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ABSTRACT

Avocado (Persea americana Mill.) is a tropical, subtropical fruit and evergreen plant
belonging to the Lauraceae family. Avocado fruit is known for its high nutritional
value and healthy oil thus its production is increasing rapidly. Thus, in vitro
propagation methods could be used to enhance its production. Moreover, the
utilization of nanoparticles (NP) in plant in vitro propagation have also gained
momentum in recent years. One of the nanoparticles that could be used in these studies
could be zero valent iron nanoparticle (nZV1) since it has low phytotoxicity. This thesis
nodal buds were cut from seedlings that is grown, P. americana Mill. cv. Zutano was
used in greenhouse, sterilized and transferred to in vitro conditions with
supplementation of the medium with different concentrations of 6-benzyl adenine
(BA). Upon determination of optimum BA concentration, the influence of various
concentrations of nZVI nanoparticles (12.5; 25; 50 mg/L) were also assessed on shoot
tips and nodal buds to promote proliferation. After 30 days of in vitro culture, the
percentage of proliferation, the average number of microshoots per explant, and the
average microshoot length were calculated. In addition, rooting of microshoots were
also tried to by incorporation of different concentrations (0.5, 1 and 2 mg/L) of
naphthalene acetic acid (NAA) and indole-3-butyric acid (IBA). However, no root
formation was obtained from avocado explants tested in this thesis under culture
conditions. As a result, it was determined that lower concentrations of nZV1 (12.5 and
25 mg/L) resulted a increase in microshoot proliferation in shoot tips.

Keywords: Persea americana Mill.,, Zero Valent Iron Nanoparticles,
Micropropagation, Plant Tissue Culture.
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OZET

Avokado (Persea americana Mill.), Lauraceae familyasina ait tropikal, subtropikal
bir meyve ve yaprak dokmeyen bir bitkidir. Avokado meyvesi yiiksek besin degeri
sebebiyle cesitli sekillerde tiiketilir. Saglikli igerigi bulunan yagi ise, kozmetik,
farmakoloji gibi alanlarda sik¢a kullanilmasiyla bilinir. Bu nedenle iiretimi hizla artan
iretim talebini karsilamak i¢in tiretimini artirmak igin in vitro ¢ogaltma yontemleri
kullanilabilir. Ayrica, bitkilerin in vitro ¢gogaltiminda nanopartikiillerin (NP) kullanimi
da son yillarda ivme kazanmistir. Bu ¢alismalarda kullanilabilecek nanopartikiillerden
biri, diisiik fitotoksisiteye sahip oldugu icin sifir degerlikli demir nanopartikiilii (nZVI)
olabilir. Avokado ve nanopartikiiller {izerinden yapilan sinirli ¢alismalar sonucunda,
farkl1 tiirde nanopartikiillerin uygulanmasi giindemdedir. Yiiksek dozda sifir degerlikli
demir nanopartikiiliiniin kullanimin bitkiler tizerinde toksik etki yaptig1 caligmalarla
ispatlandiginda, diisiik dozda sifir degerlikli demir nanopartikiil konsantrasyonlari
tercih edilmistir. Bu nedenle, serada yetistirilen P. americana Mill. cv. Zutano
bitkisinin fidelerinden nodal tomurcuklar kesilmis, sterilize edilmis ve ortamin farkl
konsantrasyonlarda 6-benzil adenin (BA) igeren besiyerilerine in vitro kosullara
aktarilmistir. Optimum BA konsantrasyonunun belirlenmesinin ardindan, sifir
degerlikli demir nanopartikiillerinin ¢esitli konsantrasyonlarmin (12.5; 25; 50 mg/L)
etkisi de cogalmay1 tesvik etmek icin siirgiin uglar1 ve nodal tomurcuklar iizerinde
degerlendirilmistir. 30 giinliik in vitro kiltiirden sonra, ¢ogalma yiizdesi, eksplant
basina ortalama mikro siirgiin sayis1 ve ortalama mikro siirgiin uzunlugu
hesaplanmistir. Ayrica, naftalin asetik asit (NAA) ve indol-3-biitirik asidin (IBA)
farkli konsantrasyonlar1 (0.5, 1 ve 2 mg/L) katilarak mikro siirgiinlerin kdklenmesi de
denenmistir. Ancak, bu tezde kiiltiir kosullar1 altinda test edilen avokado
eksplantlarindan kok olusumu elde edilmemistir. Sonug olarak, sifir degerlikli demir
nanopartikiiliiniin daha diisiikk konsantrasyonlarmin (12,5 ve 25 mg/L) siirgiin
uclarinda mikro siirgiin cogalmasinda artigsa neden oldugu belirlenmistir.

Anahtar Kelimeler: Persea americana Mill., Sifir Degerlikli Demir Nanopartikiil,
Mikrog¢ogaltim, Bitki Doku Kiiltiirii.
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1. INTRODUCTION

Avocado, with the scientific name Persea americana Mill, is a fruit that has grown in
popularity worldwide in recent years. Avocado consumption is increasing rapidly on
a global scale due to its high nutritional value and health benefits. It has a wide
spectrum of vitamins (A, B, C, D, E and K) and minerals, as well as a diverse content
of essential nutrients, carbohydrates, proteins and fats. It has become an important
agricultural crop. The consumption of avocado is increasing, particularly in many

Western European countries with high economic income levels.

The most reliable method of plant propagation through shoot tips and nod buds is the
most effective in terms of maintaining the genetic stability of elite selections. In woody
plants such as avocado, the morphogenetic capacity of adult material is generally lower
than that of juvenile material. Consequently, micropropagation is typically developed
using seedling explants, and the resulting data can be applied to direct the propagation
of material of adult origin. The process of avocado micropropagation may be a
potentially useful technique for the mass propagation of selected rootstocks or the
regeneration of adult material, which could subsequently be multiplied more

efficiently through conventional methods.

The interaction of nanoparticles with plants results in a range of morphological and
physiological alterations, which are contingent upon the specific properties of the
nanoparticles in question. The utilization of zero-valent metals in environmental
applications was initially documented in 1972 [Pachi et al., 2020]. In recent years,
zero-valent iron nanoparticles have been employed extensively in laboratory settings
because they are cheap and non-toxic and have been reported to have the capacity to
increase plant growth. The efficacy of nanoparticles is contingent upon several factors,
chemical composition, including their reactivity, surface coating, size, and, most
crucially, the doses at which they are effective. The effect of nanoparticles on plants
depends on their composition, size, concentration, physical and chemical properties,
and plant species. Furthermore, the efficacy of nanoparticles is contingent upon their
concentration, exhibiting variability across different plant species. This review

examines the impact of nanoparticles on plant growth, stem length and stem number.



1.1. Purpose of The Study

Various difficulties are encountered in the traditional propagation of avocado from
seed or cutting method. Therefore, plant tissue culture, in which sterile
micropropagation of isolated cells or tissues under appropriate in vitro conditions, has
recently gained importance for the mass production of this species. In recent years,
interest in the potential applications of iron nanoparticles in plant biotechnology and
agriculture has been increasing. The objective of this thesis is to examine the in vitro
production process and propagation of avocado by applying tissue culture techniques
together with to reveal out the influence of zero-valent iron (ZVI) nanoparticles on
micropropagation. To determine the effect of nZV1 on in vitro proliferation of shoot
cultures, shoot tips and nod buds were sterilized and incubated with various
concentrations of 6-benzyl adenine as cytokinin and then explants were excised from
in vitro grown seedlings and transferred to different concentrations of nzZVI
nanoparticles. Explants were selected from appropriately concentrated nZV1 culture
for rooting experiments. Two different auxin-derived hormones, Naphthalene acetic
acid (NAA) and Indole-3-butyric acid (IBA), were incubated in root cultures at

different concentrations.



2. GENERAL INFORMATION

2.1. Avocado (Persea americana Mill.)

The avocado (Persea americana Mill.) is a fruit that is scientifically classified as
member of the Lauraceae family. It is native to Mexico and Central America, genus
Persea, and comprises two subgenera: The two subgenera are Eriodaphne and Persea.
The avocado, cultivated for agricultural production, belongs to two species of the
genus Persea. It is divided into three botanical varieties: Persea nubigena Miller var.
Guatemalensis (Guatemalan species) Persea americana Miller var. American (West
Indian species) and Persea americana Miller var. Drymifolia (Mexican species)
[Duarte et al., 2016]. The tree of the avocado fruit has a woody trunk. While avocados
are classified as evergreen, some varieties undergo a period of leaf loss prior to
flowering. Leaves can range in length from 7 to 41 cm and exhibit a diversity of shapes.
They are typically hairy and reddish in color during their juvenile phase, becoming
smooth and dark green upon reaching maturity. The fruit is characterised by a single
large seed encased in an oily pulp (Figure 2.1). The avocado is composed of 73% fruit,

16% seed, and 11% pulp, although the proportion of fruit can vary[Goldag and Dogan,
2024].

Figure 2.1: Persea americana Mill. a)Avocado tree. b)Avocado tree leaves and
fruits. c)Avocado inside and seed view.

Avocado is a fruit with high nutritional value and a healthy oil, has offers many
potential benefits for human health, experienced a surge in popularity worldwide in
recent years, becoming a significant agricultural product. In contrast to most fruits,
which are either acidic or sweet, avocados have a smooth and buttery texture with a

rich flavour. The oil extracted from avocados can be used for cooking and preparing

3



sauces, marinades and salads. In addition to its applications in the oil, cosmetic, soap,
and shampoo industries, avocados are widely consumed as a fresh fruit globally.
Avocado oil can also be used in the production of skin care products including
cleansing creams, sunscreen lotions and moisturisers, as well as make-up bases and
hair conditioners [Subba et al., 2023]. It could also be utilized for the treatment of
diseases [Chindo et al., 2012]. For instance, the fruit of the common medicinal plant,
P. americana, which is often consumed as food, has been documented to be efficacious
in the treatment of gastric distress, bronchitis, diabetes, hypertension, and other
conditions [Muanya et al., 2008]. Moreover, different parts of P. americana have been
reported to be used for the treatment of various ailments. For instance, avocado bark
is employed in the treatment of cough, fever, diabetes, asthma, as well as diseases of
the kidney and liver. The avocado leaf is used in the treatment of hypertension, ulcer,
diarrhea, and cough, while the avocado root is used in the treatment of skin convulsion,
hormonal disorders in women, blemishes, and epilepsy [Oluwole et al., 2011].

The avocado is a tropical fruit that contains a high concentration of bioactive
compounds [Tremocoldi et al., 2018]. It is consumption is increasing rapidly on a
global scale due to the perceived health benefits associated with it [Akan, 2021]. It has
been reported that the nutritional composition of avocado pulp exhibits a moisture
content ranging from 67-78%, a lipid content ranging from 12-24%, a carbohydrate
content ranging from 0.8-4.8%, and a protein content ranging from 1.0-3.0% [Aratjo
et al. 2018]. The avocado is a rich source of essential minerals and vitamins, as well
as potassium, phosphorus, calcium, iron, zinc and sodium. It is also a significant source
of essential amino acids, including phenylalanine, valine, threonine, lysine, leucine,
methionine and isoleucine. Additionally, it contains unsaturated fatty acids, including
oleic, linoleic and linolenic acids. These nutritional properties contribute to the
avocado's overall health benefits [Tremocoldi et al., 2018], [Goldag and Dogan, 2024].
Ingestion of avocado fruit in quantities of 1-2 pieces per day has no adverse toxic
effect. The demand for avocados and avocado-containing products in the daily diet is
increasing due to their high energy content and their positive effects on abdominal
pain, diarrhea, diabetes and cardiovascular diseases. Additionally, they contain
vitamins, minerals and phytochemicals. It is recommended that products containing
monounsaturated fatty acids be included in the diet to prevent cardiovascular disease.

The results of a study indicate that an increased consumption of dietary fiber is



associated with a reduced risk of cardiovascular disease [Weschenfelder et al., 2015].
The avocado is a fruit that has a favorable influence on several cardiovascular risk
factors. These include inflammatory processes, blood pressure, high cholesterol, blood
glucose levels, and metabolic syndrome. Additionally, they encompass insulin
concentrations, body weight, and body fat composition. [Demircan et al., 2021]. P.
americana Mill. was introduced from California in the early 1970s through the Food
and Agriculture Organization (FAO) with the objective of popularizing the
commercial cultivation of avocados in our country. The breeding of four important
cultivars (Hass, Bacon, Fuerte and Zutano) facilitated the introduction of P. americana
Mill. to our country. This fruit is also referred to as the "American pear" by some
individuals in Turkey. It has been posited that certain regions of the Mediterranean
coastal zone of Turkey are particularly conducive to avocado cultivation [Demircan et
al. 2021]. In 2023, Turkey produced 38,462 tons of avocados. Figure 2.2 presents the
avocado production amounts in Turkey over the past five years in tons. As indicated
by data from the Turkish Statistical Institute [TUIK, 2024], the distribution of
production amounts by province is presented in Figure 2.2. have been grown in the
provinces of Antalya, Adana and Mersin (Figure 2.2) [Web 1, 2024].
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Figure 2.2: Avocado production in the last 5 years by provinces in Turkey [TUIK,
2024].



Among the different avocado cultivars, cv Zutano is selected as a plant metarial in this
thesis. It has shiny, yellow-greenish skin which is thin, and the seed is medium sized.
The fruit flesh displays a range of oil content, from 15 to 18%, with dry matter content
varying between 23 to 25%. The tree grows to a considerable height, with a strong,
upright structure. The 'Zutano' variety has well-developed cold tolerance. It is a variety
with consistent and high productivity. In the Serik-Antalya region, the yield of the
'Zutano' variety was found to be between 280 and 290 pieces and 75 to 80 kg per tree

(Table 2.1). The market value and suitability for transport of this variety are moderate.

Table 2.1: Fruit and tree characteristics of ‘Zutano' cultivar.

Fruit and Tree Characteristics

Optimum Harvest Period November-December
Stay In on The Tree Medium (2-3 months)
Cold Damage Threshold -3.0°C

Storage Condition 2 months +4°C

Tree Habitat Medium

Economic Productive Age 8-10 years

Average Fruit Weight (g) 200-400

Fruit Peel colour Light green and shiny
Fruit Peel Structure Smooth

Shell Thickness Thin

Peelability Relatively Difficult
Seed Shape Conical

Fruit Shape Ovoid or pear

Flesh Colour Light Yellow-Cream
Taste and Flavour Medium flavour

Yield (kg/tree) (10-12 years old) 75-80
Yield (pcs/tree) (10-12 years old) 280-290
Industrial Use Food, cosmetics and

pharmaceutical industry



2.2. Plant Tissue Culture

Plant tissue culture is a plant breeding method that was developed in the 1950s.
Traditional breeding techniques were unable to meet the required product demand,
which led to the emergence of tissue culture as a significant development in breeding
applications. This technique allows us to produce multiple copies of a plant in a short
period of time. The process makes use of the totipotency property of the plant cell,
which means that any cell from any part of the plant can be used. Tissue culture is
employed for the cultivation of thousands of genetically identical plants derived from
a single parent plant, designated as soma clones. This process is known as
micropropagation. The method offers an advantage that can be used to produce a
completely new plant methods, as it can be used to develop disease-free plants from
diseased plants by using their meristems (shoot tips and nod buds) as explants
[Custodio et al., 2023]. Plant tissue culture is a process that involves the cultivation of
whole organs, tissues, plants or cells under controlled aseptic conditions in a laboratory
to facilitate the growth of cells and the production of genetically identical organisms.
These culture systems provide all the water, nutrients and energy necessary for the
growth of the plant or explants to establish a basal environment. The provision of
optimal light and temperature settings facilitates the creation of conducive incubation
conditions. The manipulation of plant development can be achieved through the
addition of natural or synthetic phytohormones, also known as plant growth regulators
(PGRs), to the plant's environment at specific stages of growth or maturation. The
selection of the PGRs type and concentration is contingent on the specific plant
species, organ or tissue under consideration, and the objective of the experiment.
[Phillips et al., 2019].

2.3. Nanoparticles

Nanotechnology represents an innovative and transformative field of science. The
present-day applications of nanotechnology make use of advances in biotechnology,
materials science, physics, and chemistry to create novel materials with distinctive
properties resulting from their nanometer-scale structures. These altered properties

have led to the development of numerous new and effective products and applications.



Industries within the agriculture, food, and medicine sectors have been investing

significantly in nanotechnology research [Kim D et al., 2017].

The interaction of nanoparticles with plants results in a range of morphological and
physiological alterations, which are contingent upon the specific properties of the
nanoparticles in question. The research team posited that the impact of engineered
nanoparticles (ENPs) on plant growth and development may be either positive or
negative, depending on the specific characteristics of the ENPs in question. These
characteristics include composition, concentration, size, and physical and chemical
properties, as well as the plant species in question. The efficacy of NPs is determined
by several factors, including their chemical composition, surface covering, size,
reactivity, and most importantly, the dose at which they are effective [Siddiqui et al.,
2015].

Nanoscale zerovalent iron (nZV1) is the most utilized nanomaterial for the remediation
of environmental contamination. The effects of nZVI on terrestrial organisms have
recently become the subject of research, with findings indicating that plant growth is
enhanced by nZVI treatment at various concentrations. It is therefore essential to
investigate the detailed physiological and biochemical responses of plants to nZVI
treatment to ascertain its suitability for agricultural applications. [Yoon et al., 2019].

nZVI1 has become a widely utilized remediation technique due to its exceptional
efficacy in the treatment of contaminated groundwater [Karn et al., 2009]. The
application of nZVI has recently been explored as a remediation strategy for soils
contaminated with pesticides and heavy metals, with promising results in terms of soil
quality improvement [Jiang et al., 2018]. It may be the case that an optimal
concentration of nZV1 is required to stimulate plant growth. It must be acknowledged
that the effects of nZV1 on plants are species dependent. Furthermore, the underlying
mechanisms that lead to an increase in biomass or cause toxicity in plants remain
unclear. Therefore, before nZVI can be applied in agriculture, it is essential to

understand the physiological and biochemical responses of plants to nZV1 exposure.



3. MATERIAL AND METHODS

3.1. Material

3.1.1. Plant Material

P. americana Mill. cv. Zutano was used in this thesis. The seedlings were obtained
from Adana and transferred to the greenhouse of Gebze Technical University,
Department of Molecular Biology and Genetics (Figure 3.1). Figure 3.1 shows the
seedlings of P. americana Mill. The growth of the seedlings is under greenhouse

conditions of 25 °C, 16 hours of light and 8 hours of dark photoperiod.

Figure 3.1: Persea amaricana Mill. plant cv. Zutano in the GTU greenhouse.

3.1.2. Nanoparticule

In this study, zero-valent iron nanoparticles (nZV1) were employed as nanoparticles.
The nZVI were obtained as dry matter from Mr. Prof. Dr. Anatoli Dimoglo (Duzce
University, Department of Environmental Engineering) and his team. The ZVI-NPs
were produced by reduction of iron salts via a chemical reduction procedure, without
the use of ultrasonic treatment. As a stabilizing agent, low molecular weight poly N-
vinylpyrrolidone (PVP) of 18 was employed. The magnetic core size is 12.0 and 12.4

A, while the particle size is 200 nm.



3.1.3. Chemicals

The consumables used in the thesis study are shown in Table 3.1.

Table 3.1: Chemicals used in the in vitro proliferation stage.

Persea americana Mill. Media Contents

Chemical Name Manufacturer Company | Catalogue Number
Murashige and Skoog (MS) Caisson MSP09-50LT
Plant Agar Duchefa 9002-18-0
Sucrose Caisson SO11-1KG
6- Benzyl Adenine (BA) Sigma B-3408
DMSO (dimethyl sulfoxide) Alfa Aesar Q17D720
Commerical Bleach Domestos -

Safa Captan 50 WP Safa 5460

Ethanol (C2HsO) Duzey Lab 64-17-5
L-Ascorbic Acid Sigma A-2174
Naphthalene acetic acid (NAA) | Sigma 20K3255

3.1.4. Equipments and Devices

The equiments used in the thesis study is shown in Table 3.2.

Table 3.2: Equiments used in the thesis study.

Equiment Name

Equiment Model

Manufacturer Company

pH Metre pH 209 Hanna Instrument
Laminar intelligent cabin | Cleanair PMU Company
Precision Scale TP3030 Denver Instrument
Etuve DIN 12880 Binder

Steriliser Steri 350 Swiss Made

Plant Growth Room RivaCold Genpa Miihendislik
Magnetic Stirrer MR3001 Heidolph
Autoclave HV-110L Hirayama

+4 Refrigerator RG 1380 indesit

Deep freezer (-20 °C) GS26DN13NE Siemens
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https://www.eschemy.com/supply/organic-intermediates

3.2. METHODS

3.2.1. Murashige and Skoog (MS) Media Preparation

The calculated amounts of 4.43 g/L MS and 30 g/L sucrose, which were determined
as optimal values in the literature studies [Osorio et al., 2018], were added to the glass
beaker. The remaining volume was made up to 1000 ml with distilled water.
Subsequently, HCI and NaOH were added, and the pH was adjusted to 5.70 £+ 0.1 using
a pH meter. A solution of 7 g/L plant agar was added, and the medium was sterilized
by autoclaving at 121 C for approximately 20 minutes. The medium was then poured
into glass tubes in equal volumes under sterile conditions in a horizontal flow laminar
flow cabinet and allowed to solidify. Following solidification, the medium was stored
in the plant growth room. Table 3.3 shows the composition and quantity of the MS
[Murashige & Skoog, 1962] medium. Furthermore, different concentrations of the
cytokinin 6-benzyl adenine (BA) were employed, namely 0.5 mg/L, 1 mg/L, 1.5 mg/L
and 2 mg/L.

Table 3.3: Murashige & Skoog Media Components

Components mg/L
Ammonium Nitrate (NHsNO3) 1650.00
Boric Acid (HsBOz) 6.20
Calcium Chloride, Anhydrous (CaCl,) 332.20
Cobalt Chloride, Hexahydrate (CoCl; - 6H20) 0.025
Cupric Sulfate, Pentahydrate (CuSO4 - 5H20) 0.025
EDTA, Disodium, Dihydrate (C10H14N2Na2Og - 2H>0) 37.26
Ferrous Sulfate, Heptahydrate (FeSOa4 - 7H20) 27.80
Glycine (C2HsNOy) 2.00
Magnesium Sulfate, Anhydrous (MgSOa4) 180.70
Manganese Sulfate, Monohydrate (MnSOs - H20) 16.900
Molybdic Acid Sodium Salt, Dihydrate (NazMoOs - 0.250
2H,0) '
Myo-Inositol (CsH1206) 100.00
Niacin/Nicotinic Acid (CeHsNO») 0.500
Potassium lodide (K1) 0.830
Potassium Nitrate (KNO3) 1900.00
Potassium Phosphate, Monobasic, Anhydrous (KH2PO.) 170.00
Pyridoxine, Hydrochloride (CsH11NOs - HCI) 0.500
Thiamine, Hydrochloride (C12H17CIN4OS - HCI) 0.100
Zinc Sulfate, Heptahydrate (ZnSO4 - 7H20) 8.600
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3.2.2. Sterilization of Avocado Shoots and Determination of
Optimum Cytokinin Concentration

The shoot explants were subjected to a 30-minute wash under tap water. Subsequently,
the nodal buds were excised and subjected to a 10-minute treatment with a solution
comprising 70% (v/v) ethanol and 1% fungicidal agent under laminar flow cabinet
conditions. Subsequently, the buds were treated with 4% (v/v) sodium hypochlorite
(commercial bleach) for 25 minutes, after which they were rinsed three times with
sterile distilled water. The sterilized explants were cut into 1-2 cm nodal buds in an
aseptic manner. Then, to prevent the formation of phenolic compounds in the cut bud
areas, they were treated with 600 mg/mL ascorbic acid for 1 h and nodes were allowed
to dry on sterile filter paper in a laminar cabinet. Finally, the dried sterile explants
(nodes and shoot tips) were inoculated into glass tubes of MS medium containing
different concentrations (0.5 mg/L, 1 mg/L, 1.5 mg/L and 2 mg/L) of 6 benzyl adenine
(BA). The explants were incubated for 30 days at a temperature of 22+2°C and light
intensity of 4000 lux with a photoperiod of 16 hour light/8 hour of darkness, under
plant growth room conditions (Figure 3.2).

Figure 3.2: The excised explants that were transferred to BA containing MS media.
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3.2.3. Preparation of Media Containing Zero Valent Iron
Nanoparticles (nZV1) and Assessment of Its Influence on
Micropropagation

For the preparation of media containing different concentrations of nZVI, firstly, Fe(0)

NP calculated as 50 mg/L Fe(0) NP was weighed and dissolved in dimethyl sulfoxide

(DMSO). The prepared stock solution was first kept in a sonicator for 20 minutes at

room temperature. The aggregation of the material in the suspension was partially

prevented by sonication. Then, nZVI was added to the medium under aseptic
conditions in the amounts indicated in Table 3.4 to MS medium containing 1 mg\L

BA, which was found to be optimal in our previous trials. After the medium was stored

in a light-proof refrigerator, it was stored at 4°C.

Table 3.4: Concentrations of nZV1 used.

nzVI
) 12.5 mg/L 25 mg/L 50 mg/L Control
Concentration
Media 40mL | 40mL | 40mL | 40mL | 40mL | 40mL | 40mL | 40mL

Explant Shoot | Nod | Shoot | Nod | Shoot | Nod | Shoot | Nod

Type Tip Bud Tip Bud Tip Bud Tip Bud
nZVI NP 160
) 40 ul | 40l | 80 pul | 80 pul | 160 pul - -
Quantity ul

In line with the optimization studies performed for the determination of optimum BA
concentration, explants were transferred to MS medium containing 1 mg\ml BA,
which was found to be the optimal value, to each magenta containing 12.5 mg/L, 25
mg/L and 50 mg/L zero valent iron nanoparticles incorporated MS medium. The
samples were incubated in plant growth chamber for 30 days with the conditions

indicated above.

3.3. Statistical Analysis

In vitro culture of the sterilized avocado shoot tips and nodal buds were done in glass
tubes (one explant/tube). A total of 20 shoot tips and nodal buds were utilized with at

least two replicates. The influence of nZV1 on avocado micropropagation was assessed
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by using at least 20 explants and repeated twice. After 30 days of incubation, the
proliferation rate (%), the average number of microshoots proliferated per explants,
and the average length of the microshoots per explant were calculated and statistically
analyzed. Shoot forming capacity (SFC) of the explants was calculated with the below

formula.

SFC = Proliferation percentage X Average number of microshoots proliferated per
explant/100 [Lambardi et al., 1993].

A statistical analysis of the data was conducted to ascertain the percentages of
proliferation. The selected non-parametric statistical test was the Chi-square (X?) test
for homogeneity of differences. The number of microshoots and their length, as well
as the number of proliferations per explant, were subjected to analysis of variance
(ANOVA), followed by the least significant difference (LSD) test at P<0.05, with the

aim of comparing the means.
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4. RESULTS

4.1. Sterilization and Proliferation of Avocado Explants

In this study, nodal buds were used to establish in vitro culture in MS medium
containing different concentrations (0.5 mg/L, 1 mg/L, 1.5 mg/L and 2 mg/L) of BA.
At the end of 30 days, according to the results of statistical analyses; the highest
proliferation percentage was recorded 1 mg/L BA containing MS medium while the
lowest proliferation rates were calculated with the highest BA concentration (2.0
mg/L, Table 4.1). Accordingly, the highest SFC index together with the average
longest microshoots were obtained with 1.0 mg/L BA containing medium. Although
the maximum number of microshoots proliferated per explant was calculated in the
highest tested nZV1 concentration, the obtained microshoots were relatively shorter in

comparison with the 1.0 and 1.5 mg/L supplemented media.

Table 4.1: The proliferation of avocado nodal buds in BA containing medium.

BA _ Proliferation®  Shoot/ explant® SECe Shoot Length®
Concentration (%) (Mean+SE)“ (Mean£SE)¢ (mm)
0.5 mg/L 70.00¢ 1.56+0.16% 1.09 0.9+0.19°¢
1.0 mg/L 85.00? 1.62+0.16? 1.38 16.3+0.18*
1.5 mg/L 80.00° 1.23+0.08° 0.98 15.940.17°
2.0 mg/L 55.00¢ 1.67+£0.217 0.92 7.6+0.12°

& Each trial was performed using a minimum of 20 explants and repeated twice.

b The different letters in each column indicate statistically significant differences
(P<0.05) in comparison to the Chi-Square (X?) test.

¢ The different letters in each column indicate statistically significant differences
(P<0.05) in comparison to the LSD test.

4 Mean =+ standard error.

¢ Shoot forming capacity (SFC) is calculated as the percentage of proliferinin explants
multiplied by the average number of shoots proliferated per explant, divided by 100.
This method is based on the approach described by Lambardi et al. (1993).
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4.2. Effects of Zero Valent Iron Nanoparticles

4.2.1. Shoot Tips

The result of 30 days incubation of avocado shoot tips in nZV1 containing proliferation
medium is shown in Figure 4.2. According to the results of statistical analyses, 100%
proliferation was recorded in culture media containing 12.5 and 25 mg/L nZVI.
Accordingly, the longest microshoots with the highest SFC index were obtained in the
medium containing 50 mg/L nZV1, while the shortest microshoots with the lowest SFC

index were observed in the medium containing 12.5 mg/L nZVI.

Table 4.2: The proliferation values of avocado shoot tips in nZVI containing medium.

_ y Shoot/ Shoot Length®  Callus
nZVl Proliferation® _
' explant® SFC¢ (Mean+SE)? Formation
Concentrations (%)
(Mean+SE)? (mm) (%)
Control 91.66° 1.0+00? 0.92 7.5+0.62? 36.36%
12.5 mg/L 1002 1.0+00? 1.00 6.7+0.37° 33.33%
25 mg/L 1002 1.0+00? 1.00 7.4+0.53? 16.67%
50 mg/L 91.66° 1.0+£00?2 0.92 7.5+0.45% 18.19%

& Each trial was performed using a minimum of 20 explants and repeated twice.

b The different letters in each column indicate statistically significant differences
(P<0.05) in comparison to the Chi-Square (X?) test.

¢ The different letters in each column indicate statistically significant differences
(P<0.05) in comparison to the LSD test.

4 Mean =+ standard error.

¢ Shoot forming capacity (SFC) is calculated as the percentage of proliferinin explants
multiplied by the average number of shoots proliferated per explant, divided by 100.
This method is based on the approach described by Lambardi et al. (1993).
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Figure 4.1: After 30 days of incubation of the shoot tips a) Control. b) 12.5 mg/L 25
mg/L nZVI. d) 50 mg/L nZV1.

nZVI1 seems to have a toxic effect on shoot tip proliferation as the concentration
increases, as it can be evidenced from proliferation percentages. On the contrary, it
was observed that callus formation decreased as nZV1 concentration increased.

4.2.2 Nodal Buds

The result of 30 days incubation of avocado nodal buds in proliferation medium
containing nZV1 is shown in Figure 4.3. According to the results of statistical analyses,
the highest proliferation percentage was recorded in MS medium containing 12.5 mg/L
nZV1, while the lowest proliferation rates were calculated in the medium concentration
containing 25 mg/L nZVI (Table 4.3) among the nZVI incorporated media.
Accordingly, the lowest SFC index was obtained in the medium containing 50 mg/L
nZVI, while no difference was observed between the control group and other
concentrations (Table 4.3). In addition to this analysis, it was observed that avocado
nodal buds formed callus in nZV1 culture medium. Similarly to shoot tips, the rate of
callus formation was decreased with the concentration of nZV1 in the media increased,
(Table 4.3).
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Table 4.3: The proliferation values of avocado nodal buds in nZVI containing

medium.
_ ) Shoot/ Shoot Length®  Callus
nZVI Proliferation® _
) explant® SFC® (Mean+SE)® Formation
Concentrations (%)
(Mean+SE)“ (mm) (%)
Control 1002 1.0+00? 1.00 6.7+0.672 50.00%
12.5 mg/L Q0P 1.0+00? 0.90 6.5+0.28? 34.78%
25 mg/L 75°¢ 1.0+00? 0.75 6.5+0.422 30.00%
50 mg/L 85> 1.0+0072 0.85 6.2+0.33? 10.00%

& Each trial was performed using a minimum of 20 explants and repeated twice.

® The different letters in each column indicate statistically significant differences
(P<0.05) in comparison to the Chi-Square (X?) test.

¢ The different letters in each column indicate statistically significant differences
(P<0.05) in comparison to the LSD test.

4 Mean =+ standard error.

¢ Shoot forming capacity (SFC) is calculated as the percentage of proliferinin explants
multiplied by the average number of shoots proliferated per explant, divided by 100.
This method is based on the approach described by Lambardi et al. (1993).

Figure 4.2: After 30 days of incubation the nod tips a) Control. b) 12.5 mg/L nZVI.
) 25 mg/L nZVI. d) 50 mg/L nZVI.

4.2.3 Rooting Microshoots

Avocado microshoots that is at least 10 mm in 25 mg/L nZVI culture medium were
used for rooting. These microshoots were transferred to MS medium containing
indole-3-butyric acid (IBA) or 1-naphthalene acetic acid (NAA) at three different
concentrations (0.5 mg/L, 1.0 mg/L and 2.0 mg/L). Control treatments without each

auxin (IBA and NAA) in the medium were also included. The pH of the medium was
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adjusted to 5.70 before autoclaving. Magenta boxes were used at this stage. Each

auxinconcentration was performed using 18 explants. The experiment with IBA auxin

is shown in Figure 4.3.

Figure 4.3: After 30 days of incubation the IBA for rooting. a) Control. b) 0.5 mg/L
IBA. ¢) 1 mg/L IBA. d) 2 mg/L IBA.

The other rooting experiment with NAA is shown in Figure 4.4.

Figure 4.4: After 30 days of incubation the NAA. a) Control. b) 0.5 mg/L NAA.
c) 1 mg/L NAA. d) 2 mg/L NAA.

After 30 days of incubation, no root formation was observed from avocado
microshoots while basal callusing was evident in both tested auxins (Figure 4.3 and
4.4).

19



S. DISCUSSION

Studies conducted with different plants and nanoparticles show that NPs offer
innovative contributions to fundamental processes such as plant growth, development
and stress tolerance. Nanofertilizers, in particular, optimize plant nutrition by
providing nutrients in a targeted and long-term manner thanks to their controlled
release properties. NPs promote root and shoot growth, increase plant biomass and
improve photosynthetic efficiency. NPs, which support photosynthetic processes by
increasing stomatal conductance and water use efficiency, also provide protection
against diseases by preventing the development of pathogens on the plant surface with
their antimicrobial properties. They also contribute to the reduction of oxidative stress
by increasing the resistance of plants to environmental stress factors (such as salt,
drought, heavy metals). Their controlled release and targeted effects reduce negative
impacts on the environment by optimizing the use of fertilizers and pesticides and
make significant contributions to agricultural sustainability.

The main purpose of using NPs in plants is to promote growth and increase tolerance
to environmental stress factors and increase yield in cases where traditional methods
are inadequate. For example, nanoparticles can penetrate the plant cell wall and
increase root and shoot growth, optimize water and nutrient uptake and support
antioxidant defense mechanisms. Thus, they both improve plant metabolism and
provide an innovative solution for sustainable agriculture. Studies on some model

plants and NPs are as follows.

In avocado nanoparticle applications, the effects of copper nanoparticles (CuNPs) on
growth, biomass increase and photosynthetic performance in avocado plants were
evaluated by root irrigation, foliar spray and stem injection methods [Lopez-Luna et
al., 2023]. In all methods, cell viability remained high (91-96%), and no signs of
toxicity or organelle damage were observed. Cu accumulation was mostly in the leaves
(foliar spray) and stem (stem injection). The foliar spray method was determined to be
the method that increased stem length (25%) and leaf formation (85%) the most, and
stem injection was the most effective in terms of biomass increase. In general, the

foliar spray method provided the most efficient uptake of CuNPs and the
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environmental risks remained at a low level. These findings reveal the potential of

CuNPs as a safe and effective nanofertilizer [Lopez-Luna et al., 2023].

Another study on nanoparticle applications to avocado investigated the effects of
calcium phosphate nanoparticles (NanoCaP) in reducing stress due to climate
variability in avocado (Persea americana Mill., cv. Hass) production areas in
Colombia. NanoCaP was tested with foliar and soil applications at concentrations of
15, 30 and 45 mg/L; it was determined that foliar application of 30 mg/L improved
growth parameters such as photosynthesis, stomatal conductance, water use efficiency
and biomass by 10-30%. The results indicate that NanoCaP is a potential nanofertilizer
for reducing stress due to climate variability and increasing yield in avocado
production [Ramirez-Gil et al., 2023].

Although the above-mentioned nanoparticles were used in avocado, up to now, there
is no study on utilization of nZVI1 on in vitro cultures of avocado. Hence, the aim of
this thesis was to investigate the effects of in vitro micropropagation of plant explants
using different concentrations of nZV1 (12.5-25-50 mg/L) on P. americana Mill. plant
proliferation. In this context, the results obtained from the the effect of nZV1 on the
shoot tips and nodal explants of avocado plants after 30 days were assessed. When the
results of nZVI treatment with avocado plants were examined, a statistically positive
effect was observed on proliferation in shoot tip explants as the nZVI concentration
increased. It was observed that the proliferation percentages of nodal explants were
lower than the control. The highest proliferation rate in nodal explants was observed
in the group containing 12.5 mg/L nZVI, but it decreased as the concentration
increased. Although there was no statistically significant difference, a negative effect
was observed as the concentration increased. In shoot tips and nodal explants, it was
observed that multiple shoot formation was not achieved. In shoot tip explants applied
with nZVI1, no statistically significant difference was observed in shoot length. This
may be due to the growth and development potential of shoot tips, and no positive or
negative effects were observed in nZV1 applied groups. On the contrary, a statistically
negative effect was observed in the group containing 50 mg/L nZV1 in nodal explants
than in control groups. As a result, when all data related to P. americana Mill. were
examined, it was determined that nZV1 did not have a significant positive effect on
nodal bud proliferation while it has positive influence on shoot tip proliferation at

lower concentrations.
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In recent years, there have been reports that nZVI has the capacity to enhance plant
growth under laboratory conditions. For this reason, various doses of nZVI, including
12,5 mg/L, 25 mg/L and 50 mg/L, were employed to observe the effect on the
proliferation of P. americana Mill., which is an important and nutrient-rich plant. After
30 days, nZVI was identified in P. americana Mill. The impact of plant growth and
micr shoot length was then examined. The changes in the proliferation of the avocado
plant, which is the subject of this thesis, were examined by exposing the explants to
different concentrations (12.5 mg/L, 25 mg/L, 50 mg/L) of nZVI in vitro. In this
context, the results obtained because of examining the effect of nZV1 on the shoot tips
and nodal bud explants of the avocado plant after the 30 days are interpreted. In
accordance, the application of low concentrations (<500 mg/L) of nZVI has been
observed to enhance the biomass of a range of plant species. Conversely, the
application of high concentrations of nZVI1 (>1000 mg/L) resulted in the inhibition of
the growth of plant species. For instance, nZVI particles show concentration-
dependent effects on different plants. In applications to Typha latifolia (cattail), it was
observed that nZVI promoted growth at low concentrations (<50 mg/L) but shortened
plant height at high concentrations (>200 mg/L) [Ma et al., 2013]. Similarly, in
Populus deltoides < Populus nigra (hybrid poplar), roots and leaves remained healthy
at low concentrations, while transpiration rate decreased at high concentrations [Ma et
al., 2013]. In rice plants, growth-promoting effects were observed for nZVI at
concentrations below 160 mg/kg, while iron deficiency with chlorosis symptoms
occurred at concentrations above 500 mg/kg [Wang et al., 2016]. In peanut plants, no
growth inhibition was observed nZVI at concentrations below 160 pmol/L, and in
some cases, growth was promoted. However, toxic effects and nanoparticle
accumulation were detected in plants at concentrations above 320 umol/L [Li et al.,
2015]. In flax plants, no significant effect was observed at concentrations below 250
mg/L, while no seed germination was reported at concentrations above 2000 mg/L [EI-
Temsah and Joner, 2012]. Similarly, while nZV1 concentrations below 250 mg/L did
not affect seed germination in barley plants, inhibition of germination was observed at
nZV1 concentrations above 5000 mg/L [El-Temsah and Joner, 2012]. In applications
on Lolium perenne (Meadow grass), nZVI concentrations below 250 mg/L had no
significant effect on the plant, while seed germination was completely inhibited at
nZVI concentrations above 1000 mg/L [El-Temsah and Joner, 2012]. Besides, the

development of phosphate-sorbed nZVI has been explored as a means of enhancing
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spinach crop growth, acting as both a phosphate fertilizer and an iron fortifier.
[Almeelbi et al., 2014]. Studies on Arabidopsis thaliana have indicated the impact of
varying nanoparticles and concentrations on plant development and physiological
processes. nZVI nanoparticles, when applied at a concentration of 0.5 g/L, have been
observed to promote root elongation [Kim et al., 2014]. These findings clearly
demonstrate the sensitivity of Arabidopsis thaliana to nanoparticles and the potential

of these materials in agricultural applications.

There are also studies that examined the effects of nZVI on heavy metal
bioremediation in soil [Gil-Diaz et al., 2018]. They analyze the responses of plants to
contaminants and how nZVI can enhance phytoremediation in this process. Given that
nanoremediation is a promising strategy with potential application in contaminated
sites, further studies are needed to analyze the effect on plant growth and at the cellular
scale with different plant species and different types and doses of nZVI on

contaminated soils.

In the tissue cultures performed in this thesis, it was determined that less callus was
formed in the experimental groups than the control group. In another study, the effects
of iron oxide nanoparticles (FeO-NPs) produced by green synthesis were evaluated in
terms of callus formation, plant physiology and microbial contamination control in
rice (Oryza sativa L.). In the study, it was observed that callus induction and
regeneration were significantly accelerated by replacing Fe-EDTA, which is used as
the traditional iron source, with FeO-NPs. The addition of FeO-NPs at a concentration
of 15 ppm to MS medium significantly increased callus formation rates and diameters
in some rice cultivars. In addition, callus contamination rates were greatly reduced and
control was achieved [Ullah et al., 2024]. In other words, the potential of iron

nanoparticles to induce callus was supported by other studies.

As a result of the rooting experiment, microshoots grown at different concentrations
of two different hormones (IBA and NAA) did not show root formation in the culture
medium. In plant tissue culture, several factors may contribute to the unsuccessful
rooting of avocado microshoots. These include the use of an incorrect hormone
combination, the presence of a rooting-inhibiting structure of the nZVI nanoparticle
employed, and the lack of optimisation of the plant growth hormone combination.
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This thesis study has identified the P. americana Mill. plant as a research priority for
in vitro NP studies. These plants are not sufficiently studied in literature, yet they are
economically important. This study will support further studies on the production of
these plants. Furthermore, this study demonstrates that by determining the positive
effect of nZVI on avocado plants, it is possible to produce healthier and more
productive products of this plant. The use of nanoparticles in plant tissue culture is still
an evolving approach. It needs more research and studies to apply NPs at optimum
doses and understand the effects. Moreover, the precise impact of nanoparticles on
living systems remains largely inconclusive and inconsistent. This study will
significantly contribute to our understanding of nanoparticles and facilitate the

development of more efficient regulations for their use.
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