
al., 2021; Shi et al., 2022b; Shi et al., 2023), none of these studies have examined how the
mixing of plastics could affect plant physiological or altered soil biochemical processes. The
aim of this study was (1) to investigate whether MP toxicity influenced soil biochemical and
plant physiological processes in tomato, and whether if these effects were dependent on MP type,

concentration and/or size; and (2) to assess whether the use of a mixture of MPs to simulate
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environmental conditions would result in a more pronounced phytotoxic effect. This study seeks
to provide valuable insights into the complex interactions between microplastics, soil health, and

plant physiology.

Methods
Experimental design

Soil sampling, processing, and background soil analyses
The experiment focused on studying the effects of various types, sizes, and concentration

of MPs on tomatoes grown in pots in a greenhouse located at the Minnesota State University,
Mankato, MN, USA (44° 0' 22.652" N, 94° 2' 18.428" W). The silt loam (sand: 8.3 = 0.61%, silt:
77.6 £ 0.51% and clay: 14.0 + 0.18%; Table 2) soil (classified as a fine, smectitic, mesic
Aquertic Argiudolls; USDA web soil survey) used in this study was obtained from a local
certified organic farm in Good Thunder, Blue Earth County, MN, USA (44° 0' 22.572" N, 94° 2'
18.132" W) in October 2021 after maize (Zea mays L.) was harvested. Soil was collected with a
shovel from 0-15 cm depth using a simple random sampling technique. Collected soil was
transported to the greenhouse for storage. Before use, air-dried soil was sieved (<4 mm mesh) to
remove gravel and large roots/residues, and then ground using a mortar and pestle followed by
passing through a 2 mm stainless-steel test sieve (US no. 10). Sieved subsamples (n = 5) were
analyzed in June 2021 before the start of the experiment to examine initial soil physical (texture,
gravimetric water content, bulk density, and maximum water holding capacity), chemical (total
C,N, P, K, Ca, Mg, S, Mn, Fe, Mn, Zn, Cu, Na, cation exchange capacity, pH, and electrical
conductivity), and biological (soil organic matter, inorganic N and soil respiration) properties

(Table 2).
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Briefly, particle size distribution was estimated using a Malvern Mastersizer 3000 laser
diffractometer (Malvern Panalytical Ltd, Malvern, United Kingdom). The maximum water
holding capacity (MWHC) was calculated as the difference in weight between a saturated soil
that was allowed to drain for 6-h, and the weight after the soil was oven-dried for 48 h at 105°C
(De et al., 2020; Haney and Haney, 2010). Soil bulk density was determined at the time of soil
collection using the core method (Blake & Hartge, 1986) to mimic the field soil bulk density in
the greenhouse pot experiment. Gravimetric soil moisture content was determined using a
technique described by Gardner (1986) to correct the soil mass to determine bulk density and
inorganic N (IN; NHz*—N + NOs—N). The loss-on-ignition method was used to measure the soil

organic matter content (Cambardella et al., 2001).

A commercial laboratory (Ward Laboratories, Inc., Kearney, NE, USA) performed the
chemical soil analyses, including total C and N (a dry combustion method as described by
Nelson & Sommers, 1996); soil test P, Bray 1 (0.013 N HNOz and 0.015 N NH4F extracting
solution); soil test K, Ca, and Mg (1 N ammonium acetate extracting solution); soil test S (500
ppm calcium phosphate extractant); soil test Cu, Fe, Mn, and Zn (0.005 M DTPA extraction
method); cation exchange capacity (1 M ammonium acetate extraction method of base cations
followed by the summation of exchangeable base cations - Ca, Mg, Na, K, and Al); and electrical
conductivity (1:1 soil-water method).

Microplastic treatments

Our study included a control (with no MPs) and 12 MP (three types x two sizes x two
concentrations) treatments with five replicates for each treatment making a total of 65 pots
(Table 1. Three types of MPs, polyethylene (PE; Product # ZL16BC003), polypropylene (PP;

Product # ECUX860448) and a 50/50 proportion of PE + PP mixture, were used with two MP
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size ranges (0.1 — 1.0 mm and 2.0 — 3.5 mm), and two concentrations of MP suspensions (1%
and 5%; w/w). We used a 1% (10,000 mg kg-1 dry soil; (w/w)) concentration gradient to mimic
the current condition, while a 5% (50,000 mg kg-1 dry soil; (w/w)) concentration gradient was
employed to represent the future scenario with higher levels of microplastics. This was done to
simulate the anticipated increase in plastic mulch film residues in agricultural soil (Liu et al.,
2022 and Zhang et al., 2022). The PE + PP mixture was used as a single treatment to mimic an
environment that has both MPs in the soil. All the selected size ranges of MPs were provided by

Brunk Plastic Services, Minneapolis, MN, USA.

Study plant and experimental set up
In December 2022, a pot experiment with completely randomized design was established in a

greenhouse. One hundred seeds of large red cherry tomato (SimplyGro LLC, Manchester, NH,
USA) were sown on 18 December 2022 in a seedling tray which contained the same soils used
for the experiment. On 30 December 2022, at 2-3 leaf stage seedlings were transplanted into
experimental pots (16.5 cm high, diameter of 12 cm at the bottom and 17 cm at the top) and
thinned to one seedling per pot after 13 days of growth.

Each pot had two distinct layers: a mixture of quartz sand and gravel (~860 g) at the
bottom (up to 2.54 cm depth) followed by 10 cm of 2-mm sieved soil (~2291 g) to achieve the
bulk densities of 3.04 g cm™ and 1.01 g cm™ (similar to field bulk density), respectively. Before
adding a mixture of quartz sand and gravel, a piece of mesh fabric was placed over the drainage
holes in the bottoms of pots to prevent any material loss. The selected MP treatments were mixed
with the soil at a concentration of 1% and 5% by manually stirring with a metal spatula for ~3

mins in a large container before transferring the mixture into each experimental pot. Soil in the
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control treatment pots (with no MPs) was stirred the same way for equivalent ~3 mins to provide

the same disturbance.

All the pots were watered as needed to capacity and rotated weekly throughout the
experiment. In addition, plants were fertilized on 2 March, 3 April, and 23 April 2023 with a
24% total N solution (3.5% Ammoniacal; 20.5% Urea; Miracle-Gro Water-Soluble All-Purpose
Plant Food, Marysville, OH, USA). A bamboo stake was tied to each plant to prevent them from

bending. Plants were harvested on 2 May 2023.

Soil and plant measurements

Post-harvest soil analyses
Soil samples were collected after harvest from each pot and airdried prior to analysis. Soil pH

was measured after equilibrating 10+0.05¢g of soil with 10 mL of deionized water (1:1, w: v) for
15 mins with a digital HQ440D laboratory single input, multi-parameter meter (Hach Company,

Loveland, CO, USA).

Soil IN (NH4"-N and NO3™-N) was determined by extraction using 0.5 M potassium
sulfate (K2SOs; 1:5 ratio, w: v), shaking for 1h, filtering the supernatant through Whatman filter
paper No. 1 (VWR International, LLC, Radnor, PA, USA) and storing the extract at -20°C until
analysis. The extractant was analyzed on an EPOCHTM 2 Microplate Spectrophotometer
(BioTek Instruments, Inc., Winooski, VT, USA) using the single-reagent method [vanadium IlI,

sulfanilamide and N-(1-naphthyl)-ethylenediamine dihydrochloride] at 540 nm for NOs™-N and

using the salicylate and ammonia cyanurate reagent packets (Hach Company, Loveland, CO,

USA) at 595 nm for NH4"-N (Doane & Horwath, 2003; De et al., 2020).
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The Solvita CO2-burst method was used to measure short-term soil respiration using
commercially available Solvita CO.-Burst paddles (Woods End® Laboratories Inc., Mt. Vernon,
ME, USA) (Solvita Test Color, 2019; Haney and Haney, 2010). For this, 30 g dry soil with the
available Solvita CO-Burst gel paddles and 9 mL distilled water was incubated for 24 hr. in a
475 mL incubation jar with CO2 gasket. After 24 hr. incubation, gel paddles changed color due to
evolved CO; and the color intensity was measured using a Solvita Digital Color Reader (Woods
End® Laboratories Inc., Mt. Vernon, ME, USA,; Solvita Test Color, 2019).

Plant measurements

Chlorophyll content or greenness of each plant was measured weekly (26 January to 27
April 2023), using a Soil Plant Analysis Development (SPAD) 502 Plus Chlorophyll Meter
(Spectrum Technologies, Inc., Aurora, IL, USA) at mid-length of the uppermost fully expanded

leaf (Shen et al., 2017; Zhang et al., 2022).

Chlorophyll fluorescence measurements mid-length on the adaxial leaf surface once
every week from 26 January to 27 April 2023 were taken with a pulse-amplitude modulated
fluorometer (Mini-PAM; Heinz Walz GmbH, Effeltrich, Germany). Plants were dark adapted for
30 min using dark-leaf clips and minimal fluorescence (Fo) was obtained using a weak
modulated LED light source. Maximal fluorescence (Fm) was obtained by exposing the lead to a
saturating pulse (>18,000 mol m s Photosynthetically active radiation (PAR) of actinic light.
The ratio of variable to maximal fluorescence (Fv=Fm-Fo) was then calculated. The light
adapted quantum yield of photosystem 11 (¢PSII) electron transfer (NPSII) was measured in an
adjacent area using an open leaf clip held about 0.5 cm above the leaf surface at a 40° angle. A

weak modulated light (0.15 mol m s1) and a saturating pulse (>18,000 mol m2 s PAR) was
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used to measure F'o and F'm, respectively and ¢pPSII was calculated following Ruhland and

Krna (2010).

Plant height and number of leaves (green and dead) were measured on plants every 7 d
after germination. Plant heights were measured from the 13th day (12 January 2023) after seeds
were transplanted to the 118th day (2 May 2023) using a measuring tape. Number of leaves were
counted, with each new leaf marked with a small waterproof black-ink dot placed at the tip of the
leaves and recorded. In addition, the number of fruits were counted at harvest on 2 May 2023.
Aboveground shoot and fruit biomass were measured after drying them at 60°C for >48 h.
Statistical analyses
Data are presented as mean + standard error (SE) and all statistical analyses were performed
using R statistical package (version 4.0.3; R Core Team, 2021). The pot experiment was a
completely randomized design with five replications (considered random), with the different
types, sizes, and concentrations of MPs, and time as main fixed factors. Data were checked with
the Shapiro-Wilk’s normality test, Q—Q plots and Barlett’s heterogeneity of variances test using
the ggResidpanel package (version 0.3.0; Goode and Rey, 2019) prior to analyses, and data were
transformed to avoid analysis of variance (ANOVA) assumption violations. Thus, NH4*-N and
NOs-N were square root transformed for ANOVA. A 3-way ANOVA was used to determine the
main and interactive effects of types, sizes, and concentrations of MPs on response variables
(soil pH, NH4"-N, NOs™-N, total IN, soil respiration, fruit count, fruit biomass, and shoot
biomass). A four-way ANOVA was used to determine the main and interactive effects of types,
sizes, and concentrations of MPs, and time on response variables (plant height, leave counts,
total chlorophyll, light adapted, and dark adapted). Estimated marginal means were computed for

the linear mixed-effects models using the emmeans package (version 1.5.4; Lenth, 2021) in R,
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and pairwise mean comparisons were evaluated by individual contrasts between treatments
where there was significant interaction or main effect using the Tukey test for multiple
comparisons when appropriate. The multcompView package (version 0.1-9; Graves et al., 2023)
in R was used for visualizations of the results of multiple pairwise comparison test. The

significance test for all analyses was done at the 5% significance level (a = 0.05).

Results
Effects of MPs on soil pH, inorganic nitrogen, and soil respiration

Soil pH
Soil pH was significantly influenced by MP type, concentration, and interactions of type and size

(Table 3). The mean pH significantly increased with increasing concentration of MPs regardless
of MP sizes and types (Fig. 1A). At 1% and 5% concentrations, the mean pH was 1.65-3.42%
greater than the control treatment with no MP concentrations. The highest mean pH, within each
MP size and type, always occurred in the PE+PP treatments (7.12+0.03) followed by PP
(7.03+0.03), PE (6.95+0.02), and control (6.86+0.02) treatments. (Fig. 1B). Across all MP
concentrations, mean pH within the 0.1-1.0 mm and 2.5 — 3 mm MP sizes was 0.93-4.61% and
1.75-3.05% higher in the soil mixed with MP treatments (6.92-7.18), respectively, compared to

the control (6.86+0.02) treatments.

Inorganic nitrogen
Although MP types and concentrations significantly affected soil inorganic N (NHs*—N + NOs—

N), the 2-way and 3-way interactions between MP types, sizes, and concentrations did not affect
soil inorganic N (Table 3). The dominant soil inorganic N form in all the treatments was NOs—
N, followed by NH4*~N. The proportion of inorganic N in the soil ranged from 0% to 32.3%
NHs*—N and 67.7% to 100% NOs—N (data not shown). A cross all MP concentrations and sizes,

the mean concentration of inorganic N in soil mixed with MP types significantly declined to 15-
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55% as compared to the control (Fig. 3A). Among the MP types, PE+PP mix had 44-47%
significantly greater inorganic N than the PE and PP treatments; however, no significant
difference was observed between PE and PP treatments (Fig 3A). The mean concentration of
inorganic N decreased with increasing concentration of MPs regardless of MP sizes and types,
albeit insignificant (Fig. 3B). Across the MP types and sizes, the control treatments had 36.8 and

44.8% higher inorganic N than the 1% and 5% MP concentrations, respectively.

Soil Respiration
The MP sizes, concentrations, and their interactions did not show a significant effect on soil

respiration (Table 3). Only MP types had a significant effect on soil respiration. Across all MP
concentrations and sizes, soil respiration significantly declined over time, being more evident in
soil mixed with all MP types compared to the control (Fig. 2). Mean soil respiration in PE, PP,
and PE+PP treatments was 30.6%, 33.5%, and 32.6% lower, respectively than in the control

treatments (p<0.05; Fig. 2).

Effects of MPs on tomato physio-bio chemical characteristic

Plant Height
The plant height across treatments (Table 4) was not significantly affected by MPs type, size,

and concentration over time, except during the early /mid stages of development (41-62 days),
where plants in MP size 2 - 3.5mm and the control had between 15-25% and 14- 25% reduction
in height, compared to size 0.1 — 1mm, respectively, with a noticeable decrease found with the
PE + PP size 2 — 3.5 (p<0.05; Fig. 4A). Furthermore, Plant height at 1% concentration and
control was 4 — 15% and 9 — 25% lower, respectively, compared to the 5% concentration, with a

noticeable decrease found with the PE + PP at 1% (p<0.05; Fig. 4B)
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Number of leaves
Number of leaves was significantly reduced by MPs type, size, and concentration over time
(Table 3). During the mid/final stages of development (62-118 days), plants growing in soil with
MPs size 0.1 — Imm and 2 — 3.5 mm had 1 — 6% and 9- 16% less leaves, respectively, compared
to the control (p<0.05; Fig. 4C). In addition, there was 4 — 11% and 1 — 11% less leaves in 1%
and 5% concentration, respectively, compared to the control, with a noticeable decrease found
with the PE + PP at 1% (p<0.05; Fig. 4D). Among the MP types, plants in the PE + PP, PP, and
PE had 13%, 10%, and 10% fewer leaves, respectively, compared to the control (p<0.05; Fig. 4C

& 4D).

Total Chlorophyll
The size and concentration did not affect chlorophyll concentration, with the exception of

concentration on day 27 (Fig. 5A). Plants within MPs 1% and 5% concentration had 11% and

3% reduction, respectively, compared to the control (p<0.05; Fig. 5B).

Light and Dark Adapted
Microplastic did not have any significant effects on light adapted yield (5C & 5D). There were

no significant MP size effects on Fv/Fm, with the exception of day 27 (Figure 5E), while MP
concentration had a notable impact on Fv/Fm specifically on day 118 (Figure 5F). Plants
growing in soil with MP size 0.1 — 1mm and control had 5% and 4% reduction in Fv/Fm,
respectively, compared to size 2 — 3.5mm (p<0.05; Fig. 5E). Within the concentration 5% and
control, there was 4% and 7% reduction in Fv/Fm, respectively, compared to the 1%
concentration (p<0.05; Fig. 5F). In addition, plants in PE + PP, PE, and control had 5%, 4%, and

9% reduction, respectively compared to the control (p<0.05; Fig. 5E & 5F).

Fruit count
Fruit count was not influenced by the type or concentration of MPs. However, it was observed

that the size of MPs had a significant effect on fruit count (p<0.01; Table 5). Plants with MPs
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size 2.0-3.5mm produced 10% less fruits compared to those with MPs sized 0.1-1mm (p<0.05;
Fig. 3).

Fruit Biomass
Fruit biomass was significantly influenced by the type and size of MPs (Table 5). No significant

difference was observed among treatments within MPs size 0.1 — Imm. However, there was a
reduction in fruit biomass of the treatments within MPs size 2 — 3.5 mm as compared to the
control (p<0.05; Fig. 3). Furthermore, plants growing in soils with MPs size 2.0-3.5mm had
20% less fruit biomass compared to those with MPs sized 0.1-1mm. Among the MP types,
plants growing in the PP and PE+PP had a 24% and 30% reduction in fruit biomass, compared to

the control, respectively (p<0.05; Fig. 3).

Shoot Biomass
MPs type or size did not have any impact on the shoot biomass. However, the concentration of

MPs had a significant effect (p<0.05; Table 4). Specifically, MPs at a 1% concentration

produced 9% less biomass than those growing at a 5% (p<0.05; Fig. 3).

Discussion
The presence of MPs in soil can detrimentally affect soil health and nutrient availability,

potentially disrupting plant growth and ecosystem dynamics (de Souza Machado et al., 2019; Fei
et al.,2020; Kim et al., 2023; Liu et al., 2016; Rillig et al., 2021). In this study, the investigation
into the effects of MPs on soil and plants revealed that soil properties, including pH, inorganic
nitrogen levels, and soil respiration, were influenced by different concentrations, sizes, and types
of MPs. The introduction of MPs into soil can elevate its pH through mechanisms such as
enhanced soil aeration, improved porosity, and the alteration of soil biota due to the influence on

the arrangement of soil particles and air spaces, as well as the leaching of toxic compounds from
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the MPs (De Souza Machado et al., 2019; Judy et al., 2019; Kim et al., 2020; Waldman and
Riling, 2020). In our study, soils in the PE+PP treatments consistently exhibited the highest pH
levels (7.12+0.03), followed by PP (7.03+0.03) and PE (6.95+0.02) treatments, as compared to
the control (Fig. 1b). Our findings align with Med-Juraszek and Jadhav (2020) and Zhao et al.
(2021) who found that the addition of MPs to soil increased pH. Zhao et al. (2021) study also
supports this trend, reporting an elevation in soil pH with the addition of MPs in the form of
foams and fragments. Studies suggest that PE and PP may alter nitrogen fixation bacteria taxa in
soil, leading to increase in pH and influencing the conversion of organic N to NH4*, as
conversion of organic N to NH4" release H* which can temporarily decrease pH (Butterly et al.,
2010; Fei et al., 2020; You et al., 2015). Consistent with this, our observation of lower CO2
respiration levels in soils with MPs (Fig. 2) indicates reduced microbial activities leading to less
H+ release and a concomitant increase in pH. Furthermore, CO2 can lower soil pH by forming
aqueous carbonic acid (H2COsz) upon reaction with water as the H* present in carbonic acid can
render the soil acidic, thus lowering the pH (Ferdush et al. 2023; Zabowski and Sletten, 1991). In
addition, there was also an effect of MP concentration on soil pH as the mean pH was 1.65-
3.42% higher than soils with no MPs present (Fig. 1a). Several studies have found that higher
concentration of MPs may lead to an increase in soil pH (Lozano et al., 2021; Yang et al., 2021;
Zhang et al., 2024). For example, the presence of 1% (w/w) and 10% (w/w) polylactic acid
(PLA) and high-density polyethylene (HDPE) MPs increased soil pH (Yang et al., 2021). Lozano
et al. (2021) also found that 0.4% (w/w) PES MFs increased soil pH. This suggests that the
accumulation of MPs may affect soil buffering capacity or microbial activity, resulting in notable

changes in pH levels (Lozano et al., 2021; Yang et al., 2021).
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Microplastics have been linked to potential adverse effects on soil biota, largely because
they can disrupt microbial activity by altering soil pH (de Souza Machado et al., 2019; Fei et
al.,2020; Liu et al., 2016). In our study, we observed that soil respiration in PE, PP, and PE+PP
treatments was 30.6%, 33.5%, and 32.6% lower, respectively than in the control treatments
(Fig.2). Fei et al. (2020) reported that MPs can impede essential metabolic pathways in bacteria,
resulting in decreased bacterial activity. Furthermore, MPs offer a substantial surface area for the
adsorption of organic compounds and pollutants, potentially affecting the availability of organic
matter for microbial decomposition and causing a significant reduction in soil respiration (de
Souza Machado et al., 2019; Liu et al., 2016). These findings align with Lozano et al. (2021),
who noted a decline in soil respiration with the introduction of MPs fibres under well-watered
soil condition. Zhao et al. (2021) also reported a significant reduction in soil respiration after 31
days of incubation in soils containing MPs compared to those without. Additionally, Wang et al.
(2023) highlighted that the addition of PE and PBAT MPs into soil resulted in a 7.4% to 19.2%
and 27.7% to 30.7%, respectively, decrease in microbial activity compared to the control. The
decrease in soil respiration may be attributed to the toxic effects of MPs on microbes, as studies
suggest that some MPs may release additives or adsorbed pollutants with toxic effects on soil
microorganisms (de Souza Machado et al., 2019; Zhao et al., 2021). This, in turn, can lead to a
reduction in microbial activity and, consequently, a decline in soil respiration rates (Fei et

al.,2020).

Microplastics may also impact inorganic nitrogen within the soil by altering soil
properties and influencing the activities of nitrogen-fixing bacteria, thereby affecting nutrient
cycling (Kim et al., 2023; Rillig et al., 2021). Our study revealed a significant reduction in

inorganic nitrogen levels in soils containing microplastics (Fig. 3a & b). The observed decline in



23

soil respiration within the MPs treatment could be a contributing factor to the diminished
inorganic nitrogen levels (Fig. 2). Microbes play a pivotal role in nitrogen cycling, encompassing
processes like nitrification and denitrification, and alterations in microbial activity can influence
the transformation of inorganic nitrogen species in the soil (Kim et al., 2023; Liu et al., 2016;
Wang et al., 2023; Rillig et al., 2021). We found that both PE and PP caused significant changes
in soil inorganic nitrogen levels. This finding is consistent with Shi et al. (2022), who reported a
significant decrease in inorganic nitrogen (NOs™-N) in soils containing PE. It appears that both
PE and PP can absorb and accumulate nitrogen-containing compounds, including inorganic
nitrogen compounds such as ammonium (NH4*-N) and nitrate (NO3™-N) (de Souza Machado et
al., 2019; Wang et al., 2023). This absorption and accumulation may contribute to the observed
reduction in inorganic nitrogen levels observed in our study between PE and PP treatments. The
concentration of MPs can also affect soil inorganic nitrogen (Yan et al. 2021; Zhang et al. 2024).
Yan et al. (2021) found that 1% (w/w) PVC MPs, decrease content of soil available N by 10-
13%. Zhang et al. (2024) also found high dose 1.5 % (w/w) PP significantly reduced the
concentrations of soil NO3—N. Consistent with our study, across the MP types and sizes, the
control treatments had 36.8 and 44.8% higher inorganic N than the 1% and 5% MP
concentrations, respectively (Fig. 3b). Excessive MPs concentrations may inhibit soil microbial
activity due to physical or chemical interactions with microorganisms (Yan et al., 2021; Yang et
al., 2021). Furthermore, the observed increase in soil pH with the 1% and 5% concentrations
(Fig. 1a) may have contributed to the reduction in inorganic nitrogen within the 1% and 5%. An
increase in soil pH can decrease nitrogen content by inhibiting denitrification, immobilizing
ammonium ions, and altering microbial activity (Lozano et al., 2021; Yang et al., 2021; Zhang et

al., 2024).
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Recent findings on the effects of MPs on plant physiology have demonstrated multiple
effects on water absorption, nutrient uptake, and gas exchange (Zhao et al., 2021; Qi et al.,
2018), possibly through the release of toxic derivatives into the soil (Judy et al., 2019; Lozano et
al.,2021). Interestingly, some studies have demonstrated positive MP effects (Meng et al.,2021;
Lian et al., 2020) while others have shown deleterious effects (Kalcikova et al.,2017; Qi et al.,
2018; Wu et al.,2020). Exact mechanisms that oversee these physiological responses remains
unknown. In the present study, we found that both growth and physiological parameters were

influenced by MP type, size, and concentration in the soil.

There were no MP type, size, or concentration effects on plant height at harvest (Fig. 4a
& b), which is consistent with the result of Shi et al. (2022), indicating that the treatment of PE
MPs had no effect on the height of Lycopersicon esculentum L. Polechonska et al. (2023) also
reported that the addition of MPs had no significant effect on the growth of E. canadensis shoot
height. The lack of significant impact on plant height on these species was attributed to their
ability to tolerate the presence of MPs and the relatively short duration of the experiment
(Polechonska et al., 2023; Shi et al., 2022). A longer timeframe might have revealed more
pronounced effects. The presence of MPs in the soil rhizosphere may hinder water uptake by
plant roots, subsequently impacting plant productivity, including the number of leaves
(Cseresnyes et al., 2014; Jiang et al., 2019). While there was no significant effect observed in
plant height, there was a notable reduction in the number of leaves across all MPs treatments
compared to the control (Fig. 4c & d). The size of these MP particles may also influence their
mobility in the soil, and possibly be taken up by roots (Lian et al., 2021; Li et al., 2020). In
addition, it appears that large MP particles can block root development, as the large particles

consistently has fewer leaves than the control or small particles. Our result showed that plants
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growing in soils with 0.1 — 1mm and 2 — 3.5 mm MPs had a reduction in number of leaves
produced compared to the control (Fig. 4c). To the best of our knowledge, no prior studies have
reported the influence of MPs size on leaf production. However, other studies have demonstrated
a reduction in leaf number in response to various types and concentrations of MPs. For example,
Cui et al. (2022) and Ikhajiagbe et al. (2020) observed a significant reduction in leaf production
in Raphanus sativus and Celosia argentea, respectively, when exposed to soil with varying
concentration of MPs. Furthermore, Hassan and Jho (2023) observed a reduction in the number
of leaves in lettuce exposed to low-density polyethylene (LDPE) fragments as the concentration
increased from 0 to 3%. At a 3% concentration, there was a 16.5% reduction in leaf production
compared to a control. Along these lines, we observed a similar reduction in leaf number
regardless of the MPs concentration, as compared to the control, consistent with the findings of
Hassan and Jho (2023) regarding PVC fragments. This decrease in leaf number could be
attributed to larger particles adhering to root surfaces or accumulating within the vascular
system, thereby obstructing water and nutrient uptake and ultimately impacting leaf production
(Cseresnyes et al., 2014; Cui et al., 2022; Jiang et al., 2019). It is also possible that a reduced
inorganic nitrogen in the soil (Fig 3a & b) contributed to the reduction in leaf number we

observed.

The reduction in leaf number with increased size of MPs may also explain the reduction
on fruit production. Plants exposed to MPs size 2.5-3mm produced 10% less fruits compared to
those with MPs sized 0.1-1mm (Fig 6b). Since it appears that larger MPs can interfere with
water uptake by plant roots, it is possible that induced water stress impacted flower and fruit
development (Wu et al. 2017). To the best of our knowledge, no studies have examined the

effect of MP size on fruit production, but other studies have demonstrated reductions in fruit
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number in response to various types of MPs. For example, Dainelli et al. (2023) found that the
addition of MPs to the soil led to a 20% and 38% decline in fruit number for PET and PVC,
respectively, in S. lycopersicum. In addition to reduced leaf and fruit number in response to MP
size, there was a reduction in fruit biomass. Plants growing in soils with MPs sized 2-3.5 mm had
20% lower fruit biomass than those growing in soils with MPs sized 0.1 — 1 mm (Fig.6c¢). This
indicates that the size of MPs can directly influence fruit production and biomass, emphasizing
the importance of understanding the specific effects of MPs on plant physiology and yield.
Furthermore, in our study, fruit biomass was also influenced by the type of MPs (Fig. 6c).
Different types of MPs exert distinct toxic effects on plants due to their diverse polymer
compositions and distinct chemical structures (Boots et al., 2019; Chen et al., 2022; de Souza
Machado et al., 2019; Gao et al., 2021; Qi et al., 2018). While some MPs may have direct
physical effects, others can release chemicals or adsorb pollutants that influence plant health (de
Souza Machado et al., 2019; Qiang et al., 2023). Qi et al. (2018) found that Triticum aestivum
growing in soils with biodegradable macroplastic (Bio-Ma) and Bio-MPs was significantly lower
in fruit biomass than in the control. In addition, studies suggest that PE and PP may have
surfaces with a higher capacity to absorb certain chemicals compared to other types of MPs (de
Souza Machado et al., 2019; Wang et al., 2023). Pignattelli et al. (2020) found that PP and PE
inhibited biomass of Lepidium sativum. These results agree with our study as we observed a 24%
and 30% reduction in fruit biomass for plants growing in PP and PE+PP soils, respectively,
compared to the control. The enhanced chemical absorption capacity of PP could lead to
decreased nutrient availability in the soil, potentially impacting plant fruit production and,
consequently, influencing fruit biomass (de Souza Machado et al., 2019). Our soil inorganic

nitrogen analysis (Fig. 3a & b) demonstrated the capacity of PP to reduce nutrient availability.



27

Microplastic concentration in soils can affect the physiological growth characteristics of
plants, including shoot biomass (Qiang et al., 2023; Wang et al., 2023; Zhou et al., 2021; Yuan et
al., 2019). Wang et al. (2023) noted a significant decrease in shoot biomass, from 0.82 g to 0.64
g, in Brassica juncea exposed to aged PE or aged PP MPs. We found that tomato plants growing
at 1% MP concentration produced 9% less biomass than those growing in a 5% concentration
(Fig 6a). While we propose that this may be due to the size 0.1 — 1mm of PE + PP, resulting in
reduced plant height and leaf count (Fig.4). This was surprising, as most studies have found
reductions in shoot biomass with increased soil MP concentrations (Wang et al., 2020; Zhou et
al., 2021; Yuan et al., 2019). Low concentrations of MPs may exert minimal effects on plant
development (Liu et al., 2023; Song et al., 2023), while high concentrations can lead to stunted
growth by intensifying competition for nutrients between MPs and plants (Liu et al., 2023; Song
et al., 2023; Zhou et al., 2021), negatively impacting nutrient availability and, consequently,
reducing biomass. Liu et al. (2023) observed that MPs above 0.1% significantly reduced shoot
biomass. Similarly, Song et al. (2023) found that rice exposed to polylactic acid (PLA) MPs at a
concentration of 10% w/w exhibited 25% significant decrease in shoot biomass. Contrary to
these findings, our study aligns with Lian et al. (2020) who found that Triticum aestivum L
exposed to PS NPs concentrations (0.1 mg/L) exhibited 87% increase compared to lower
concentrations. Furthermore, Lozano et al. (2021) also discovered a steady increase in shoot
biomass as the concentration of PP and polyethersulfone (PES) fibers increases. Although the
underlying mechanism remains unknown, studies suggest that the addition of MPs enhances soil
aeration and macroporosity which positively impacts plant performance (Lozano et al., 2021; de
Souza Machado et al., 2019). Furthermore, the reduction in leaf numbers caused by exposure to

MPs (Fig. 4d) correlates with a decrease in shoot biomass across different MPs concentrations.
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While not significantly different, soil without MPs shows higher biomass compared to soils with
varying concentrations of MPs. This suggests that even subtle reductions in leaf numbers due to
MPs exposure can impact shoot biomass, highlighting the potential influence of MPs on plant

growth and productivity (Cseresnyes et al., 2014; Jiang et al., 2019).

Chlorophyll is critically important to plant development as it plays a central role in the
process of photosynthesis (Wang et al., 2020). Despite the negative effects observed in plant
physiological parameters such as leaf number, fruit count, fruit biomass, and shoot biomass in
this study, the examination of biochemical processes such as chlorophyll and photosynthesis
does not appear to account for some of the reduction in plant physiological parameters. The
impact of MPs on chlorophyll content was found to be insignificant (Fig.5a), consistent with
previous literature. Pignatelli et al. (2020), Wang et al. (2020), and Singh and Singh (2022)
observed no significant effect on the chlorophyll content of Lepidium sativum, Zea mays L. var.
Wannuoyihao, and Trigonella foenum-graeccum L, respectively, when exposed to soil with PE,
PP, PVC, and LDPE. The scare evidence that MPs affect chlorophyll production may be
attributed to plants developing tolerance mechanisms, such as activation of defense mechanism
antioxidative systems, enhanced detoxification process, and modification of cell wall
composition to alleviate any potential deleterious effects. (Pignatelli et al., 2020; Wang et al.,
2020). The presence of MPs/NPs in soil can disrupt plant photosynthetic efficiency (Colzi et al.,
2022; Dong et al., 2020; Yu et al., 2020; Ren et al., 2021; Liao et al., 2019) by diminishing the
photosynthetic activity of PSII reaction centers, due to the physical obstruction of sunlight to the
chloroplasts (Meng et al.,2021, Wang et al.,2020; Wu et al., 2019;). In our study, there was no
significant impact observed on light-adapted yield as a result of both the size and concentration

of MPs (Table 3; Fig 5¢ and d), which is consistent with results of several studies reporting no
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effects on whole-leaf gas exchange (Botyanszka et al., 2022; Lian et al., 2020; Shi et al., 2022).
Interestingly, in this present study Fv/Fm showed a significant increase in all treatments with
MPs, as compared to the control (Fig. 4c). Along these lines, Zhang et al. (2023) found that PES-
MPs and PP-MPs increase Fv/Fm of Glycine max during the flowering stage. While the exact
mechanism remains unclear, previous research suggests that MPs may enhance photosynthetic
parameters by increasing aminolaevulinic acid necessary for chlorophyll synthesis (Pignattelli et
al., 2020). Although the current study did not investigate this factor, future research should
explore the correlation with increased Fv/Fm. Lastly, recent evidence suggests that the negative
effects on Fv/Fm are dose dependent (Ansari et al.2021; Zhao et al.,2019). Likewise, despite
observing an increase within the MPs treatment compared to the control, a notable decrease in
Fv/Fm was found within the 5% concentration compared to the 1% concentration within PE, PP,
and PE + PP treatments. In line with our findings, Ansari et al. (2021) found a significant
decrease in Fv/Fm in the microalga Acutodesmus obliquus when the concentration of MPs
exceeded 100 mg L—1 in HDPE, PP, and PVC treatments. This was attributed to decrease in light
penetration through the cultures at higher concentration, due to the attachment of the MPs to the
cell surface (Ansari et al.,2021; Zhao et al.,2019). Overall, our study provides insights into the
complex interactions between MPs, soil properties, and plant physiology, emphasizing the need
for further research to fully understand the implications of MPs on terrestrial ecosystems. Further
investigations into the mechanisms underlying these effects and their long-term consequences
are warranted to develop effective strategies for mitigating the impacts of MPs on soil and plant

health.
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Conclusion
The study examines how plastic pollutants (PE, PP, PP + PE) impact soil health and plant
growth. We found that MPs alter soil conditions, affecting nutrient availability and microbial
activity, which in turn influences plant physiology. Microplastics elevate soil pH, reduce
respiration, and lower nitrogen levels, disrupting nutrient cycling. Furthermore, MPs affect plant
parameters like leaf and fruit production, and biomass. Larger MPs obstruct water and nutrient
transport, reducing leaf and fruit production. Microplastics also impact plant parameters like leaf,
fruit and shoot biomass, with varying effects based on concentration, type, and size. Despite not
affecting chlorophyll content and photosynthetic efficiency significantly, MPs increase Fv/Fm
ratio, suggesting complex interactions with plant physiology. Overall, the study emphasizes the
intricate relationship between MPs, soil health, and plant growth, urging further research to
better understand the mechanisms through which MPs interact with soil and plants.
Understanding these interactions is vital for advancing sustainable agricultural practices. Further
investigation into the effects of various MP size, type, and concentration on soil and plant health

is essential, with potential implications for human health.
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Table 1: Overview of differing combinations of microplastic sizes, concentrations, and types

used in this experiment (n = 5).
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Size Concentration Type Replicate
0.Imm —1mm 1% PE 5
PP 5
PE + PP 5
5% PE 5
PP 5
PE + PP 5
2.5mm - 3mm 1% PE 5
PP 5
PE + PP 5
5% PE 5
PP 5
PE + PP 5
Control 5

Abbreviations: PE, polyethylene; PP, polypropylene; and PE+PP, the mixture of both PE and

PP



Table 2: Background physical, chemical, and biological characteristics of the soil used in this
experiment (n = 5; mean + standard error).

Soil properties Value
Sand (%) 8.3+0.61
Silt (%) 77.6 +0.51
Clay (%) 14.0+0.18
Texture Silt loam
Gravimetric Moisture Content (GMC, g g%) 0.36 £ 0.02
Bulk Density (g cm®) 1.01 +£0.05
Total Porosity (%) 62.0+2.24
Water Field Pore Spaces (WFPS, %) 57.8 £3.97
Maximum Water Holding Capacity (MWHC, g g}) 0.67 £ 0.04
pH 7.1+0.04
Electrical Conductivity (EC, mmho cm™) 0.17+0.01
Cation Exchange Capacity (CEC, me 100g™) 27.0 £0.39
Soil Organic Matter (SOM, %) 7.3+0.02
Total Carbon (TC, g kg™?) 37.2+0.07
Total Nitrogen (TN, g kg™) 3.1+0.002
C:N 12.1£0.02
Ammoniacal Nitrogen (NHs*-N, mg kg™) 5.6 +0.11
Nitrate Nitrogen (NOs—N, mg kg™) 9.9+0.14
Mehlich P-111 (P, mg kg™) 84.6 +0.93
Potassium (K, mg kg™) 334.2+7.9
Calcium (Ca, mg kg 3903.2 +51.1
Magnesium (Mg, mg kg?) 7924 +13.9
Sulfate-S (SO4-S, mg kgt) 12.3+0.28
Zinc (Zn, mg kg?) 4.09 +0.04
Iron (Fe, mg kg) 62.1+0.45
Manganese (Mn, mg kg?) 18.2+0.13
Copper (Cu, mg kg?) 2.30 £0.02

Sodium (Na, mg kg?) 13.4 +0.68
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Table 3: Summary of three-way ANOVA on the effect of adding different microplastic size, concentration, and types and their
interactions to measured soil variables.

pH Total IN Respiration

ANOVA Factor b F Value P Value F Value P Value F Value P Value
Type (T) 2 17.4 <0.001 40.9 <0.001 4.26 <0.01
Size (S) 1 1.10 NS 0.01 NS 1.01 NS
Concentration (C) 1 26.7 <0.001 4.50 <0.05 0.06 NS
TxS 2 4.01 <0.05 2.28 NS 0.06 NS
TxC 2 1.50 NS 1.68 NS 0.18 NS
SxC 1 0.003 NS 1.99 NS 0.04 NS
TxSxC 2 0.68 NS 0.54 NS 0.09 NS

*The significance for all analyses was set at an alpha (a) of 0.05 (significant values are shown in bold).
Abbreviations: Df, the degree of freedom; IN, inorganic nitrogen; NH4*—N, ammoniacal nitrogen; NO3z—N, nitrate nitrogen.
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Table 4: Summary of four-way ANOVA on the effect of adding different microplastic size, concentration, and types and their
interactions to measured plant variables.

Plant height Leaf count SPADMETER Light adapted Dark adapted
ANOVA Factor FValue PValue FValue PValue FValue PValue FValue PValue FValue P Value
Type (T) 10.3 <0.001 23.4 <0.001 1.56 NS 1.43 NS 2.21 NS
Size (S) 59.4 <0.001 276 <0.001 2.08 NS 1.21 NS 2.10 NS
Concentration (C) 13.7 <0.001 375 <0.001 4.15 <0.05 4.52 <0.05 1.38 NS
Time (t) 1672.01 <0.001 1590 <0.001 185 <0.001 36.9 <0.001 3.76 <0.01
TxS 17.6 <0.001 6.20 <0.01 0.03 NS 0.12 NS 0.29 NS
TxC 3.57 <0.05 24.3 <0.001 1.91 NS 0.12 NS 0.53 NS
SxC 43.6 <0.001 63.8 <0.001 9.15 <0.01 0.0001 NS 3.03 NS
Txt 1.32 NS 0.81 NS 1.79 <0.01 1.76 <0.01 1.35 NS
Sxt 8.77 <0.001 4.27 <0.001 3.20 <0.001 1.32 NS 2.10 NS
Cxt 1.30 NS 1.25 NS 2.53 <0.01 1.43 NS 1.88 NS
TxSxC 27.4 <0.001 14.1 <0.001 0.11 NS 0.75 NS 3.27 <0.05
TxSxt 1.87 <0.01 0.65 NS 1.49 NS 0.89 NS 1.81 NS
TxCxt 0.65 NS 1.38 NS 2.16 <0.001 0.91 NS 1.32 NS
SxCxt 4.64 <0.001 0.33 NS 1.25 NS 1.07 NS 2.43 <0.05
TxSxCxt 0.42 NS 0.53 NS 1.66 <0.05 1.03 NS 1.77 NS

*The significance for all analyses was set at an alpha (a) of 0.05 (significant values shown in bold).
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Table 5: Summary of three-way ANOVA on the effect of adding different microplastic size, concentration, and types and their

interactions to measured plant variables.

Shoot biomass Fruit Biomass Fruit count

ANOVA Factor F Value P Value F Value P Value F Value P Value
Type (T) 2 2.01 NS 3.86 <0.05 0.84 NS
Size (S) 1 2.94 NS 14.3 <0.001 7.43 <0.01
Concentration (C) 1 6.24 <0.05 0.33 NS 0.04 NS
TxS 2 0.67 NS 0.19 NS 0.05 NS
TxC 2 0.09 NS 2.56 NS 1.70 NS
SxC 1 1.99 NS 0.97 NS 0.01 NS
TxSxC 2 0.80 NS 0.09 NS 0.30 NS

*The significance for all analyses was set at an alpha (a) of 0.05 (significant values are shown in bold).
Abbreviations: Df, the degree of freedom.
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Fig. 1. (A) The effects of microplastic (MP) concentrations (1% and 5%) on soil pH. Means and standard error bars are shown.
Significance between MP concentrations are indicated by different letters (p < 0.05). (B) The interaction effects of MP types (PE:
polyethylene, PP: polypropylene, and PE+PP: the mixture of both PE and PP) and sizes (small: 0.1-1.0 mm and large: 2.0-3.5 mm) on
soil pH. The significant (p < 0.05) difference among MP types within each MP size indicated with different letters.
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Fig. 2. The effects of MP types on soil respiration. Means and standard error bars are shown. Significance between MP types are
indicated by different letters (p < 0.05).
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Fig. 3. The effects of microplastic (MP) (A) types (PE: polyethylene, PP: polypropylene, and PE+PP: the mixture of both PE and PP)
and (B) concentrations (1% and 5%) on inorganic nitrogen (N). The significant difference (p < 0.05) among MP types and
concentrations are indicated by different letters.
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Fig. 4. (A & B) Showing the effects of microplastic (MP) types (PE: polyethylene, PP: polypropylene, and PE+PP: the mixture of both PE and
PP), size (0.1-1mm and 2.0— 3.5mm) and concentrations (1% and 5%) on Plant height for 118 days. The significant difference (p < 0.05) among
MP types within each MP size and concentration indicated with *. (C & D) Showing the effects of microplastic (MP) types (PE: polyethylene, PP:
polypropylene, and PE+PP: the mixture of both PE and PP), size (0.1-1mm and 2.0— 3.5mm) and concentrations (1% and 5%) on Number of
leaves. The significant difference (p < 0.05) among MP types within each MP size concentration indicated with *. Means and standard error bars
are shown (n = 5)
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Fig. 5. (A & B) Showing the effects of microplastic (MP) types (PE: polyethylene, PP: polypropylene, and PE+PP: the mixture of
both PE and PP), size (0.1-1mm and 2.0— 3.5mm) and concentrations (1% and 5%) on Chlorophyll content (SPAD Meter). The
significant difference (p < 0.05) among MP types within each MP size and concentration indicated with *. (C & D) Showing the
effects of microplastic (MP) types (PE: polyethylene, PP: polypropylene, and PE+PP: the mixture of both PE and PP), size (0.1-1mm
and 2.0— 3.5mm) and concentrations (1% and 5%) on Light Adapted yield. The significant difference (p < 0.05) among MP types
within each MP size and concentration indicated with *. (E & F) Showing the effects of microplastic (MP) types (PE: polyethylene,
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PP: polypropylene, and PE+PP: the mixture of both PE and PP), size (0.1-1mm and 2.0— 3.5mm) and concentrations (1% and 5%) on
Dark Adapted yield. The significant difference (p < 0.05) among MP types within each MP size and concentration indicated with *.
Means and standard error bars are shown (n = 5)



A) B)
40

35
30
& 301 il B & 251 AB B
0 A ~ A
@ t §0) A
g S 20 =5
o 20 o
[ O 154
g ]
2 L 101
('/__) 10 4
5 |
0 - - 0 -
Control 1% 5% Control 0.1-1mm 2-35mm
MP Concentration C) MP Size
/..rl_ﬁ TTT——
7 T
30 ]
| |
251
—~
% 20 ‘
g f
o 15} '
o) |
=
S 10/ 1_,\J
51 pd / Control
\4 PE+PP
0 /PP Qrz?
2-35mm H‘“"\l_,_r //PE )
0.1-1mm T/
Mp SiZe

Fig 6. (A) The effect of microplastic (MP) concentrations (1% and 5%) on shoot biomass. Means and standard error bars are shown.
Significance (p < 0.05) between MP concentration indicated by different letters. (B) The effects of MP sizes (small: 0.1-1.0 mm and
large: 2-3.5 mm) on fruit counts. Means and standard error bars are shown. Significance (p < 0.05) between MP sizes indicated by
different letters. (C) The effect of MP types (PE: polyethylene, PP: polypropylene, and PE+PP: the mixture of both PE and PP) and
sizes on fruit biomass. The significant difference (p < 0.05) among MP types within each MP size indicated with different letters.
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