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General characteristics of the work 

Relevance of the problem and the degree of its development 

It is known that neonicotinoid insecticides (NI) are used in agriculture as protective agents 

against insects(Gupta et al., 2008). The principle of action of NI is based on their interaction with 

nicotinic acetylcholine receptors (nAChR) in neurons of the central nervous system of insects, 

blocking its activity and killing the insect (Ihara & Matsuda, 2018). Among modern NI, 

N-nitroguanidine (imidacloprid), thiamethoxam (TMX) and clothianidin (CL) are widely used 

(Jeschke et al., 2011). NI are absorbed by the plant through the roots or leaves, and also diffuse 

to the leaves through the xylem vessels of the plant, where they can accumulate for several 

weeks, thus providing effective protection against pests (Radolinski et al., 2019). In contrast to 

the high diffusion rate in the xylem, NI are practically not transported in the phloem, as 

evidenced by their low content in plant organs (root, fruit) (Sur & Stork, 2003). 

Modern ideas about the molecular mechanism of NI action on plants are very contradictory. 

On the one hand, NI treatment increases seed germination, root growth (Calafiori et al., 2001; 

Macedo & Castro, 2011), plant stress resistance (drought, cold)(Cataneo et al., 2010; Larsen & 

Falk, 2013), biomass, photosynthesis rate (Cataneo et al., 2010), as well as the content of carbon 

dioxide (CO2) fixing protein (Preetha & Stanley, 2012) and disease resistance (Ford et al., 2010). 

The effect of NI depends on the concentration, crop area and genetics of the treated crops. On the 

other hand, the effect of NI on the plant also leads to negative effects: blocking of photosynthetic 

processes and the activity of a number of enzymes (Xia et al., 2006), decreased germination and 

growth of the plant (Aksoy et al., 2013), changes in morphology and stimulation of oxidative 

stress of the plant (Kilic et al., 2015; Shakir et al., 2018). In plants treated with NI, the number of 

oxidative stress biomarkers, such as proline and malondialdehyde, increases (Mahapatra et al., 

2019; Shahid et al., 2021), indicating the formation of reactive oxygen species (ROS) (Touzout 

et al., 2021). It is obvious that an increase in the ROS content causes a change in the viscosity 

and other functions of cellular and subcellular membranes (García et al., 2014), and then leads to 

the activation of protection using antioxidant enzymes of the plant (Shahid et al., 2021; Touzout 

et al., 2021). 
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In conclusion, it is important to study the molecular mechanisms of the NI effect on the 

molecular structure and functions of the photosynthetic apparatus and pigments of higher plants. 

Research Objectives 

The aim of the work was to study the molecular mechanisms of the effect of neonicotinoid 

insecticides (TMX and its derivative, CL) on the molecular structure and functions of 

photosynthetic pigments of various maize genotypes (inbred maize line zppl 225 and hybrid line 

zp 341). 

To achieve the goal of the work, the following objectives were set: 

1). To study the content and functional properties of plant leaf pigments using Raman 

spectroscopy, IR spectroscopy, AFM, EPR and variable chlorophyll fluorescence (JIP test). 

2) To study the molecular properties of leaf pigments exposed to pesticides on the whole 

plant (spraying leaves and adding pesticide to the soil); 

3) To study the effect of CL on the molecular structure of pigments (chlorophyll, 

carotenoids) in chloroplasts, as well as on chloroplast morphology, membrane viscosity and ROS 

content. 

4) To study the role of the molecular structure of pigments in the formation of resistance to 

pesticide action in different corn genotypes. 

5) Develop additional experimental and theoretical approaches to study the conformation of 

different maize genotypes (inbred maize line zppl 225 and hybrid line zp 341) molecules using 

IR and Raman spectra (SERS). 

Propositions submitted fordefense 

The action of the pesticide, clothianidin, changes the shape, surface relief and viscosity of 

chloroplast membranes due to an increase in the ROS content in chloroplasts. The action of 

thiamethoxam on maize leaves (application options through spraying or root watering of the 

plant) of different maize genotypes (inbred maize line zppl 225 and hybrid line zp 341) affects 

the photosynthetic apparatus of the plant: electron transfer from QA
-
 to the quinone pool (ψEo) 

and the functional activity of PSII (PIABS). The action of the pesticide, clothianidin, on the 

photosynthetic apparatus in chloroplasts affects the rate of electron transfer between QA and QB, 

as well as the proportion of PSII centers that cannot restore the quinone pool, either due to the 

block of electron transport or due to a decrease in the rate of binding of plastoquinone to QB. The 
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action of the pesticide, clothianidin on PSII particles (capable and incapable of photo-dependent 

O2 release) reduces the rate of O2 release and in restoration of the electron acceptor (as in whole 

chloroplasts), indicating the absence of a direct effect of the pesticide on PSII. 

Scientific novelty of the work 

When studying the effect of the pesticide CL, a connection was established between the 

increase in the content of ROS with a change in the shape of chloroplasts (from disc-shaped to 

spherical), the relief of the chloroplast surface with a decrease in the viscosity of chloroplast 

membranes. When studying the effect of the pesticide TMX on the photosynthetic apparatus of 

the maize leaf (variants of pesticide application by spraying or root watering of the plant), it was 

found that changes on the acceptor side of PSII are due to a decrease in the electron transfer from 

QA
-
 and the functional activity of PSII (PIABS) (inbred line zppl 225), as well as changes in the 

conformation of the carotenoid molecule (different for the inbred maize line zppl 225 and the 

hybrid line zp 341). When studying the effect of the pesticide CL on the photosynthetic 

apparatus in chloroplasts treated with CL (in the presence of DCBQ), it was found that the 

number of PSII centers capable of carrying out the transfer reaction decreases from QA to QB. 

When studying the effect of the pesticide CL on the photosynthetic apparatus of active particles 

of PSII (particles capable of forming O2 and PSII particles without oxygen-releasing complexes, 

ORCs), it was found that the rate of O2 evolution decreases, which is consistent with the data 

obtained on chloroplasts. The rate of reduction of the electron acceptor DCPIP in the presence of 

CL decreased both in PSII membrane preparations and in membrane preparations that did not 

contain ORCs in the presence of artificial electron donors (a mixture of Mn2
+
 and H2O2 cations), 

which indicates an indirect effect of CL on PSII. 

Theoretical and practical significance 

Since neonicotinoid insecticides are used in agriculture as insecticides, the obtained data on 

the molecular mechanisms of the effect of NI (TMX and its derivative, CL) on the molecular 

structure and functions of photosynthetic pigments of various corn genotypes can be used in 

breeding for diagnosing the state of the plant against the background of the effect of insecticides 

using the methods of Raman and IR spectroscopy, AFM, EPR and variable chlorophyll 

fluorescence ("JIP test").  
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Methodology and research methods 

To study the molecular mechanisms of the effect of insecticides on the molecular structure 

and functions of photosynthetic pigments of various corn genotypes, a combination of 

biophysical methods (Raman and IR spectroscopy, EPR spectroscopy, methods for recording fast 

fluorescence and modulated reflection/absorption of light and AFM) and approaches (isolation of 

BBY particles of PSII, registration of O2 emission and absorption) were used. 

The degree of reliability and testing of research results 

The reliability of the results of the dissertation is confirmed by modern research methods 

that correspond to the purpose of the work and the tasks set. The provisions, conclusions and 

practical recommendations formulated in the text of the work are demonstrated in the tables and 

figures provided. The main results of the work were presented at the International Scientific 

Conference of Students, Postgraduates and Young Scientists "Lomonosov" and the International 

Conference and School on Nanobiotechnology. 6 articles have been published in peer-reviewed 

scientific journals recommended for defense in the Dissertation Council of Moscow State 

University in the specialty 1.5.2. Biophysics (biological sciences), and presented at the seminar 

of the Department of Biophysics, the conference "Forum of Young Scientists 

"Lomonosov-2021" (Shenzhen, 2021). "Lomonosov-2022" (Shenzhen, 2022). 

Volume and structure of the dissertation 

The dissertation consists of an introduction, a literature review, materials and methods, 

results and their discussion, conclusion, findings and a list of references. The full volume of the 

dissertation is 172 pages, contains 71 figures, 20 tables and 213 literary sources.  
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1. Introduction 

Neonicotinoids are widely used in the global market to protect crops from insects. Although, 

neonicotinoids have high insecticidal activity and low toxicity to mammals. There is still damage 

found to humans and the environment (Hladik et al., 2018). The mode of action of neonicotinoid 

insecticides is based on interactions with nicotinic acetylcholine receptors (nAChRs) in the 

insect central nervous system, resulting in insect death. (Ihara & Matsuda, 2018). 

In addition to the insecticidal mode of action, neonicotinoid insecticides can also interact 

with various plant processes such as plant growth, photosynthesis, biosynthetic reactions, and 

molecular composition to increase or decrease crop yield (Jan et al., 2020; D. A. Todorenko et al., 

2021). However, the mechanisms of how neonicotinoids affect pigment are still unknown. 

The availability of photosynthesis is crucial for yield: because photosynthesis is an 

important part of plant metabolism and is sensitive to different ecological factors(S. I. 

Allakhverdiev, 2020). 

Carotenoids are essential pigments for photosynthesis. They are able to absorb the blue-green 

region of the solar spectrum and transfer the absorbed energy to (bacterial) chlorophyll, thereby 

expanding the wavelength range of light capable of driving photosynthesis (Hashimoto et al., 

2016). 

Spectrum methods are powerful tools for studying molecular mechanisms (Aliyeva et al., 

2020; X. X. Han et al., 2022). In order to study the molecular mechanism of the action of 

pesticides on pigments. In this paper, the photosynthetic reaction and conformational changes of 

the molecules were analyzed by spectrum and other physical methods. 
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2. Literature Review 

2.1 Chloroplast 

Chloroplasts are found in green algae and higher plants. It is a plastid that plays an 

important role in photosynthesis (Finkeldey & Gailing, 2013a). They are organelles in plant cells 

that contain chlorophyll; since photosynthesis takes place in chloroplasts, they play a vital role in 

life on Earth. Chloroplasts develop from proplastids, as do chromoplasts, leucoplasts, and other 

plastids (Finkeldey & Gailing, 2013b). The presence of functional DNA in chloroplasts 

(chloroplast DNA (cpDNA)) and other plastids is one of the major findings supporting their 

origin as prokaryotic (cyanobacterial) symbionts during the early evolution of life. Different 

types of plastids in higher plants contain the same DNA (Stocking & Gifford, 1959).  

In addition to biosynthetic pathways such as the synthesis of pigments (chlorophyll and 

carotenoids), conversion of carbon dioxide to carbohydrates, reduction of sulfur and nitrogen, 

and other biosynthetic pathways directly related to photosynthesis, several other metabolic 

pathways exist in chloroplasts. These organelles produce or participate in the production of a 

range of essential compounds required by other cellular compartments. For example, they are the 

primary site of biosynthesis of fatty acids, tetrapyrroles, isoprenoids, and amino acids, as well as 

purines, pyrimidines, and pentoses needed to build nucleic acids. Therefore, in addition to 

photosynthesis, chloroplasts also play other important roles in the maintenance of the metabolism of 

the plant as a whole as well as of the cell. The complex and diverse nature of the chloroplast's 

activities may derive from the fact that the chloroplast was originally a living organism. (Rascio, 

2013). 

The uniqueness of chloroplasts is based on their ability to use solar radiation to generate 

metabolic energy equivalents while directing these equivalents with high productivity into a 

series of anabolic reactions in the chloroplast stroma or exporting them into the cytoplasm and 

other regions (e.g., sugar-passing through the plant Phloem output in). They achieve this by 

integrating and fine-tuning biophysical and biochemical reactions to create an efficient and 

self-contained metabolic factory (Fig. 1) (Kirchhoff, 2019). 
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Fig. 1. Overall structure of higher plant chloroplasts and overview about its metabolic 

competence. The chloroplast takes low-energy components (orange box) and converts them into 

high-energy metabolites (blue box) by using sunlight energy (Kirchhoff, 2019). 

 

Not only high plants consist of chlorophyll, Chlorophyll and carotenoids of 22 species of 

dinoflagellates were analyzed by thin-layer chromatography, and chlorophyll c1 and c2 were 

analyzed using two-dimensional sucrose plates and one-dimensional polyethylene plates. In 19 

of these species, polymethine was the dominant carotenoid, while in 3 species fucoxanthin was 

the dominant carotenoid. In polymethine-containing species, 5 carotenoids are always present, 

accounting for more than 95% of the total carotenoids. These are dinoflavins (± neodinogens), 

comprising an average of 64% of the total carotenoids, diazoflavin, diazoflavin, beta-carotene, 

and a polar, unidentified pink Lutein. The other six carotenoid components are present in small 

or trace amounts in this species but have not been identified. Two of these are widespread; the 

other 4 are restricted to one or two species (Jeffrey et al., 1975). 

Rigorously reducing the complexity of excitation transport in PSII in the presence of weak 

quenching, the process consists of thousands of rate constants down to a single parameter: the 

excitation diffusion length (LD) in the antenna. In response to fluctuating light intensities, qE acts 

as a "tap" that adjusts the excitation flux through the excitation diffusion length to open the RC 
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were found. Interactions between qE and open RCs leading to sterically heterogeneous competition 

were found. Mechanisms linking excitation transport and quenching in proteins to Chl 

fluorescence and PSII light harvesting will become particularly valuable (Bennett et al., 2018). 

2.2 Photosynthetic pigments 

Photosynthetic pigments are colored substance that absorbs visible radiation. There are 

many kinds of photosynthetic pigments: carotene, Xanthophyll, Phaeophytin a, Phaeophytin b, 

chlorophyll a and chlorophyll b (Sharp, 2015The main role of chlorophyll a and b is to convert 

the energy of sunlight into chemical energy (Rys et al., 2014). 

Carotenoids are a ubiquitous group of natural pigments. Carotenoids have shown potent 

antioxidant properties which have abundant conjugated double bonds. (Krinsky, 1989; Terao, 

1989) Not only fruits and vegetables are rich in carotenoids, but also in animals. Plasma 

carotenoids and adipose carotenoids have been considered to reduce or monitor the risk of 

cardiovascular disease (Street et al., 1994; Wang et al., n.d.). More than 750 carotenoids have 

been reported and are widely synthesized in photosynthetic organisms, some non-photosynthetic 

prokaryotes, and a few animals (Takaichi, 2011). 

Carotenoids are usually divided into two groups: 1) xanthophylls an oxygen-containing 

carotenoid derivative containing oxygen atoms, including lutein, violaxanthin etc (Fig. 2) 

(Britton et al., 2004).; and 2) carotenes a type of non-oxygen-containing hydrocarbons that 

include α-carotene, lycopene, and β-carotene.(Giorio et al., 2007). Many carotenoids have 

vitamin A activity, with beta-carotene having the highest vitamin A activity. Carotenoids that do 

not have vitamin A activity, are known as non-vitamin A carotenoids, such as lutein. (Toti et al., 

2018). 

Carotenoids, like chlorophyll, are essential pigments for photosynthesis and play a role in the 

photosynthetic system by combining with peptides to form pigment-protein complexes in 

vesicle-like membranes. In the non-photosynthetic organs of photosynthetic organisms, 

carotenoids act as photoprotectants, antioxidants and precursors of synthetic plant hormones to 

maintain their normal life activities. Carotenoids are precursors for the production of vitamin A in 
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animals and are of great research value in the biomedical field and the food industry due to their 

antioxidant properties (Armstrong, 1997). 

Carotenoids have long chains of conjugated double bonds, with a central double bond that 

has almost bilateral symmetry. Common carotenoids include lycopene (containing a C40 (C40H56) 

tetraterpene structure consisting of eight isopentenyl pyrophosphate (IPP) units) and its 

derivatives α- and β-carotene, and lutein cetin, zeaxanthin and astaxanthin. The covalent polyene 

structure in the carbon skeleton of carotenoids is not very stable, and photochemically-guided 

oxidative cleavage will occur under certain conditions, resulting in a large number of cleavage 

products. This property also allows the introduction of oxygen to the terminal groups and 

cyclization, which gives the different carotenoids their antioxidant properties and distinctive 

colors. (Armstrong, 1997; Britton, 1995; Lichtenthaler, 1999). 

The conjugated double-bond structure of carotenoids exhibits strong reducing properties by 

facilitating electron transfer in redox reactions. This enables carotenoids to scavenge reactive 

oxygen and nitrogen produced during the metabolism of organisms, making them excellent 

antioxidants. β-carotene and lycopene can increase vascular NO bioavailability, significantly 

reduce nitric oxide inactivation and inhibit ROS production and nitrotyrosine (ONOO-) 

formation. This has a positive effect on maintaining vascular oxidative imbalance and 

inflammation associated with cardiovascular disease (CVD). Lycopene also reduces oxidative 

damage to DNA, making it a promising cancer therapy (di Tomo et al., 2012; Khachik et al., 

2002; Obermüller-Jevic et al., 1999; Omenn et al., 1996). 

Zeaxanthin and lutein have been identified as the xanthophylls that constitute the macular 

pigment of the human retina. The relative concentration of lutein to zeaxanthin in the macula is 

distinctive (Tanumihardjo, 2013). Zeaxanthin is a natural lutein-carotenoid found in plants, algae 

and microorganisms that plays an important role in the prevention of age-related eye diseases 

such as macular degeneration and cataracts, and is also used in the food, pharmaceutical and 

nutraceutical industries for its powerful antioxidant and anti-cancer properties. (Zhang, Liu, et 

al., 2018). 

Isopentenyl pyrophosphate (IPP) and dimethylallyl diphosphate (DMAPP) are biological 

precursors of carotenoids. They are produced via two biosynthetic pathways: methyl 

pentaerythritol-4-phosphate (MEP) which occurs in plant organelles and fungi and mevalonate 
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(MVA) which occurs mainly in plant cytoplasm and bacteria. Because carotenoid synthesis and 

accumulation occur mainly in the plastids, carotenoids in higher plants are synthesized via the 

MEP pathway (Rodríguez-Concepción, 2010). (C. Li et al., 2020; T. Sun et al., 2022; Z. Sun et 

al., 1998). 

It was demonstrated that Arabidopsis CYP97A3 encodes a fourth carotenoid hydroxylase 

whose in vivo activity is directed primarily against the β-loop of α-carotene and secondarily 

against the β-loop of β-carotene. The Cyp97 allele, lut5-1, resulted in the accumulation of 

α-carotene to levels comparable to those of wild-type β-carotene and its stable adulteration of the 

photosynthesis system, while conversely the β-carotene-derived lutein was reduced by 35%. 

LUT5-1 still produced 80% of wild-type lutein levels, suggesting that at least one other carotene 

hydroxylase could partially compensate for the loss of CYP97A3 activity. A model proposed by 

(J. Kim & DellaPenna, 2006)for the preferred pathway of lutein synthesis in plants: β-ring 

hydroxylation of α-carotene by CYP97A3 to produce zeaxanthin, followed by ε-ring 

hydroxylation of zeaxanthin by CYP97C1 to produce lutein (Fig. 3). 
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Fig. 2. A) Structures of carotenoids and end groups. B) Structures of typical carotenes and 

xanthophylls(Maoka, 2020) 
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Fig. 3. Pathway showing all possible routes to xanthophyll synthesis in Arabidopsis.(J. Kim 

& DellaPenna, 2006) 

 

The core pathway of carotenoid synthesis is described as the following three major steps: (i) 

synthesis of phenyl pyrophosphate and formation of dimethylallyl pyrophosphate, (ii) synthesis 

of geranyl pyrophosphate, and (iii) carotenoids themselves. This pathway responds to differences 

in several carotenoid organisms and provides an evolutionary perspective (Alcaíno et al., 2016). 

The intake of carotenoids with vitamin A activity is particularly important for organisms 

that cannot synthesize carotenoids directly from scratch. It is widely available in vegetables and 

fruits. Retinol is synthesized as a precursor to vitamin A-active carotenoids and plays a crucial 

role in cellular differentiation and visual development. (Olson, 1996). 

Epidemiologic and biological studies have long been conducted to investigate and 

understand the role of carotenoids in the prevention and treatment of chronic human diseases. 

Some bone-related diseases are also related to oxidative stress, such as osteoporosis. Carotenoids 

include beta carotene, and lycopene may counteract the associated effects of oxidative stress 

through its antioxidant properties. Studies have shown that people with osteoporosis have 

relatively low levels of antioxidant vitamins and enzymes, while carotenoids have shown 



 

17 

 

promising value in minimizing disease risk of bone and preventing osteoporosis (L. Kim et al., 

2003; Melhus et al., 1999; PARK et al., 1997; Rao et al., 2003). 

In addition, β-carotene has been shown to have a direct effect on ovarian function, and the 

concentration of β-carotene in the ovary of dairy cows is directly related to its fertility. 

Supplementing dairy cows with beta-carotene has been proven to have a positive impact on the 

commercial value of livestock production (Kaewlamun et al., 2011; Marcek et al., 1985). 

 

Fig. 4. Distribution of different proteins of the photosynthetic apparatus embedded in 

thylakoid membranes. Systematic scheme for conversion of light energy into chemical energy 

via photosynthetic electron transport chain between PSII and PSI (Gupta, 2020). 

 

OJIP curve is widely used to study PS. In the dark-adapted state, all photosynthetic reaction 

centers are in a relaxed state, which means that the ground state is filled with electrons. 

Simultaneously, the electron transport chain between PSII and PSI is also in a relaxed state. This 

means that the free plastoquinone (PQ) pool behind the plastoquinone A (QA), plastoquinone B 

(QB) and PSII reaction centers is completely oxidized. In this so-called "open" (O) state (=F0), 

the fluorescence quantum yield of the system is small, with "O" standing for "origin" (minimum 

fluorescence) and "P" for "peak" (maximum fluorescence), J and I represent the inflection points 

between O and P levels. Furthermore, Fo is the fluorescence intensity at the “O” level, while Fm 

is the intensity at the P level, and Fv (Fv =Fm−Fo) is the variable fluorescence. Because an 

incident photon has the greatest chance of inducing charge separation at one of the reaction 

centers. When the photosystem begins to receive light, charge separation will occur and electrons 

will be transferred to the PQ cell via QA and QB. This will increase the fluorescence quantum 

yield, since further incident photons are no longer readily accepted by the partially saturated 
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electron transport chain. The "J" state of fluorescence kinetics has been reached when the 

majority of electrons in the leaf's individual reaction centers have reduced the QA molecules at 

these reaction centers. The next level "I" of fluorescence quantum yield is reached when QB is 

also reduced. When the PQ pool reaches its reduction peak, the fluorescence quantum yield also 

reaches its peak, the "P" level (Khan et al., 2021; Schansker et al., 2014). 

2.3 Neonicotinoid pesticides 

In recent decades, there has been more and more use of pesticides. Intensive use of 

pesticides can lead to affect non-target host plants in many ways. Neonicotinoid insecticides are 

a class of insecticides that act through specific actions on neuronal nicotinic acetylcholine 

receptors (nAChRs) (Ford & Casida, 2006). Neonicotinoid insecticides have high insecticidal 

activity and low mammalian toxicity, but neonicotinoid insecticides have limited insecticidal 

activity and high mammalian toxicity. In the mid-1980s, Bayer of Germany successfully 

developed the first neonicotinoid pesticide, imidacloprid, which has a novel mode of action, 

strong toxicity, high efficiency, broad-spectrum, and good environmental compatibility, and 

attracted people's attention immediately after its introduction. Some large foreign pesticide 

companies have entered the research field of synthesizing nicotine analogs, making 

neonicotinoid pesticides a hotspot for research and development (Hermsen et al., 1998; 

Yamamoto et al.,1995, 1998) 

The success of these insecticides is attributed to this mechanism of action, as they act as 

potent agonists of insect nAChRs with low affinity for vertebrate nAChRs, thereby reducing the 

potential risk of toxicity and improving safety in non-target species. However, although 

neonicotinoids are considered safe, their presence in the environment may increase the risk of 

exposure and toxicity. 

In general, juvenile exposure to neonicotinoid insecticides alters proper neuronal 

development, leading to reduced neurogenesis and altered migration, and induces 

neuroinflammation. In adulthood, neonicotinoids cause neurobehavioral toxicity, and these 

effects are associated with their modulation of nAChRs, resulting in neurochemical changes. 

These changes included reduced expression of nAChRs, altered acetylcholinesterase activity, 
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and marked changes in the function of the nigrostriatal dopaminergic system. All of these effects 

lead to the activation of a series of intracellular signaling pathways that generate oxidative stress, 

neuroinflammation and ultimately neuronal death. Changes in nAChR function induced by 

neonicotinoids may be responsible for most of the effects observed in different studies. 

Costas-Ferreira & Faro, 2021) 

The selectivity of neonicotinoid insecticides is due to the differential binding of these 

molecules to their target sites (nicotinic acetylcholine receptors), which is stronger in insects 

than in vertebrates (Casida & Durkin, 2013; Tomizawa & Casida, 2003). The nicotinic 

acetylcholine receptors of the neuroexcitatory cholinergic system are targets of nicotine and 

neonicotinoid insecticides in insects and mammals. Nicotinic acetylcholine receptors regulate the 

flow of Na
+
 and K

+
 through neuronal postsynaptic membrane channels (Hogg et al., 2003). 

Acetylcholine opens and closes channels to maintain a dynamic ratio of intracellular to 

extracellular Na
+
 and K

+
 concentrations, which is required to initiate electrical signalling in 

postsynaptic neurons. Both nicotine and neonicotinoid insecticides act as agonists of the 

nicotinic acetylcholine receptor - the Na
+
/K

+
 ionophore (Seifert, 2014a). Structural differences 

between insect and mammalian receptors determine selectivity for neonicotinoid insecticide 

toxicity in insects and nicotine toxicity in vertebrates (Matsuda et al., 2005). The proposed 

concept of the neonicotinoid electronegative pharmacophore model takes into account the 

presence of a positively charged site unique to insect receptors that specifically interact with the 

negatively charged tip of the neonicotinoid spacer, And the protonation of nicotinic nitrogen at 

physiological pH is the determinant of their strong binding to vertebrate receptors. It also 

negatively affects their penetration into the insect's central nervous system compared to 

non-ionized and more hydrophobic neonicotinoid insecticides (Seifert, 2014b). 

Stress induced by pesticides on nontarget organisms can lead to elevated levels of reactive 

oxygen species (ROS) that can have detrimental effects on biochemical activities, cellular 

metabolism, and other physiological activities (Kouzmanova & Allakhverdiev, 2014; Shakir et 

al., 2018). 

Neonicotinoids target the cholinergic system within the central nervous system (CNS) of 

insects. However, in mammals the cholinergic system exists in both the peripheral nervous 

system (PNS) and the CNS (I. Yamamoto & J.E. Casida, 1999).  
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(C. K. Jones et al., 2011) 

The persistence, metabolism, and uptake of all seven neonicotinoid insecticides varied in 

spinach seedlings, suggesting that neonicotinoid insecticides have different chemical properties. 

When spinach seedlings were hydroponically treated with each of the seven neonicotinoids, 

metabolites identified in leaves indicated nitro reduction, cyan hydrolysis, sulfoxidation, 

demethylation, imidazolidine, and thiazolidine Hydroxylation followed by olefin formation, 

oxadiazinane hydroxylation and ring opening, and chloropyridyl dichlorination(Ford & Casida, 

2008) 

Based on our findings on the effect of acetylcholine on wheat protoplast expansion and leaf 

section unfolding in primary wheat, it is proposed that ACh affects protoplast expansion and leaf 

unfolding through mAChR and nAChR. like animal cells.(Levey, 1996; Takahashi, 2019). The 

mAChRs might be associated with a phosphatidyl-inositol-dependent pathway(Antonsson, 1997; 

Hokin, 2003). This leads to the opening of Ca
2+

- channels, and nAChR is independent of 

phosphatidylinositol. The similarity between the roles of ACh via mAChR and R via 

phytochrome in protoplast expansion and leaf unfolding suggests that they share a common 

signaling pathway (Tretyni et al., 1992). 

The maximum concentrations of clothianidin and its chemical analogue thiamethoxam in 

surface waters were found to be 3 and 22μg/L, respectively(T. A. Anderson et al., 2013; 

Morrissey et al., 2015). Although 55.7 μg/L of CL and 63.4 μg/L of TMX were found in puddles 

formed on the surface of corn fields(Samson-Robert et al., 2014). There are research shows that 

different maize has different uptake of pesticides (Mörtl et al., 2020). Pesticide also has influence 

on gene expression (House et al., 2021). 

2.4 Using Raman spectroscopy to investigate pigment structure and 

activity 

Raman spectroscopy is in honor of Indian physicists Sir C.V. Raman and K.S. Krishnan 

(Louden, 1989). With the advancement of CCDs the performance of detectors improved for 

Raman spectroscopy (RS). (Neuville et al., 2014). 
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Raman scattering is the inelastic scattering of light radiation on molecules of matter that is 

accompanied by a significant change in radiation frequency (Jayasooriya & Jenkins, 2002; R. R. 

Jones et al., 2019). Molecules of matter polarize and scatter light under the combined influence 

of ultraviolet, visible, or near-infrared light. In the case of Raman scattered light, in contrast to 

Rayleigh scattering, spectral lines not found in the spectrum of the excitation light appear in the 

spectrum of the scattered light, and these spectral lines differ by an amount from the frequency 

of the initial radiation source (Hanson et al., 2016; Yu et al., 2019). The molecular structure of 

the material determines the number and position of the lines that arise, allowing you to 

accurately identify the sample. Since the bands of RS characterize the vibrations of chemical 

bonds and the geometry of scattering molecules, RS is widely used to estimate conformational 

changes in molecules of interest (Schneider, 2004). 

 

Fig. 5. Simplified Jablonski diagram illustrating the Rayleigh, NRS and RRS processes and 

corresponding Raman spectrum of CCl4, v–the vibrational quantum numbers (Prochazka, 2016). 
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Raman scattering of light is based on further changes in the wavelength of light emitted 

from a sample and the interaction of monochromatic laser irradiation with matter (Y.-S. Li & 

Church, 2014; Prochazka, 2016). RS takes place due to the movement of electrons in the 

molecule and the vibration of the atom's nucleus (Zhang, Sun, et al., 2018). The field in which 

the electron cloud resides depends on the relative positions of the nuclei. At this point, the 

structure of the nucleus depends on the ability of the electron cloud to deform under 

electromagnetic waves and electric fields, while the structure of the nucleus changes with 

frequency when vibrated within the molecule (Fr et al., 1987). Molecular nuclei can oscillate as 

electron clouds deform (Kalukula et al., 2022). RS changes the wavelength of incident light due 

to the excitation of molecules, and the molecules jump from an initial energy level n to a virtual 

energy level m. RS differs from Rayleigh scattering in that Rayleigh scattering returns the 

molecule to the initial energy level when the molecule switches, whereas Raman scattering 

enters another vibrational state I with a different energy (Erasmus & Comins, 2019).  

There are the following types of Raman scattering: 

In the Raman spectrum of carotenoids, the following bands have the highest intensity i.e. 

characteristic bands: 

1. Peak at 1527 cm
-1

 indicates the telescoping vibration of the conjugated double bond C = 

C near the center of the hydrocarbon chain. It shifts to higher frequencies when the configuration 

of the trans-cis position of the molecule changes. The larger the spectral shift the closer the cis 

position of the bond is to the center of the molecule (Finkelshtein & Shamsiev, n.d.); 

2. Peak at 1156 cm
-1

 represents the υ(C-C) and υ(C-C) homo-phase stretching vibrations of 

the polyene chain(Qin et al., 2011); 

3. Peak at 1190 cm
-1

 characterization of carotenoid 15-cis conformational changes; 

4. Peak at 1009 cm
-1

 characterization of C-CH3 stretching vibrations coupled to C-C 

stretching modes or with C-H in-plane bending (Grudzinski et al., 2016); 

5. Peak at 960 cm
-1

 characterizes out-of-plane C–H modes (Prinsloo et al., 2004); 

Since Raman spectroscopy is a non-destructive in vivo research method, it can be used to 

analyze living cells, spores, bacteria, tissues, viruses and single biomolecules. In the early 1990s, 

RS was used for the first time to study the interaction of an antibiotic (doxorubicin) with DNA 

and to analyze living cells as well as the introduction of colloidal nanoparticles into cells via 
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endocytosis. At present, the introduction of nanoparticles into cells is still the most widely used 

approach (Gorelik et al., 2014). 

Raman spectroscopy is a promising method for rapid diagnostic and non-destructive 

analysis of samples with different properties because of its high sensitivity. Most remote sensing 

studies have an applied character, which indicates that their results have great application 

potential in analytical practice. High-priority areas for RS research include biological systems at 

different tissue levels (cells and organelles, erythrocytes, bacteria, viruses, human cells of all 

types, including diseased cells, especially malignant tumors), pharmaceuticals, food and 

environmental objects. (Olivo & Dinish, 2015). 

Raman spectroscopy combined with advanced statistical analysis forms a single universal 

method that is reliable, cost-effective, non-invasive, and allows early diagnosis of all forms of 

cancer (Ralbovsky & Lednev, 2020). As a rapid, label-free, non-destructive analytical 

measurement requiring little sample preparation, RS shows great promise in liquid biopsy cancer 

detection and diagnosis by fusing each patient's plasma and saliva Raman spectra Together, the 

follow-up analysis model provided impressive sensitivity, specificity, and accuracy of 96.3%, 

85.7%, and 91.7%, respectively. The results further confirmed that the metabolites differing by 

Raman spectroscopy were the same as those modeled by mass spectrometry, harmonizing the 

Raman spectroscopy and mass spectrometry models and validating the potential ability of RS to 

assess metabolite composition. This research enhances the relevance of Raman spectroscopy to 

provide added value by probing the unique chemical composition of biological fluid sources 

(Koster et al., 2022). 

Uncontrolled cell proliferation during malignant transformation of cells and tissues 

increases the production of DNA, RNA and proteins and disrupts lipid metabolism. These 

changes, at the biochemical level, occur much earlier than the onset of clinical symptoms. 

Therefore, Raman-based methods can be used to detect alterations in molecular features, and 

Raman spectroscopy can be used as a biomarker map for early disease classification and tumour 

grading. In addition, since RS does not require extensive sample preparation or labelling, this 

information can be obtained without destroying the material and can be subjected to additional 

processing and analysis after acquisition, which in the case of cancer diagnosis is essential to 

create a complete picture of a single tumour (Hanna et al., 2021). 
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Surface-enhanced Raman scattering (SERS) is a suitable tool for new technologies because 

of its high sensitivity and low loss. SERS materials modified with DNA aptamers provide 

specificity for SERS biosensors. Existing SERS-based nanosensors for rapid virus detection are 

either not suitable for quantitative assays, or have complex structures and are expensive to 

implement. Herein, a colloidal solution-based SERS nanosensor is presented that combines the 

rapidity and specificity of the quantitative assay of the SARS-CoV-2 virus, distinguishing it from 

other respiratory viruses (Zavyalova et al., 2021). In our work, we will propose a method for 

recording the SERS of carotenoids using nanosensors made of silver colloids. 

2.5 Maize studied by spectroscopy methods 

One of the tasks of our research will be to identify the molecular characteristics of pigments 

in genetically modified plants, which is important for diagnostics and selection. The period from 

1954 to the present has been characterized by great success in maize breeding and the production 

of high-quality hybrid seeds, resulting in more than 1,500 cereal and silage hybrids (Fehr, 2015). 

Process prerequisites and modern technologies for the efficient production of hybrid maize seeds, 

breeding work and mass production of commercial and silage hybrid seeds (Bulut et al., 2019). 

In the context of said developments, many scientific disciplines (physiology, biochemistry, 

biophysics, biotechnology, breeding, spectroscopy) have been linked to the objective of 

modernizing and effectively implementing contemporary maize breeding and seed production 

programs. The interdependence between research production and practical use and food science 

has been linked to the objective of modernizing and effectively implementing contemporary 

maize breeding and seed production programs. (Radenovic et al., 2016, 2021, 2023). Alongside 

the outstanding results achieved in the selection and breeding of standard cereals and maize 

silage hybrids, there is an urgent need to improve the chemical composition of cereals to produce 

new inbred lines and better quality maize hybrids, especially in terms of essential bioactive 

compounds. In addition, a great deal of work has been done to improve and develop methods for 

the conservation of maize hybrid plants in new whole plant and grain silage forms. Silage is 

plant-derived feed that has undergone biological fermentation or chemical preservation. Silage 

corn growing methods differ somewhat from commercial corn growing methods. It is important 
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to produce the maximum amount of silage of high quality per unit area. Today, silage is the basis 

for cost-effective modern animal husbandry. (Bulut et al., 2019). 

Using near-infrared to classify haploid and diploid seeds and distinguish haploid, double 

haploid, and diploid plants from different genotypes used as donors. Diploid, haploid, and 

diploid plants from 34 source populations were evaluated and differentiated. Spectral data were 

collected from all seed and leaf samples using a portable Micro-NIR device. The data were then 

preprocessed by principal component analysis and partial least squares discriminant analysis 

(PLS-DA). The method enables the classification of haploid and diploid seeds as well as haploid, 

diploid and diploid plants with 100% accuracy, constituting a fast, simple, Non-destructive and 

reliable method for haploid identification in maize, and more efficient than visual analysis 

(Rodrigues Ribeiro et al., 2023). Near-infrared spectroscopy data are useful tools for predicting 

maize kernel yield and have shown promising results in evaluating genetically independent 

breeding populations (Lane et al., 2020). 

Near-infrared and visible hyperspectral imaging has been extensively studied for detecting 

various internal and external qualities of corn. Near-infrared hyperspectral imaging can be 

effectively used to accurately detect kernel firmness (>62%), seed variety classification 

(83-94%), and fungal infestation (91-95%) of corn kernels (Rathna Priya & Manickavasagan, 

2021). 

Raman technology is a robust, non-invasive, biochemically selective phenotyping technique 

that can distinguish not only the level of drought tolerance of genetically diverse genotypes but 

also the near-isogenic level of drought tolerance. The robustness of this technique is that it can 

be performed on two-week-old seedlings and requires as little as a week without water. Climate 

change increases the likelihood of short-term drought stress occurring under natural field 

conditions in most parts of the world. Therefore, the use of this technique could speed up the 

breeding process in many areas that do not otherwise offer reliable drought stress conditions. 

Furthermore, this in vivo phenotyping technique provides a fast and accurate method to select 

drought-tolerant genotypes (Altangerel et al., 2021). The first and key step in planting is the 

determination of seed variety and quality, which affects the yield and quality of grain. Therefore, 

the identification of seed varieties is of great significance. Raman spectroscopy has a significant 

effect on identifying the variety of seeds (Liu et al., 2022). 
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2.6 Investigation using Multi-Function Plant Efficiency Analyzer 

As methods that allow us to study changes in the molecular structure and function of 

pigments in whole tissues (leaf, seed) directly for diagnosing plants in the field, we used not only 

the new Raman method, but also proven fluorescent methods. Multi-Function Plant Efficiency 

Analyser is an advanced lab-based system for investigation of plant photosynthetic efficiency 

which combines high quality fast fluorescence kinetic and P700+ absorbance studies with 

ground-breaking Delayed Fluorescence (DF) measurements providing one of the most 

comprehensive systems for the investigation of plant photosynthetic efficiency available. The 

M-PEA is a laboratory-based measurement system consisting of a control unit and a precise, 

robust sensor unit housing all optical emitters and detectors for all measuring elements. The 

M-PEA-1 sensor unit includes a high-intensity red actinic light source, a far-red light source, an 

instant fluorescence detector, and a modulated emitter/detector pair for P700+ absorbance 

measurements. The M-PEA-2 also includes a high-sensitivity delayed fluorescence detector and 

a detector for measuring leaf absorbance.  

It is possible to analyze the physiological state of the photosynthetic machinery in vivo by 

detecting the parameters of JIP based on rapid recordings of chlorophyll fluorescence. Decreased 

photochemical efficiency, increased non-photochemical dissipation and reduced number of 

active photosystem II (PSII) reaction centers were observed in most of the nutrient-deficient 

samples. By using M-Pea, nutrient deficiencies in corn and tomato plants can be identified. 

(Kalaji, Oukarroum, et al., 2014) 

Nine short-term independent studies of two M-PEA units were performed on several plant 

species with different functional traits and exposure to different kinds of abiotic stresses. The 

study examined the consistency of plant responses with three sets of simultaneously measured 

signals: delayed fluorescence, delayed fluorescence, and modulated reflectance of 820 nm light. 

A decrease in FV/FM and an increase in F0, V were the most common responses associated with 

PF parameters. Principal component analysis (PCA) revealed that the combination of PF and MR 

parameters is a powerful tool for plant stress phenotypes, while MR parameters are associated 

with different functional group-related physiological strategies to cope with stress factors 

(Salvatori et al., 2014). 
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2.7 Infrared spectroscopy 

Infrared (IR) spectra is a new type of technology that can detect the chemical structure of 

the material that wild use in chemical experiments. Lately, it’s also been used on biological 

structure detection. IR technology is highly energy efficient consumes less water and is 

environmentally friendly compared to conventional heating. In addition, it is also reduced 

heating time, uniform heating, reduced quality losses, versatile, simple, and compact equipment, 

and significant energy saving (Aboud et al., 2019; Rastogi, 2012a).Infrared technology is more 

energy-efficient, less water-consuming and environmentally friendly than traditional heating 

methods. In addition, infrared technology is characterised by high heat transfer rate, short 

heating time, uniform heating, low energy consumption, good product quality and food safety. 

(Aboud et al., 2019). 

The current challenge for feeding a growing population that would almost reach 10 billion 

over next 30 years is creating the need to improve existing crops and develop new crops with 

even higher yielding, more nutritious, and with climate change resilient characteristics (Hickey 

et al., 2019a). 

The composition of corn in terms of primary metabolites with major nutritional importance 

(proteins, carbohydrates, fat) along with the mineral composition has been shown to be 

comparable or even better than common cereal crops such as rice and wheat. (Ranilla, 2020) 

Ensuring the quality and safety of the use of botanicals and supplements requires effective 

and accurate analytical methods. Infrared spectroscopy has been applied to the quantitative 

analysis of compounds in complex matrices such as phytopharmaceuticals and 

chemometrics-supported supplements. Impact of spectral pre-processing and variable selection 

on the quantitative analysis of phytochemicals and adulterants in plant-based drugs and 

supplements using infrared spectroscopy. Selected quantitative analytical studies of plant-based 

drugs and supplements using spectral pre-processing techniques and variable selection for 

processing data analysis(Junaedi et al., 2021). 

In the near infrared spectrum, light can penetrate biological tissues and be absorbed by 

chromophores such as oxyhaemoglobin and deoxyhaemoglobin. Oligochannel fNIRS is 

sufficient to estimate overall brain function, and it has become an important tool for assessing 
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cerebral oxygenation and autoregulatory function in stroke and traumatic brain injury patients in 

the intensive care setting. Multi-channel near-infrared spectroscopy has improved the spatial 

resolution of fNIRS for mapping the brain in certain task modalities such as language mapping. 

Advances in signal processing technology have shifted fNIRS towards individual clinical 

applications for the detection of certain types of seizures, assessment of autonomic function, and 

cortical spreading inhibition(Chen et al., 2020). 

2.8 Density functional theory (DFT) calculations 

During the first few decades of applying quantum mechanics (QM) calculations in 

vibrational spectroscopy, they were limited by the level of Har Three-Fock calculations, leading 

to considerable deviations in calculated and experimental frequencies. The emergence and rapid 

development of density functional theory (DFT) approximation methods have increased the 

practical application of QM calculations in vibrational spectroscopy of polyatomic 

molecules.(Baiz et al., 2020; Yagi et al., 2019). Relatively simple tools such as Hartree-Fock 

levels or standard DFT type calculations have had good success at comparative levels. The 

advent of new methods for density flooding has increased the number of vibrational spectra that 

can be calculated with appropriate accuracy (Baseden & Tye, 2014). Most commonly used 

density functions require the use of special so-called scaling factors (correction coefficients) in 

order to maintain good agreement between theoretical and experimental frequencies (Sim et al., 

2022). At the same time, the development of different density functional models has produced 

suitable approximations, resulting in theoretical frequencies that can be used without any 

corrections (Su & Xu, 2017).  

The article presents a method for simulating Raman spectra of defective materials based on 

a combination of empirical potentials and first-principles calculations. Empirical potentials are 

used to estimate the vibrational modes of the flawed system, which are then combined with 

Raman tensors estimated from first-principles calculations. This approach not only enables 

reliable simulation of Raman spectroscopy, but also provides insight into the physics of 

vibrational modes in defect systems and how they can be probed with Raman spectroscopy (Kou 

et al., 2020). Combine DFT calculation and Raman spectroscopy is good to understand the 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/quantum-mechanics


 

29 

 

structure of different objects (Giese & McNaughton, 2001a, 2001b). DFT is also used to study 

IR spectroscopy and other technics (Choudhary et al., 2020; Raczyńska et al., 2005). 

2.9 General aim 

The aim of the work was to study the molecule mechanisms of neonicotinoids insecticide 

on photosynthetic pigments of chloroplast and different genotypes maize. In this study, it is 

planned to use efficient optical methods (Raman spectroscopy, IR spectroscopy, AFM, EPR and 

fluorimetry) to determine the molecule mechanisms of specific pesticides on pigments molecular 

structure and function.  

We assume that the data obtained can be used to form a technology for testing the pollution 

of plants and distinguishing responses of plants of different genotypes to pollution. 

The aim of the work was to study the molecular mechanisms of the effect of neonicotinoid 

insecticides (TMX, and its derivative, CL) on the molecular structure and functions of 

photosynthetic pigments of various corn genotypes (inbred corn line zppl 225 and hybrid line zp 

341). 

To achieve the goal of the work, the following tasks were set: 

1). To investigate the content and functional properties of plant leaf pigments using Raman 

spectroscopy, IR spectroscopy, AFM, EPR and variable chlorophyll fluorescence ("JIP test"). 

2) To investigate the molecular properties of leaf pigments exposed to pesticides on the 

whole plant (spraying the leaves and applying the pesticide to the soil); 

3) To investigate the effect of the TMX derivative, CL on the molecular structure of 

pigments (chlorophyll, carotenoids) in chloroplasts, as well as on the morphology of the 

chloroplast, the viscosity of the membrane and the generation of ROS. 

4) To investigate the role of the molecular structure of pigments in the formation of 

resistance to the action of pesticides in various genotypes of corn. 

5) To develop additional experimental and theoretical approaches to study the conformation 

of pigment molecules of various corn genotypes (inbred corn line zppl 225 and hybrid line zp 

341) using IR and Raman spectra (SERS). 
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3. Materials and Methods 

3.1 Plant growth of maize 

For germination, 60 maize seeds (Zea mays L., Institut za kukuruz “Zemun Polje”, Belgrade, 

Serbia) were selected for planting. Followed by treatment with 3% hydrogen peroxide solution 

for 30 min, the seeds were rinsed with running water and fixed on gauze without touching each 

other and water was placed under the gauze to keep the seeds moist and without touching each 

other (at room temperature of 25°C) until the seeds took root and then they were planted in the 

soil (1:1 mixture of vermiculite and black soil) under a constant temperature of 25°C in the 

presence of 24 hours of sunlight. Each seed was then sown into the soil (1:1 mixture of 

vermiculite and black soil) under 24 hours of sun at a constant temperature of 25°C.The scheme 

of the experiments shows as Fig. 6. TMX 

[5-methyl-3-(2-chlorothiazol-5-ylmethyl)-1,3,5-oxadiazinane-4-ylidene-N-nitroamine] were 

performed on different period of plant growth. TMX(a) and TMX (d) were performed on maize 

seed irrigation (day 4); TMX(c) and TMX(d) were performed on 3
rd

 leaf appearance (day 8).  
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Fig. 6. Scheme of the experiments 

3.2 Cultivation method of pea (Pisum sativum L.). 

For germination, seeds of pea (Pisum sativum L., cv. Nemchinovsky 46) were treated for 3 

days in moist gauze and transferred to standard Knoop medium (1/5) for hydroponics (Reski & 

Abel, 1985). The seedlings were grown for 10 days under a light intensity of 100 µmol photons 

m
-2

 with
-1

 in a 14 h light/10 h dark regime of temperature of 24
о
 C. The top of the plants was cut 
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off to prevent growth and transferred to new Knop 1/5 medium, cultured for 7days. Medium 

were replaced every day (Todorenko et al., 2020). 

3.3 Preparation of chloroplast from maize leaf 

Pre-weighed maize leaves (Zea mays L., Zheng 958) were separated from the veins and the 

leaves were cut up and cooled in plastic bags in preparation for the subsequent milling operation 

(approx. 10 g). The pulverised leaves were ground three times (10 seconds each) in pre-cooled 

buffer which contain 0.04 M sucrose, 20 mM Tris-HCl (pH 7.8), 35 mM NaCl, 1 mM EDTA 

(grinding must be carried out at a temperature of 0-4 °C). After filtration of the homogenate 

through four nylon layers. After centrifugation of the filtered fluid (1500 rpm, 5 min, 4 °C). 

Transfer the supernatant to a pre-cooled tube and centrifuge again (4000 rpm, 4 °C, 10 min) to 

obtain a precipitate. The precipitate is dissolved in buffer which contain 15 mM NaCl, 400 mM 

sucrose, 50 mM Mes-NaOH (pH 6.5). and stored frozen for further experiments (add 30% 

glycerol and store at -73 °C). 

3.4 Chloroplast separation of pea 

Two clothianidin product YIMAO (Sigma-Aldrich, CN) and FUWEI (Boken Agriculture, 

CN) was used. The upper leaves of the peas were homogenized three times (10 s each time) with 

a blender in buffer A which contain 50 mM tricin (pH 7.8), 400 mM sucrose, 10 mM NaCl2, 5 

mM MgCl2. The resulting homogenate was filtered through 4 layers of nylon, followed by 

centrifugation (300 g, 1min, 0-4° C). The supernatant was poured into a centrifuge tube and 

centrifuged (5000 g, 5 min). The precipitate containing chloroplasts was homogenized in a small 

amount of buffer B which contain 50 mM tricin (pH 7.6), 400 mM sucrose, 10 mM NaCl2. The 

chloroplasts were frozen in liquid nitrogen and stored at -80 C
o
. 

3.5 Separation of BBY particles by PSII  

BBY particles (in honor of Berthold, Babcock and Yocum) capable (PSII+Mn) and 

incapable (PSII-Mn) of photoinduced O release2 were performed according to the previously 

described technique(Lovyagina et al., 2022a). BBY-particles of PSII-Mn do not contain external 



 

33 

 

proteins of the oxygen-releasing complex (ORC), manganese cations, and calcium cations. 

Extraction of manganese cations from PBMCs was performed by treat with 0.8 M Tris-HCl 

buffer (pH 8.5) for 15 min at 0.5 mg/mL chlorophyll, temperature 22
o
 C in room light. The 

obtained PSII preparations were placed in a buffer C which contain 400 mM sucrose, 15 mM 

NaCl, 50 mM MES/NaOH, pH 6.5, frozen in nitrogen solution and stored at -80 ℃. 

3.6 Treatment of chloroplasts with clothianidin and determination of 

pigment content 

Clothianidin was purchased from the company Sigma-Aldrich (PESTANAL, analytical 

standard, 99.9% purity). CL were resuspended in buffer B or C to 20-25 µg/mL CL. Clothianidin 

(CL) was added at a final concentration of 22 or 110 µg/L and incubated for 10 min at 4 C in 

the dark condition. Same volume of distilled water was added to the control. The required 

volume of chloroplasts was then placed to buffer (temperature about 27
о
 C), incubated for 2 min 

at room temperature and measured. Chlorophyll content has been measured 

spectrophotometrically in 95% ethanol (Lichtenthaler, 1987). 

 

3.7 Measure the relation among different chemical bonds by Raman 

spectroscopy 

Raman spectroscopy used in changes in the conformation of TMX effect of maize leaves is 

a DFS 24 Raman spectrometer (LOMO, RF) with a 473 nm laser (laser power 3 mW) (Ciel, 

Eurolase), and a SIDS 1/3648 (Troitsk, RF) recording system -matrix TCD1304DG (Toshiba, 

Japan) with filter LPO2-473RS-50 (Shemrock, USA) (Karger et al., 2016; Александровна & 

Александрович, и д.) When recording the spectra on computer, software from SIDS (Troitsk, 

Russia) was used. The facility for research was developed at the Department of Biophysics, 

Biological Faculty, Moscow State University. Lomonosov. 

Spectra of CL, Triple-Chlorophyll (which contain Chlorophyll complex, Soybean oil, 

Gelatin, Glycerin, Titanium dioxide, Chlorophyllin (GNC, USA)), Beta-carotene (which contain 

Soybean oil, Gelatin, Glycerin, Corn oil (GNC, USA)) and chloroplasts were recorded by 
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resonance Raman scattering spectroscopy using a Renishaw inVia Laser Confocal Microscopic 

Raman Spectrometer equipped with lasers operating at 488 nm (50mW) and 532 nm (500mW). 

The glass slide with a coverslip to compact the solution was fixed on top of the stage and the 

signal recorded with a laser power intensity of 5% (x5 objective, numerical aperture 0.12) during 

the course of the experiment. The research facilities were developed at the Department of 

Biophysics, Biological Faculty, at the MSU-BIT University  

Raman spectroscopy contains a laser, (1) optics to focus the laser beam onto the sample, a 

sample plate, (2) collection optics for scattered radiation, a dispersion system to filter out the 

scattering that is not needed, and a detection system (Fig. 7).  

 

Fig. 7. General diagram of a Raman spectrometer. (1) optics to focus the laser beam on the 

sample; (2) collection optics for the scattered radiation. 

3.8 Fluorescence measurement 

In the experiment of maize leaf, multifunctional plant analyzer (M-PEA-2) was used to 

record light-induced kinetics of fast fluorescence (PF), delayed fluorescence (DF) and modulated 

reflection / absorption of light at a wavelength of 820 nm (MR) (Hansatech Instruments Ltd., 

King's Lynn, Norfolk, England). The intensity of the active light is 3000 μmol quanta m
–2

 s
– 1 

and the duration of illumination is 60 s. The measurements were performed on the adaxial side of 

the intact leaves, placed in a measuring unit in a special clip-clothespin. Plants were adapted to 

darkness for 15 min before measurements in order to the reaction centre (RC) of the 

photosystems to become “open” with oxidized QA. Registration of three signals was carried out 

with the alternation of light and dark intervals, the duration and collection of data of which are 

described in detail in (Strasser et al., 2010a). 
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Standard JIP-test were used to analyzed OJIP-curves which describes the energy fluxes 

through different parts of the electron-transport chain of photosynthesis (Strasser et al., 2004a) 

with the following fluorescence signals: intensity at 20 μs (FO), 2 ms (FJ), 30 ms (FI), FM 

(maximum level of fluorescence). These characteristics were used to calculate the probability of 

electron transport beyond the limits of QA– (ψ0), maximum quantum yield of photochemistry of 

PSII (FV/FM), energy flux absorbed by one active reaction center (ABS / RC), and the functional 

activity index PSII related to the absorbed energy (PIABS)(Strasser et al., 2004a). 

In the experiment of chloroplast, fluorescence light induction kinetics (OJIP curves) were 

recorded by a Plant Efficiency Analyzer (PEA) (Hansatech, UK). Chlorophyll fluorescence was 

stimulated by red light ( =650 nm) with an intensity of 1500 μU m
-2

 s
-1

. The following JIP-test 

parameters were used to analyse the OJIP curves (Strasser et al., 2004b): fluorescence intensity at 

50 μs (Fo), 300 μs (F300 μs), 2 ms (FJ ), relative O-J phase amplitude (Vj=(Fj-Fo)/Fv), maximum 

fluorescence yield (Fm), initial O-J fluorescence growth phase slope (Mo = 4×(F300mx-Fo)/Fv), 

electron transport efficiency (Pet = (Fm-F2мс )/(F2мс -Fo)), photochemical efficiency of PSII 

(Fv/Fo = (Fm-Fo)/Fo), maximum photochemical energy conversion efficiency of PSII (Fv/Fm= 

(Fm-Fo)/Fo).  

The algae Chl fluorescence measurement. OJIP transients and delayed fluorescence (DF) 

induction were recorded using the high sensitivity fluorimeter FKMS-2 designed at the Faculty 

of Biology of Lomonosov Moscow State University (Lovyagina et al., 2022b). The excitation 

source for chlorophyll fluorescence was blue light with a maximum at 445 nm and a PPFD of 

7500 μmol (photon) m
‒2

 s
‒1

. Measurement of delayed fluorescence in the interval from 10 μs to 1 

ms was carried out according to a protocol similar to MPEA-2 (Multifunctional Plant Efficiency 

Analyzer, Hansatech, King's Lynn, Norfolk, UK) (Strasser et al., 2010). The samples were kept 

in the dark for 15 min before measurements. Chlorophyll content. Algal cells were harvested by 

centrifugation at 2000 x g for 3 min. Chlorophyll (Chl) was extracted from cells with 95% 

ethanol, and determined spectrophotometrically (Lichtenthaler, 1987).  

The algae OJIP transients were carried out with a Plant Efficiency Analyzer (Hansatech, 

King's Lynn, Norfolk, UK) according to the standard procedure. Red light (maximum emission at 

650 nm, PPFD 2500 μmol (photon) m
‒2

 s
‒1

) was used as an excitation light. Before the 

measurement, cells were dark adapted for 15 min and then collected on glass fiber filter.  
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Table 1 List of the selected JIP-test photosynthetic parameters derived from the 

light-induced Chl fluorescence kinetics (OJIP-transients). 

Parameter Description 

VJ = (FJ – FO)/(FM – FO) Variable fluorescence at time 2 ms 

VI = (FI – FO)/(FM – FO) Variable fluorescence at time 30 ms 

φPo = (FM – FO)/FM = 

FV/FM 

Probability of excitation energy trapping in PSII (maximum 

quantum yield of PSII photochemistry) 

ψEo = (FM – FJ)/FV   Probability of electron transfer from QA to the PQ pool 

φEo = (FM – FJ)/FM Quantum yield for reduction of PQ pool (at t = 0) 

δRo = (FM – FI)/(FM – FJ) 
Probability of electron transfer from PQ pool to terminal 

electron acceptors of PSI 

φRo = (FM – FI)/FM Quantum yield for reduction of electron acceptors in PSI 

PIABS = RC/ABS ×FV/FM 

× 

× (1 – FV/FM) 
-1

× ψEo × 

(1 – ψEo)
 -1

 

Performance index on absorption base 

PItotal = PIABS × (1 – δRo)
-1

 Total performance index 

 

The algae Microscopic imaging. The measurements were carried out on the microscope 

Axioplan 2 imaging MOT (Zeiss, Germany) using the software Axio Vision 4.2 (Zeiss). The cells 
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were identified using transmitted light, while the living cells were detected in fluorescent light on a 

counting chamber. The fluorescence was excited in the blue region (excitation maximum at 450 

nm). The fluorescence emission was separated from the excitation light using a broadband filter 

(λ>515 nm).  

Dark decay kinetics of chlorophyll fluorescence (QА -reoxidation) and delayed fluorescence 

(DF) were recorded by FKMS-2 device (Lomonosov Moscow State University, Russia) 

(Volgusheva et al., 2022). Chlorophyll fluorescence was excited by blue light ( =445 nm) with 

an intensity of 5000 µU m
-2

 s
-1

. The attenuation of fluorescence was recorded 56 μs after a 

saturation flash of 250 μs (10 s). M-PEA-2 was use to measured delayed fluorescence in the 

submillisecond interval (10 µs to 1 ms) (Hansatech, King's Lynn, Norfolk, UK) (Strasser et al., 

2010c). 

3.9 Detection pigment concentration by absorption spectroscopy  

The content of photosynthetic pigments (chlorophyll A, B and carotenoids) was determined 

spectrophotometrically in 100% acetone extract (Hitachi-557, Japan) and calculated by 

Holm-Vettstein's formulas. 

3.10 Detection of chemical composition and molecular structure using IR 

spectroscopy 

IR spectroscopy with Fourier transform (FT-IR spectroscopy) was used to registered IR 

spectra of maize seeds (Zea mays L., Institut za kukuruz “Zemun Polje”, Belgrade, Serbia) zp 

633, zp 677, zp 684, zp735 in the range of 400-4000 cm
-1

 with a measurement step of 4 cm
-1

 

(Shimadzu Corp., Japan). The leaves were homogenized in an agate mortar buffer (50 mM 

tricine, 400 mM sucrose, 10 mM NaCl, 5 mM MgCl2 pH = 7.8) and rolled into a tablet with 

potassium bromide (KBr) in a ratio of 1: 100. 

Traditionally IR spectroscopy study the spectrum of radiation that passed through sample. 

The method for studying infrared radiation reflected from sample surface based on Attenuated 

Total Internal Refraction (ATIR), specular reflection, and other types of reflections.  
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Attenuated Total Refraction (ATR) is the most popular infrared spectroscopy method due to 

it si possible to study sample that are opaque to inforared radiation and it can diredtly analysis in 

the field. ATR is based on beam reflection at the interface between two phases: sample phase 

with a lower refractive index and ATR crystal phased with a relatively high refractive index. 

Amolst complete refelction of the beam from the surface of the sample is observed if the 

radiation beam is incident onthe pline of the sample at an angle of incidence greater thant hte 

critical one. Light emission penetrates a small depth into the sample phsed where it is partially 

absorbed (Fig. 8). With the same stimulation, this process repeat, then the absoption spectrum 

will be obtained.  

 

Fig. 8. Optical path of IR radiation in an ATR crystal 

 

3.11 Studies of the O2 release rate of and chloroplasts chlorophyll 

fluorescence inductions kinetics (OJIP transient)  

The rate of O2 release and uptake was determined by Clark electrode (Oxygraph Plus unit, 

Hansatech, UK) at a light intensity of 1500 μmol photons m-2 s -1, temperature 23°C, and 10 μg/mL 

Chl. PSII was assayed for its oxygen delivery activity in the presence of 0.125 mM 

2,6-dichlorobenzoquinone (DCBQ). The rate of electron transport from H2O or reduced 

dichlorophenol-indophenol (DCPIP-H2) to methylviologen (MV) was determined by the rate2 of 

uptake of O2 (Curtis et al., 1975). The O2 release rate2 of BBY particles was measured in the 

presence of the artificial electron acceptor DCBQ (200 μM). 
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The photoinduced electron transport rate in BBY particles of PSII was recorded on a 

SPECORD UV-VIS spectrophotometer (Carl Zeiss Jena, Germany) as described in (Lovyagina 

et al., 2022a). The excitation light is XBDROY LED (Cree Inc., USA, λ 450 nm, light intensity 

1500 µmol photons m
-2

 s
-1

). 40 μM 2,6-dichlorophenolindo-phenol (DCPIPH2) was used as an 

electron acceptor; photoinduced changes of optical density were recorded at a wavelength of 600 

nm; hydrogen peroxide (100 µM final concentration) was used as an electron donor for PSII 

preparations without PBMCs. The mechanism of this effect is as follows: the Mn(II) cation binds 

to the high-affinity Mn-binding site in PSII (-Mn), is oxidized by a radical of the redox-active 

tyrosine-161 residue of protein D1 (YZ-), after which the Mn(III) cation is reduced by hydrogen 

peroxide (Inoué & Wada, 1987).  

3.12 Preparation of nanostructured substrates for enhance the Raman 

scattering 

In this part of the work, we developed a method for SERS of carotenoids, which we propose to 

use to diagnose the state of this pigment in the whole plant. Substrate with a nanostructured coating 

based on carotene samples applied (2 - 0.02 pmol/mL or 37 nmol/L - 3.7 nmol/L) silver. 

Nanostructured substrates were obtained in accordance with the technique described in (He et al., 

2018a). An aqueous solution of sodium hydroxide (0.1 M NaOH, high purity water, Milli-Q, 

Millipore) was added dropwise to a freshly prepared solution of 0.01 M aqueous silver nitrate 

until the blackish-brown silver (I) completely oxidized. The oxide thus prepared was thoroughly 

washed with deionized water and dissolved in twice the molar excess of a 10 % aqueous solution 

of ammonia to give 0.01 M solution of a complex of silver (I). Millex-LCR syringe filter units 

(Millipore, pores 0.45 μm) were used to filter the resulting complex transparent silver solution. 

The initial ammoniacal silver (I) oxide solution was nebulized into a mist. 1–5 micron droplets 

were run on 'warm' glass, alumina or microporous silica substrates (270 °C) for 40–60 min 

(possible 250 °C, deposition thickness 45 nm) (Semenova et al., 2014). 
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3.13 Atomic force microscopy for investigate chloroplast topography 

The structural integrity of chloroplasts was maintained by fixation in 0.5% glutaraldehyde 

(Ted Pella) for 1 h, then washed 4 times with distilled water and air-dried. Cell images were 

obtained using a NTEGRA SPECTRA AFM complex (NT-MDT Co., Russia) and a Nova 

registration program (NT-MDT Co., Russia). Measurements were carried out in a semi-contact 

mode using NSG 10-A cantilevers; the average coefficient of elasticity was 11.8 N/m, and the 

radius of the tip curvature was 10 nm. The size of a scanned image was 20х20 μm or 5х5 μm 

(256 × 256 points); the scanning rate was 0.5–1 Hz. 

3.14 Electron paramagnetic resonance spectroscopy 

The membrane fluidity of chloroplasts was estimated using electron paramagnetic 

resonance spectroscopy. To probe this, we employed 16-doxylstearic acid, an analogue of 

spin-labeled stearic acid (Sigma, St. Louis, MO, USA), which is located as close as 2.2 nm from 

the surface of the membrane(Schreier-Muccillo et al., 1976). Control and CL treated chloroplast 

suspension was concentrated to 2.8 mg Chl/mL followed by the addition of 0.1 mM 

16-doxylstearic acid. PR spectra were recorded at 23˗24 oC on a RE 1308 EPR (Russia) 

spectrometer with a constant magnetic field intensity, microwave power and a time constant of 

3338 Gs, 22mW, and 0.1 s, respectively, were used. The rotational correlation time (τ), as a 

measure of membrane fluidity, was calculated as previously described (Rodnenkov et al., 2005). 

3.15 Statistical analysis 

Significant differences were determined by using one-way ANOVA, and means were 

analyzed using the Tukey test. The differences at p< 0.05 were considered statistically 

significant.  
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3.16 Quantum mechanical calculations  

In this part of the work, we have developed a method for theoretically assessing the 

molecular structure of carotenoids, which we propose to use to form a system of neural networks 

when diagnosing the state of this pigment in the whole plant. To identify the type of carotenoids 

existed in the investigated samples, series of quantum mechanical calculations have been carried 

out for all cis- isomers and trans- of carotene, beta-cryptoxanthin, lycopene, lutein, and 

zeaxanthin at the different levels of density functional theory (DFT) with different basis sets. A 

few functionals (B3LYP, BVP86, PBE1PBE) have been used in calculations with different basis 

sets (6-31+G**, DGDZVP, TZVP), Optimized geometry parameters for the equilibrium 

conformation have been obtained and confirmed by frequency calculations. DFT calculations 

have been performed without any restrictions on the symmetry of structure using the program 

GAUSSIAN 09 package (Revision D.01) (Rastogi, 2012). A comparison of the results obtained 

at different tested levels of theory shows that the quality of the optimized geometry parameters at 

all levels is very close, and the BVP86/TZVP frequencies are in better agreement with the 

experimental ones and can be used to interpret the spectra of organic molecules. virtually no 

scaling procedure (Hickey et al., 2019). The results of calculations at the BVP86/TZVP level 

have been used for the detailed interpretation of vibrational spectra. Other calculation levels used 

predict frequencies that are higher than the experimental ones. However, when using the 

BVP86/TZVP results, it is important to note that some predicted frequencies may be slightly 

redshifted (to the low frequency region) compared to the experimental frequencies. 

4. Results and Discussion 

4.1 Study of the effect of thiamethoxam spray on two maize genotypes 

leaves.  

In this series of experiments, thiamethoxam was spray on the leaves when 3
rd

 leaf 

appearance (day 4. see chapter Methods). Fluorescence parameters and Raman spectra were 

recorded in order to study the effect of thiamethoxam on leaf pigments. It was found, there is no 
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significant difference between zp 341 hybrid maize line and zppl 225 inbred maize line in leaf 

pigment composition, but there were significant changes in the different genotypes following 

thiamethoxam application. It was found, there no change of thiamethoxam -treated hybrid line zp 

341 in the pigment composition. In contrast, thiamethoxam decreased the content of chlorophyll 

in leaves of inbred line zppl 225 to 0.61 mg/g (17% reduction in chlorophyll a and 24% 

reduction in chlorophyll b; p < 0.05).  

Using the OJIP transients of both hybrid zp 341 and inbred zppl 225 maize leaves had 

typical characteristic phases patterns. This pattern reflects the sequential reduction of carriers in 

the photosynthetic electron transport chain between the two photosystems (Fig. 9, A, D) 

(Strasser et al., 2004c;Stirbet & Govindjee, 2012a). 

 

Fig. 9. OJIP curves of maize leaves (A, D), the derived curves of relative variable 

fluorescence Vt=(Ft-F0)/(FM-F0) after normalization to O levels (B, E) and the difference in the 

values of the functions ΔVt = Vt(TMX)- Vt(control) (C,E) for the inbred line zppl 225 (A,B,C) 

and the hybrid zp 341 (D,E,F) in control(1) and upon thiamethoxam treatment(2). O, J, I and P 

are 20 μs, 2ms, 30ms, and 300ms peaks of the induction curve 
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Thiamethoxam treated sample caused changes in the OJIP of both maize type (Fig. 9, A, D). 

Normalization of the induction curves derive the relative fluorescence variable (Vt) function. The 

increase in ΔVt of zp 341 and zppl 225 in O-J phase indicated the accumulation of reduced QA. 

The reduced QA due to the increased proportion of QB non-reducing centres of PSII, unable to 

conduct electron transport along the electron transport chain.(Lazár, 2006). The increase in ΔVt 

of thiamethoxam-treated zppl 225 at the O-J and J-I stages indicated the accumulation of reduced 

QA and plastoquinone molecules, which were unable to carry out the electron transfer of the dark 

photosynthetic reaction (Kalaji, Jajoo, et al., 2014).  

Table 2. JIP-test parameters derived from analysis of OJIP induction curves for leaves of zp 

341 and zppl 225 upon thiamethoxam treatment (M±SEM). *Difference from control are 

statistically significant (P< 0.05). Values are calculated on the based n=5 

 

 

The JIP-test was used in an attempt to reveal the action of thiamethoxam on important 

photosynthetic parameters derived from the OJIP transients (Table 2). The FV/FM correlates with 

the thermal quantum yield of primary photochemical reactions of PSII and is used as an indicator 

of the efficiency of photosynthesis. There was no statistically significant difference between 

control and thiamethoxam-treated leaves of both maize type leaf in FV/FM. 

The correlation between PIABS and plant viability reflects the function of PSA under current 

stresses (Živčák et al., 2014). It shows significant change under thiamethoxam treatment, PIABS 

decreased by 29% and 24% in thiamethoxam treated zppl 225 and zp 341 leaves, respectively. 
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The reduction of PIABS in thiamethoxam treated zppl 225 leaves was due to a significant 

reduction in electron transfer (ψEo) on the PSII receptor side. In contrast, the reduction of zp 341 

leaves PIABS might be related to a minor decrease in PSII photochemistry (FV/FM) and increased 

ABS/RC. 

 

Fig. 10. Light-induced kinetics of modulated reflection atλ=820nm (MR) (A,C) and 

delayed fluorescence (DF) normalized to the minimum signal level D2 at 200ms (B,D) in leaves 

of maize inbred line zppl 225 (A,B) and hybrid zp 341(C,D) in control (1) and upon 

thiamethoxam treatment (2). MR kinetics are normalized and expressed as MR/MR0-1, where 

MR0 is the signal intensity at 0.7 ms. I1, I2, D1, D2 are maximums and minimums on the DF 

induction curve. 
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Redox transformation of the molecular reaction center of PSI (P700) after TMX treatment 

was evaluated by MR kinetics (Fig. 10, A, C) (Schansker et al., 2003). The MR kinetic signal 

drop during the first 15-20 ms reflects P700 oxidation (fast phase) and reaches a minimum at 20 

ms (MRmin). MRmin is a transient steady state in which the rates of P700 oxidation and reductions 

are equal. Subsequently, the MR signal (slow phase) increases to a maximum at 200 ms (MRmax) 

due to the electron-donating reduction rate of PSII being superior to the oxidation rate(Strasser et 

al., 2010c). 

Leaf redox P700 transformations of both maize types were altered by thiamethoxam (Fig. 9, 

A, C). zppl 225 leaves showed chlorophyll changes in both the fast and slow phases of MR and 

were associated with a decrease of MR amplitude at 20 ms (Fig. 10, A). Analysis of MR kinetics 

showed an increase in reduced PSI receptors and a decrease in oxidized PSI receptors in zppl 

225 leaves at the influence of thiamethoxam. This might be due to a reduced receptor pool on the 

receptor side of PSI. In contrast, there is no change in MR kinetics for zp 341(Fig. 10, B). 

The rate of the recombination reaction in PSII is depended one membrane energization, so 

DF is proportional to the rate of the recombination reaction in PSII. The fast phase of DF 

associated with membrane potential formation(Goltsev et al., 2009a). Fig. 10 B, D shows the 

induction curves of DF normalized to the minimum fluorescence D2. The decrease of the I1 peak 

during the microsecond time scale may be due to a decrease in the Z+ reduction rate of 

oxygen-4MnCa and/or a decrease in the QA reoxidation rate of oxygen-4MnCa (disturbed 

electron transfer on the PSII receptor side of the oxidizing complex (OEC)), which is induced by 

the oxidizing complex (OEC) of oxygen-4MnCa (Goltsev et al., 2009a). During thiamethoxam 

action, I1 amplitudes were reduced by 23% and 21% in zppl 225 and zp 341 leaves compared to 

controls, respectively. 
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Fig. 11. The relative variable fluorescence WOJ between the O and J levels (A, C) and the 

difference in the function values ΔWOJ (B, D) in leaves of maize inbred line zppl 225 (A, B) and 

hybrid line zp 341 (C, D) in control (1) and upon TMX treatment (2). O, K, J are the peaks on 

the induction curve at 20 μs, 300 μs, and 2 ms. 

 

The state of the OEC and its ability to supply electrons to P680+ via Z+ can be monitored 

by the appearance of additional peaks on the PF induction curve. For compare the OEC state, the 

relative fluorescence WOJ ((Ft-Fo)/(FJ-FO)) (Fig. 11, A, C) and the difference in functional values 

ΔWOJ (WOJ(TMX) – WOJ(control)) (Fig. 11, B, D) were calculated. In thiamethoxam treated leaves of 

both maize species, (at 300 μs, peak K appeared between O and J) due to OEC limitation which 

is characteristic for changes during high temperature stress (Fig. 11, B, D) (Strasser et al., 

2004e).  

Characteristic peaks of carotenoids due to electron valence vibrations in the polyene chains 

of the molecule were identified in Raman spectra of maize leaves (Fig. 12). Peak at 1520 cm
-1

 

reflects carbon double -C=C- bonds. Peak at 1160 cm
-1

 widely assigned to a combination of C-C 
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stretching and C-H in-plane bending vibrations. Peak at 1006 cm
-1

 reflects CH3 in-plane rocking 

vibrations.  

 

 

Fig. 12. Changes in the Raman spectra of carotenoids in maize leaves of two genotypes 

after treatment with thiamethoxam. a- zppl 225, b- zppl 225 +TMX, c – zp 341, d – zp 341 + 

TMX. Asterisks denote a statistically significant difference (P < 0.05). The inset shows the 

Raman spectrum of leaf carotenoids for the inbred line zppl 225.  

 

It was found, the ratio of I1006/I960 bands in maize leaves increased after thiamethoxam 

application (Fig. 12). At the of thiamethoxam action, the I1520/I1006 ratio of zppl 225 decreased by 

26%. In the leaves of the zp 341 hybrid, thiamethoxam caused a 43% and 16% increase in the 

ratios of I1520/I1006 and I1520/I1160, respectively, suggesting a conformational change in the 

carotenoids. 

Summary of this chapter. Interestingly, the zppl 225 inbred line was found to have lower 

chlorophyll, which could indicate that synthesis of these pigments was decreased under TMX, as 
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well as the ratio of carotenoids to chlorophyll (a + b), which is usually associated with increased 

carotenoid content under conditions of stress. However, there was no change in pigment 

composition in the leaves of the zp 341 hybrid. 

 Kinetic curves of PF describe the energy fluxes in different parts of the photosynthetic 

electron transport chain, and analysis by JIP test showed that the effect of thiamethoxam on the 

PSII photochemistry (FV/FM) of leaves of both studied genotypes was not significant (p > 0.05). 

Changes on the side of the PSII receptor were detected in leaves of the zppl 225 inbred strain, 

where a decrease in electron transport probability (ψEo) on the side of the PSII receptor resulted 

in a decrease in the function of PSII (PIABS).  

So, spraying maize plants with the insecticide thiamethoxam resulted in reduced 

chlorophyll content in leaves of the zppl 225 inbred line. In zppl 225 and zp 341, thiamethoxam 

was determined to affect the functional activity of PSII, to decrease PIABS parameters, and to 

reduce the pigment-like membrane potential. Interesting, the thiamethoxam action caused 

opposite changes in the conformation of carotenoid molecules, but not in their content. 

4.2 Study of the effect of thiamethoxam inject to the soil of two maize 

genotypes. 

It is obvious that when fields are treated with pesticides, part of the substance ends up in the 

soil. In this series of experiments, the effect of the pesticide on Nastenia leaves was examined if 

it entered the soil. In this series of experiments, thiamethoxam solution was inject into soil at 4
th

 

day when seedling in the soil (TMX(a)) and inject into soil at 8
th

 day (TMX(b)). The 

fluorescence parameters and Raman spectra were recorded in order to study the effect of 

pesticide of pigments in leaves. 

It was found, plant height and leaf length/width were measured for two maize genotypes 

without the supplement (control) and with thiamethoxam added 20 days after the seedlings were 

buried in the soil. The leaf length of control plants of both maize genotypes was approximately 

12-13 cm. With the addition of thiamethoxam on day 4 (TMX (a)), zppl 225 and zp 341 increased 

leaf length/width by 13% and 1%, respectively. However, there was no increase in leaf length for 

both maize genotypes when thiamethoxam was added on day 8 (TMX (b)). Control plants of both 
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maize genotypes were approximately 16-18 cm in height after thiamethoxam treatment in both 

applied variants slightly increased plant height in maize genotypes compared to controls. Thus, in 

zppl225, plant height increased by 6% and 2% under TMX (a) and (b), respectively, while in zp 

341, plant height increased under TMX (a) and (b), respectively 4% and 6%. 

In this experiment, the pigment content of two maize genotypes during the thiamethoxam 

treatment was measured (Table 3). After 12 days, the pigment composition of different maize 

genotypes was slightly different. The total amount of chlorophyll is 0.52 mg/g in zppl 225 and 

0.64 mg/g in zp 341. It was found, in the presence of thiamethoxam, the chlorophyll content in 

zp 341 decreased from 0.64 mg/g to 0.31 mg/g (b). The initial carotenoid contents in zppl 225 

and zp 341 were 0.14 and 0.13 mg/g, respectively.  

It was found, thiamethoxam treatment decreased the carotenoids contents in leaf maize 

genotypes. In zppl 225 leaf, carotenoids decreased from 0.14 mg/g to 0.11 mg/g under TMX (a) 

treatment and from 0.09 mg/g to TMX (b) treatment, whereas in zp 341, carotenoids decreased 

from 0.13 mg/g to 0.11 mg/g to 0.07 under TMX (a) treatment and 0.07 under TMX (b) 

treatment. 

Table 3. The pigment content in the leaves of the zp 341 and zppl 225 at thiamethoxam 

action on the 4
th

 (TMX (a)) and the 8
th

 days (TMX (b)) by root irrigation (day 12). Statistically 

significant results are indicated: *, P< 0.05. Parameters in parenthesis are expressed as a 

percentage of control value. Values are calculated on the based n=5 

 

 

 

In this study, the OJIP transients were recorded for maize hybrid (zp341) and inbred line 

(zppl 225) under thiamethoxam treatment, which was added 4
th

 day when seedling seeds (a) and 

8
th

 day when 3
rd

 leaf of plant appear (b) (Fig. 11). It was found, the kinetics have a typical 
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pattern for plants grown during the standard conditions with the J, I, and P steps at 2, 30, and 

~200 ms for control group of zp 341 and zpple 225, respectively. It was found, thiamethoxam 

treated plant showed modifications of the OJIP transients on the 10
th

 and 12
th

 days of growing. In 

zppl 225, the shape of the OJIP transient remained unchanged during thiamethoxam treatment 

(a), whereas pesticide-treated zp 341 showed increased levels of Chl fluorescence at the O-J-I-P 

step at day 10 compared to the control (Fig. 13 a, b). It was found, that thiamethoxam increased 

its effect in zppl 225 plants, as evidenced by a decrease in the JIP phase under TMX (a) at day 12 

(Fig. 13 c) and an increase in the I-P step under thiamethoxam (b) compared to the control. In the 

case of thiamethoxam, the effect on zp 341 OJIP transients was the same as in 10- and 

12-day-old leaves (Fig. 13 d). 

In addition, the JIP was employed to reveal the role of thiamethoxam action on important 

photosynthetic parameters controlled from the OJIP transient (Fig. 14). One of the most 

physiological and widely used photosynthetic parameters is the FV/FM (or φPo) ratio, which 

characterizes the maximum quantum yield of PSII photochemistry (Papageorgiou & Govindjee, 

2004). In control plants, the FV/FM value was approximately 0.76. This parameter did not change 

after 10 and 12 days in both variants of thiamethoxam treatment experiments. The hybrid line 

(zp 341) treated with TMX (a) has showed difference in the relative variable fluorescence at J 

step (OJ-phase) (VJ) and I step (OI-phase) (VI) (P < 0.05). On the 10
th

 day, the VJ and VI values 

at zp 341 under TMX(a) treatment increased by 9% compared with the control and slight 

increases in VJ and VI during thiamethoxam indicate disturbed electron transport in PSII. 
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Fig. 13. OJIP transients recorded in maize leaves of the zppl 225 (a, c) and zp 341 (b, d) 

under TMX treatment. (a, b) 3rd leaf (day 10); (c, d) 5th leaf (day 12) of maize zppl 225 (a, c) zp 

341 during thiamethoxam which added on the 4th (TMX (a)) and the 8th days (TMX (b)) by root 

irrigation; n = 5 for each sample.  

It was found, the probability of electron transfer from QA to the PQ pool (ψEo), depends on 

the functional state of the donor and/or acceptor side of PSII. At thiamethoxam treatment, ψEo 

decreased (P < 0.05) in zp 341 but remained unchanged in zppl 225. ψEo was increased in leaves 

of zppl 225 under TMX (b) treatment (P < 0.05). 

The quantum yield (φEo) of electron transport is proportional to FV/FM and ψEo. At 

thiamethoxam treatment, the φEo value of zp 341 leaves decreased due to the significant decrease 

of ψEo value, while the FV/FM remained unchanged at the 10th day. During thiamethoxam 

treatment, the probability of electron transfers from the intersystem electron carrier to the 

reducing end electron acceptor on the PSI acceptor side (δR0) in zp 341 decreased (P < 0.05). The 

quantum yield of terminal PSI electron acceptor reduction (φRo) was about 0.26 in zp 341 leaves 

and decreased in TMX-treated plants. In contrast, the δR0, φEo, and φRo values of zppl 225 

remained unchanged after 10 days. However, the δR0 and φRo values of zppl 225 increased (P > 
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0.05) under TMX (a) and remained unchanged or slightly decreased (P > 0.05) after 12 days 

under TMX (b). 

It was found, the parameters PIABS and PItotal differed in response to the two thiamethoxam 

treatment variants in leaves of maize genotypes. PIABS describes the photosynthetic index 

relative to absorption, combining three PSII characteristic parameters: the maximum quantum 

yield of PSII photochemistry (Fv/Fm), the density of active PSII reaction centre per antenna 

(RC/ABS), and the electron probability from QA transfer to PQ pool (ψEo). In this experiment, 

the PIABS of zppl 225 under thiamethoxam was slightly increased compared to the control on day 

10 (P > 0.05). In contrast, zp 341 under thiamethoxam, especially PIABS decreased during 

TMX(a) treatment (P < 0.05). In most cases, the PIABS values of leaves of both genotypes 

increased after 12 days, indicating amplification of plant performance at thiamethoxam 

treatment. The total index (PItotal) of zp 341 attributable to PSII, PSI functional activity and 

electron transport between them decreased on thiamethoxam (P < 0.05), while the value of this 

parameter did not change significantly in zppl 225 leaves after 10 days. On day 12, an increase in 

PItotal was observed in inbred line (zppl 225) leaves during thiamethoxam treatment. However, in 

zp 341, PItotal increased under TMX (a), while the value of this parameter did not change 

significantly (P > 0.05) under TMX (b).  
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Fig. 14. Radar plot of JIP-test parameters maize of the zppl 225 (a, c) and zp 341 (b, d) 

under TMX treatment. (a, b) 3rd leaf (day 10); (c, d) 5
th

 leaf (day 12) of maize of the inbred line 

(zppl 225) (a, c) and hybrid (zp 341) under TMX which added on the 4
th

 (TMX (a))and the 8
th

 

days (TMX (b)) by root irrigation. Parameter values are expressed as percentage of control value 

(control = 100%). n=5 for each sample. 
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Fig. 15. Light-induced delayed Chl fluorescence (DF) kinetics recorded in maize leaves of 

the zppl 225 (a, c) and zp 341 (b, d) under thiamethoxam which added on the 4th (TMX (a)) and 

the 8th days (TMX (b)) by root irrigation. I1, D1, I2, D2, I4 are the extremum and inflection points 

of the kinetics. (a, b) 3rd leaf (day 10); (c, d) 5th leaf (day 12) of maize of zppl 225 (a, c) and zp 

341; n = 5 for each sample. 

 

Delayed fluorescence (DF) is one of the methods to monitor changes in thylakoid 

membrane electrical conduction. DF is closely connected with the photochemical reaction of 

PSII reaction centre (RC). The kinetics of DF decay are related to the charge recombination 

process between the reduced main acceptor QA
−
 and the oxidized main donor P680+ in PSII over 

a time interval of microseconds to milliseconds. The DF induction curve has several maxima, 

called peaks (In), and several minima (Dn). The observed maximum in the millisecond range (I1) 

DF curve at 3-7 ms coincides with peak J in the rapid fluorescence induction curve (OJIP curve). 

The formation of I1 is due to the accumulation of PSII RCs in the S3P680
+
QA

–
, Z

+
P680QAQB

–
 

and S3P680QA
–
states, which are responsible for charge recombination and emission of DF 

quanta, as well as enhancement of the potential across the DF membrane due to the generated 
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electricity. The second maximum (I2) coincides with I-P of the OJIP curve and is associated with 

reoxidation of the plastoquinone pool due to electron efflux to PSI (P700
+
). The presence of a 

peak I4 in the millisecond range is associated with the formation of a transmembrane proton 

gradient (ΔpH), which increases the rate constant of the radiative transitions in the PSII RC. The 

timing of the I4 peak coincides with the slowness of the kinetics of light-induced fluorescence 

observed after the P peak. 

The DF induction curves recorded in control zppl 225 and zp 341 and under thiamethoxam 

treatment are show in Fig. 15. In controls, the kinetic curve exhibited a rapid phase with a peak 

(I1) and shoulder (I2) at 7 ms and 40 ms, respectively, and an intermediate inflection point D1 at 

approximately 30 ms. The ensuing slow phase has a peak I4 at about 1.5 seconds. A dip D2 with 

a minimum value of 300 ms separates the fast and slow phases.  

It was found, during thiamethoxam slightly affected the DF induction curve at day 10 in the 

leaves of both maize genotypes. In contrast, we observed a significant change in the 

thiamethoxam induction profile at day 12. Thus, the kinetic patterns measured in zp341 and zppl 

225 showed a decrease in the magnitude of I1, while I2 and I4 remained unchanged. Peak I1 was 

shifted from 7 ms to about 10 ms in control and thiamethoxam treated zp 341 plants (Fig. 15 d). 

In zp 341 and zpp l225, a decrease in the energy of thylakoid membranes under thiamethoxam 

resulted in a decrease in I1 after 12 days. 
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Fig. 16. Modulated 820 nm reflection (MR) kinetics recorded in maize leaves of the zppl 

225 (a, c) and zp 341 (b, d) under thiamethoxam which added on the 4th (TMX (a)) and the 8th 

days (TMX (b)) by root irrigation. Kinetic curves are normalized to the initial value at 0.7ms 

(MR0). (a, b) 3rd leaf (day 10); (c, d) 5th leaf (day 12) of maize of the zppl 225 (a, c) and zp 

341; n = 5 for each sample. 

 

Modulated reflectance signal at 820 nm (MR) kinetics reflecting the dynamics of the redox 

transition of P700 pigments and plastocyanin (Stirbet & Govindjee, 2012b)(Fig. 16). It was 

found, for maize leaves treated with thiamethoxam, an effect on the kinetic pattern was shown. 

The magnitudes of the fast phase ΔMRfast/MR0 = (MR0 - MRmin)/MR0 and the slow phase Δ

MRslow/MR0 = (MRmax - MRmin)/MR0 are calculated from the MR transient (Strasser et al., 

2010d). Under TMX (a), the amplitudes of the fast and slow phases in leaves of both genotypes 

were significantly decreased (P < 0.05), while in the case of TMX (b) treatment, the MR 

amplitude was significantly lower after 10 days compared with the control remained unchanged 

(Fig. 16 a, b). After 12 days, the MR amplitude of zp 341 decreased under TMX (b) (Fig. 16 d). 

However, the MR amplitude of zppl 225 was increased under TMX (b) treatment (Fig. 16 c). 
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Fig. 17. Raman spectrum of leaf’s carotenoids (A). I1520/I1160 ratio of the Raman spectrum of 

zppl 225 and zp 341 on 10th day (B), and 12th day (C) measurement, which added on the 4th 

day (TMX(a)) and 8th day (TMX(b)) during root irrigation. Statistically results are indicated: *, 

P < 0.05; n = 5 for each sample. 

 

In this series of experiments, we investigated changes in RS parameters of carotenoids in 

control and after thiamethoxam treated plants leaves (Fig. 6). As noted earlier, the energy bands 

characterize the stretching vibrations of the -electrons in the molecule (Fig. 17A). In Raman 

spectrum, 1160 and 1520 cm
–1

bands correspond to the –C–C– and –C=C– vibrations of the 

carotenoid molecule bond, and the change in the intensity ratio I1520/I1160 reflects changes in the 

contribution of –С=С– bonds vs. –С–С- bonds of the polyene chain (Vlasov et al., 2020). 

It was found, in the presence of thiamethoxam, the absolute value of the intensity and the 

position of the bands in the Raman spectrum are the same as in the control. The Raman spectra 

and I1520/I1160 ratio of carotenoids of zppl 225 and zp 341 grown under thiamethoxam treatment 

for 10 (B) and 12 (C) days are shown in Fig. 17. It was found, the conformation of carotenoids 
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did not differ between the control samples of the two genotypes. However, a decrease in I1520/I116 

was observed in the leaves of zppl 225 under TMX treatment, indicating a double -C=C - the 

contribution of the bond is reduced. On the other hand, in zp 341, a decrease in I1520/I1160 was 

found after 12 days of thiamethoxam treatment. Possibly, the decrease in the -C=C- bond 

contribution is consistent with the decrease in carotenoid content. 

Summary of this chapter. In this study, thiamethoxam was added to the soil in two ways by 

root irrigation after 4 days after planting (TMX (a)) and after 8 days of growth (TMX (b)), we 

applied the fluorescence method and RS was used to analyse the changes in photosynthesis of 

two genotypes of maize plants treated with thiamethoxam. It was found that the FV/FM ratio of 

plants under the two thiamethoxam treatments did not change throughout the growth period, 

suggesting that the main photochemical reactions were not affected. These results are consistent 

with our previous study showing that thiamethoxam had no significant effect on PSII 

photochemistry in leaves of the two genotypes studied by foliar spraying. PIABS and PItotal, which 

evaluate plant performance, exhibited ambiguous patterns compared to FV/FM. In the leaves of 

the inbred line zppl 225, the values of these parameters increased, indicating improved 

photosynthetic efficiency during thiamethoxam. In fact, thiamethoxam can improve 

physiological and metabolic activity (Macedo et al., 2013b). It was found, whereas in the hybrid 

zp 341, the values of PIABS and PItotal decreased, indicating a worsened photosynthetic effect due 

to electron migration from the QA to the PQ pool (ψEo) and a reduced probability of electron 

transport from the PQ pool to the PSI terminal electron acceptor (δR0). PSI centres showed 

relative tolerance to the TMX(b) treatment in the leaves of the two maize genotypes. In contrast, 

under TMX(a) treatment, significant changes in the amplitudes of the fast and slow phases of 

MR kinetics were observed in leaves of both genotypes, indicating a reduction in oxidation of 

PC and P700
+
 (ΔMRfast/MR0), and a subsequent reduction in (ΔMRslow /MR0). In both maize 

genotypes, the obtained parameter ΔMRfast/MR0 decreased after 10 days of TMX, demonstrating 

a decrease in the amount of oxidizable P700 and PC. In zp 341, the decrease in ΔMRslow/MR0 

coincided with an increase in PF VI amplitude and a decrease in φR0 and δR0 parameters, 

indicating a decrease in electron flux from the PQ pool to PSI. Therefore, the rate of P700
+
 

reduction decreases due to the limitation of electrons from PSII. After 12 days, a change in MR 
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amplitude under TMX (b) treatment (decrease in ΔMRfast/MR0 and ΔMRslow/MR0) was observed 

only in zp 341 leaves, consistent with a decrease in chlorophyll and a change in carotenoid 

conformation (decrease of -C = C- peak). DF remained practically unaltered in leaves of both 

maize genotypes under thiamethoxam treatment after 10 days. However, decrease in fast phase 

(I1 peak) in leaves of these maize genotypes was noticed after 12 days indicating decrease the 

electric component of electrochemical potential. Possible, these results may be related to the 

accumulation or metabolism of thiamethoxam during growth period. According to RS, the 

changes of carotenoids conformation (decrease in contribution of –C=C– bonds) was found in 

zppl 225 after 10 days whereas in zp 341 after 12 days under thiamethoxam treatment.  

4.3 The effect of different concentrations thiamethoxam. 

In this series of experiments, thiamethoxam was spray on the leaves when 3
rd

 leaf 

appearance (day 8) (TMX(c)) and spray on the soil when seedling into the soil (day 4) 

(TMX(d)). In order to study the effect of the pesticide on the pigment status of the leaves, 

fluorescence parameters and Raman spectra were recorded twice: on day 10 and on day 12. 

4.3.1 Two concentrations of TMX spray on leaves (day 8) (TMX(c)) 

In this series of experiment, we studied the changes of Raman spectra parameters of 

carotenoids in the control and in the plants after TMX(c) treatment (Fig. 18, Fig. 19). In Raman 

spectrum bands attributed to carotenoids (1520 and 1160 cm
-1

) were revealed. The mentioned 

band characterise stretching vibration of π-electrons in the molecule. In the presence of 

thiamethoxam, the absolute values of the intensities and the position of the bands in the Raman 

spectrum are same as in the control. The presence of peaks at 1160 cm
-1 

in the Raman spectra 

indicates the state of carotenoids characteristic of the 15-cis conformation and does not change 

under thiamethoxam treatment.  
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Fig. 18. Raman spectra recorded in maize leaf of the zppl 225 (a, c, e) and zp 341 (b, d, f) 

under (TMX(c)) treatment with 0.2 mg/mL (c, d); (e, f) 0.02 mg/mL of (TMX(c)); measurements 

were made at day 10. n = 5 for each sample. 
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Fig. 19. Raman spectra recorded in maize leaf of the zppl 225 (a, c, e) and zp 341 (b, d, f) 

under (TMX(c)) treatment with 0.2 mg/mL (c, d); (e, f) 0.02 mg/mL of (TMX(c)); measurements 

were made at day 12. n = 5 for each sample. 
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Fig. 20. I1520/I1160 ratio of the Raman spectrum of zppl 225 and zp 341 at TMX(c) 

concentration of 0.2 mg/mL and 0.02 mg/mL. The measurement performed at 3
rd

 leaf (day 10) 

and 5
th

 leaf (day 12). n=5 for each sample. 

 

In this study, the comparison effects of TMX(c) at 0.2 mg/mL and 0.02 mg/mL 

concentrations spray TMX(c) on the surface of 3
rd

 leaf (measurement on day 10) treatment, was 

found (Fig. 20): the thiamethoxam at 0.02mg/mL stimulated a significant and opposite changes 

in the molecular conformation of carotenoids. It was found, during 12 days, the leaves of hybrid 

(zp 341) show a similar intensity ratio (I1520/I1160). 0.2 mg/mL TMX(c) significantly different 

from Zppl 225 (Fig. 20). The 0.2 mg/mL TMX causes RS intensity increase in both Zp 341 and 

Zppl 225, compare of the result obtain on day 10 and day 12. This result may suggest that 

thiamethoxam at 0.02 mg/mL does not result in a significant change in the conformation of the 

carotenoid molecule  
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Fig. 21. OJIP transients recorded in maize leaves of the zppl 225 (a, c) and zp 341 (b, d) 

during TMX treatment. (a, b) 3rd leaf (day 10); (c, d) 5th leaf (day 12) of zppl 225 (a, c) and zp 

341; n = 5 for each sample. 

Table 4. JIP-test parameters derived from analysis of OJIP induction curves for leaves of zp 

341 and zppl 225 during TMX treatment added on the 3rd leaf (day 8). Measurements performed 

on 10
th

 day. Values are calculated on the base n=5 
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Table 5. JIP-test parameters derived from analysis of OJIP induction curves for leaves of zp 

341 and zppl 225 upon thiamethoxam treatment on the 3rd leaf (day 8). Measurements 

performed on 12th day. Values are calculated on the base n=5 

 

 

OJIP transients were recorded in inbred line leaves (zppl 225) and hybrid ling (zp 341) of 

maize during action of 0.2 mg/mL and 0.02 mg/mL thiamethoxam, which were added after 3
rd

 

leaf appearance (Fig. 21). In control maize plants of zppl 225 and zp 341, the kinetics displayed 

a pattern typical of plants grown at standard conditions, with J, I, and P steps of 2, 30, and ~200 

ms, respectively. It was found, the transient changes in OJIP at 10 and 12 days of growth (Table 

4,Table 5). The most adequate parameter of the JIP-test is the FV/FM ratio which correlates with 

the maximal quantum yield of the PSII primary photochemical reaction and is used as an 

indicator of photosynthesis efficiency. There are no statistically significant differences between 

control and maize after TMX treatment. 

The correlation between PIABS and plant viability reflects the current functioning of PSA 

under stress. Compare with the control and TMX treated group on 10
th

 day measurement, zp 341 

treated by 0.2 mg/mL thiamethoxam and 0.02 mg/mL decreased by 5% and 26%; zppl 225 

treated by 0.2 mg/mL and 0.02 mg/m thiamethoxam are not significant (Table 4). Compare with 

the control and thiamethoxam treated group on 12
th

 day measurement, zp 341 treated by 0.2 

mg/mL TMX and 0.02 mg/mL decreased by 22% and 7%; for zppl 225 difference is not 
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significant (Table 5). The significant decrease of zp 341 due to the decrease of electron transport 

at acceptor side of PSII. 

 

Fig. 22. Modulated 820 nm reflection (MR) kinetics recorded in maize leaves of the zppl 

225 (a, c) andzp 341 (b, d) during TMX which added on the 4
th

 (TMX (c)) by Kinetic curves are 

normalized to the initial value at 0.7ms (MR0). (a, b) 3
rd

 leaf (day 10); (c, d) 5
th

 leaf (day 12) of 

maize of the zppl 225 (a, c) and zp 341; n = 5 for each sample. 

 

MR kinetics upon thiamethoxam treatment has been investigated. It is known, MRmin is a 

transient steady state which P700 oxidation and re-reduction rates are equal. Absorption at λ = 

820 nm decreases and the MR signal (slow phase) increases to a maximum (MRmax) at about 200 

ms due to the superior reduction rate of electron donation by PSII to the oxidation rate. (Furutani 

et al., 2020). Thiamethoxam action led to changes in the redox P700 transformations in leaves of 

both the hybrid line (zp 341) and inbred line (zppl 225) (Fig. 22). It was found, 0.02 mg/mL 

thiamethoxam cause significant increase rate in fast phase and slow phased on zp 341. For Zppl 

225, difference between two concentrations is not as significant as Zp 341, but 0.02 mg/mL 

thiamethoxam still cause more decreased than 0.2 mg/mL thiamethoxam and control. 
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Fig. 23 Light-induced delayed Chl fluorescence (DF) kinetics recorded in maize leaves of 

the zppl 225 (a, c) and p 341 (b, d) under TMX which added on the 8th day(TMX (c)) spray on 

the leaves. (a, b) 3rd leaf (day 10); (c, d) 5th leaf (day 12) of maize of the zppl 225 (a, c) and zp 

341; n = 5 for each sample. 

 

Delayed fluorescence is proportional to the rate of recombination reactions in PSII, which is 

influenced by thylakoid membrane energisation. (Goltsev et al., 2009b) The fast phase of DF has 

two peaks I1 (~ 7 ms) and I2 (~ 100 ms) before dropping to a minimum of D2 (~ 200 ms). Fig. 23 

shows that the induction curves of zp 341 and zppl 225 DF which treated by thiamethoxam. It 

was found, I1 amplitude decreased in zppl 225 which might due to the decrease in the QA 

re-oxidation rate (disturbance of electron transport on the acceptor side of PSII) and/or a 

decrease in the Z
+
 reduction from 4MnCa of oxygen-evolving complex (OEC). It was found, low 

concentration of TMX caused more effect on zppl 225. For zp 341, measurement performed on 

10
th

 day, I1 amplitude also decreased for both concentrations. But the measurement performed on 

12
th

 day, high concentration increased I1 amplitude and low concentration decreased I1 

amplitude. 
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4.3.2 The Raman spectra parameters of carotenoids in the plants under two 

concentrations of TMX spray action on soil (day 4) (TMX(d)) 

In this series of experiment, we studied the RS of carotenoids in the control and in the 

plants during TMX(d) treatment (Fig. 24,Fig. 25). In Raman spectrum bands attributed to 

carotenoids (1520 and 1160 cm
-1

) were revealed. The mentioned band characterise stretching 

vibration of π-electrons in the molecule. In the presence of thiamethoxam, the absolute values 

of the intensities and the position of the bands in the Raman spectrum are same as in the control. 

The presence of peaks at 1160 cm
-1 

in the Raman spectra indicates the state of carotenoids 

characteristic of the 15-cis conformation and does not change during thiamethoxam treatment.  

 

Fig. 24. Raman spectra recorded in maize leaf of the zppl 225 (a, c, e) and zp 341 (b, d, f) 

during (TMX(d)) treatment with 0.2 mg/mL (c, d); (e, f) 0.02 mg/mL of (TMX(d)); 

measurements were made at day 10. n = 5 for each sample. 
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Fig. 25. Raman spectra recorded in maize leaf of the zppl 225 (a, c, e) and zp 341 (b, d, f) 

during (TMX(d)) treatment with 0.2 mg/mL (c, d); (e, f) 0.02 mg/mL of (TMX(d)); 

measurements were made at day 12. n = 5 for each sample. 
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Fig. 26. I1520/I1160 ratio of the Raman spectrum of zppl 225 and zp 341 during TMX(d) 

concentration of 0.2 mg/mL and 0.02 mg/mL. measurement performed at 3
rd

 leaf (day 10) and 5
th

 

leaf (day 12). n=5 for each sample. 

Comparison of TMX(d) at 0.2 mg/mL and 0.02 mg/mL concentrations treatment, 

concentration has significant impact on spray TMX(d) on the surface of 3
rd

 leaf (measurement on 

day 10) (Fig. 24). TMX(d) at 0.2mg/mL has been determined to cause significant and opposite 

changes in the molecular conformation of carotenoids. Results on day 12, TMX(d) show 

difference between zppl 225 and zp 341 (Fig. 25). For further analyse, I1520/I1160 ratio of the 

Raman spectrum has been calculated (Fig. 26). During 0.2 mg/mL TMX effects more on zp341 

then 0.02 mg/mL thiamethoxam, but, on the other hand, 0.02 mg/mL TMX shows more effect 

then 0.2 mg/mL TMX on zppl 225. 

Comparing with effect of TMX(c) and TMX(d), spray thiamethoxam on soil drives more 

influence than spray on the leaf when 3
rd

 leaf appearance. The experimental results showed that 

carotenoid molecules conformational changed dramatically when zppl 225 maize was exposed to 

low concentrations of thiamethoxam. It was found, the application of thiamethoxam caused 

conformational changes in carotenoid molecules in leaves. 
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4.3.2.1.2 M-pea-2 investigation of the effect of a pesticide on the state of pigments molecules 

in leaves. 

 

Fig. 27. OJIP transients recorded in maize leaves of zppl 225 (a, c) and zp 341 (b, d) under 

TMX(d) treatment. (a, b) 3rd leaf (day 10); (c, d) 5th leaf (day 12) of maize zppl 225 (a, c) and 

zp 341; n = 5 for each sample. 

Table 6. JIP-test parameters derived from analysis of OJIP induction curves for leaves of 

two maize genotypes during TMX treatment added on the planting seeding in the soil (day 4). 

Measurements performed on 10
th

 day. Values are calculated on the base n=5
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Table 7. JIP-test parameters derived from analysis of OJIP induction curves for leaves of 

two maize genotypes upon TMX treatment added on the planting seeding in the soil (day 4). 

Measurements performed on 12
th

 day. Values are calculated on the base n=5 

 

 

The JIP-test was employed in order to the thiamethoxam action on the important 

photosynthetic parameters derived from the OJIP transient (Table 6,Table 7). There are no 

statistically significant differences between control and maize after thiamethoxam treatment. 

The correlation between PIABS and plant viability reflects the current functioning of PSA 

under plants stress. It was found, TMX treated group on 10
th

 day measurement, zp 341 treated by 

0.2 mg/mL TMX and 0.02 mg/mL, PIABS decreased by 29% and 15%; zppl 225 treated by 0.2 

mg/mL and 0.02 mg/m TMX increased by 11% and 14% (Table 6). Compare with the control 

and TMX treated group on 12
th

 day measurement, zp 341 treated by 0.2 mg/mL TMX and 0.02 

mg/mL PIABS decreased by 11% and 42%; for zppl 225 difference is not significant (Table 7). 

The significant decrease of zp 341 due to the decrease of electron transport at acceptor side of 

PSII (ψE0). 

So, compare experiments TMX(c) and TMX(d), spray thiamethoxam fction on the soil, 

when seedling the seeds cause more influence than spray on leaves when 3
rd

 leaf appearance. It 

was found, thiamethoxam cause decrease of electron transport at acceptor side of PSII. hybrid 

line (zp 341) is more sensitive to thiamethoxam effect than inbred line (zppl 225). 
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Fig. 28. Modulated 820 nm reflection (MR) kinetics recorded in maize leaves of the zppl 

225 (a, c) and zp 341 (b, d) under TMX(d) which added on the 4
th

 (TMX (c)) by Kinetic curves 

are normalized to the initial value at 0.7ms (MR0). (a, b) 3
rd

 leaf (day 10); (c, d) 5
th

 leaf (day 12) 

of maize of zppl 225 (a, c) and zp 341; n = 5 for each sample. 

In MR kinetics measurements on 10
th

 day (Fig. 28. a,b), two concentrations of 

thiamethoxam cause zp 341 both decreased rate in fast phased and slow phase. Possible, it due to 

a decrease in the acceptor pool. It was found, in 12
th

 day measurements (Fig. 28. c,d), high 

concentration of thiamethoxam cause rate increase of zp 341 MR kinetics, but for zppl 225, 

different concentration didn’t cause much difference. 

Compare results with TMX(c) and TMX(d), treatment of thiamethoxam time cause 

different influence by the concentration. Hybrid line (zp 341) is more sensitive than inbred line 

(Zppl 225). 

0.1 1 10 100 1000
-0.006

-0.004

-0.002

0.000

0.002

0.1 1 10 100 1000
-0.006

-0.004

-0.002

0.000

0.002

0.1 1 10 100 1000

-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.1 1 10 100 1000
-0.008

-0.006

-0.004

-0.002

0.000

0.002

(a)
(b)

 zppl 225
 zppl 225 + TMX(d) 0.02
 zppl 225 + TMX(d)0.2

(c)

B

A

 zp 341 control
 zp 341 + TMX(d)0.02
 zp 341 + TMX(d)0.2(d)

M
R

/M
R

0
-1

Time, ms



 

73 

 

 

Fig. 29. Light-induced delayed Chl fluorescence (DF) kinetics recorded in maize leaves of 

the inbred line (zppl 225) (a, c) and hybrid (zp 341) (b, d) under TMX which added on the 4th 

day (TMX (d)) spray on the leaves. (a, b) 3rd leaf (day 10); (c, d) 5th leaf (day 12) of maize of 

the inbred line (Zppl 225) (a, c) and hybrid (zp 341); n = 5 for each sample. 

Fig. 29 shows that the DF induction curves of zp 341 and inbred zppl 225 which treated by 

thiamethoxam. It was found, I1 amplitude DF increased in zppl 225 which might due to the 

increase in the QA re-oxidation rate (disturbance of electron transport on the acceptor side of 

PSII) and/ or increase in the Z
+
 reduction from 4MnCa of oxygen-evolving complex (OEC). 

Using low concentration of thiamethoxam caused more effect on zppl 225. It was found, for zp 

341, measurement performed on 10
th

 day, I1 amplitude also decreased for both concentrations. 

But the measurement performed on 12
th

 day, both concentrations cause increased I1 DF 

amplitude. 

So, compare results with TMX(c) and TMX(d), zp 341 is more sensitive to the 

thiamethoxam treatment. Spray TMX on the soil when seeding the seeds cause more effect than 

spray on the leaves when 3
rd

 leaf appearance. 
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4.4 IR spectroscopy investigation of the chemical composition and 

molecular structure of the different hybrids of maize seeds. 

As we have already noted, one of the goals of our work was to identify molecular changes 

in various genotypes, which will make it possible in the future to formulate a technology for 

diagnosing and breeding plants in the field. For this type of research, the best method is not the 

Raman spectroscopy method, but the infrared spectroscopy method, which is what was done in 

this series of experiments. IR spectroscopy was used to investigate changes in the chemical 

composition and molecular structure of the seeds of the maize samples. The IR spectra of seeds 

of maize lines and hybrids revealed 22-24 bands in the range 4000 - 400 cm
-1

. The main changes 

in the amplitude of the IR spectra were found in the range 1200 - 900 cm
-1

 and for the band at 

3360 cm
-1

. 

Infrared spectra of maize seeds contain plant-specific 1651-1530 cm
-1 

bands (stretching 

vibrations of C = O in primary, secondary and tertiary amides, bending vibrations of NH and CN 

in secondary amides of protein molecules, peptides and free amino groups) acid, which also 

characterizes the OH groups of the cellulose crystallization water), 1050 cm
-1 

- aromatic C–H 

in-plane deformation vibrations. (Radenovic et al., 2016; 2021;2023) The high-amplitude and 

broadband infrared spectra found in all seed samples in the 3500-3000 cm
-1 

range may indicate 

the presence of stretching vibrations of free and bound OH groups, intramolecular and 

intermolecular hydrogen bonds. Dimers and polymers, as well as stretching vibrations, 

NH-bonds (primary amides 3540-3480 cm
-1

, 3420-3380 cm
-1 

, secondary amides 3460-3420 cm
-1 

) and free OH-groups (water, carbohydrate compounds, amino acids), NH-groups (amino acids 

and their derivatives, proteins). 

During the maize seeds study, IR spectra were obtained, which we divided the spectrum 

into three spectral regions:  

Region 1 (called 4000-2800 cm
-1

): mainly comes from the absorption of methyl, hydroxyl, 

amino and methylene. 
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Region 2 (1750-1200 cm
-1

): mainly the mixed absorption zone of protein, fatty acid and 

polysaccharide. 

Region 3 (1200-800 cm
-1

): Mainly due to the absorption of starch and polysaccharides. 

IR spectra of corn seeds contain plant-specific bands 

1. 1651 - 1530 cm
-1

 (stretching vibrations of C = O in primary, secondary and tertiary 

amides, bending vibrations of N-H and C-N in secondary amides of protein molecules, peptides 

and free amino acids, also characterize the OH groups of crystalline water of cellulose), 

2. 1050 cm
-1

 - aromatic C-H in-plane deformation vibrations. 

3. high-amplitude and wide band of the IR spectrum in the range of 3500-3000 cm
-1

 may 

indicate the presence of stretching vibrations of the free and bound OH-group, intra- and 

intermolecular H-bonds in dimers and polymers, as well as stretching vibrations, NH-bonds 

(primary amides 3540-3480 cm
-1

, 3420-3380 cm
-1

, secondary amides 3460-3420 cm
-1

) and free 

OH-groups (water, carbohydrates, amino acids), NH-groups (amino acids and their derivatives, 

proteins). 

4. IR spectra of seeds are 2919 and 2855 cm
-1

, which probably indicates the contribution of 

deformation vibrations of C-H bonds; the amplitude of the 995 cm
-1

 band of the IR spectrum was 

lower, which indicates a change in the contribution of C - H - bending vibrations of alkenes. 
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Fig. 30. Infrared spectrum of four maize hybrids. (a) zp 684; (b) zp 677; (c) zp 633, (d) zp 735. 

 

Table 8. Three characteristic peaks of 4 maize hybrids 

 wavenumber, cm
-1

 T% 

ZP 684 1017 88.52 

1648 93.82 

1744 94.7 

ZP 677 1016 86.56 

1648 95.38 

1744 97.15 

ZP 633 1016 82.36 

1648 92.53 

1745 95.1 

ZP 735 1017 81.6 

1648 92.99 

1744 93.41 
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It is known, the peak at 2925 cm
-1

 and peak at 1744 cm
-1

 are the lipid, the peak 1744 cm
-1

 

represents the lipid hydroxyl vibration. The peak at 1648 cm
-1

 is the amide I protein. The 1017 

cm
-1

 peak can be considered as a representative of carbohydrates. ZP 735 has the highest 

carbohydrate and lipid content. ZP 684 and ZP 735 are rich in protein ( 

Table 8).  

The IR and relative intensities of the main absorption peaks of the four maize types are 

shown in Fig. 30, respectively. The spectral shapes of the four samples were basically the same, 

but there were some differences in the positions and relative intensities of the absorption peaks, 

which indicated that there was no change in the main components, but only a slight difference in 

the content of each component.  

First experiment’s results represented the total IR spectra of seed of various corn hybrids. In 

the following, the contribution of various components in various hybrids seeds will be analysis. 

 

Fig. 31. Infrared spectra of four maize hybrids pericarp. (a) zp 684; (b) zp 677; (c) zp 633, 

(d) zp 735. 
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Table 9. Three characteristic peaks of the pericarp of 4 maize hybrids 

 wavenumber, cm
-1

 T% 

ZP 684 1037 94.41 

1666 97.48 

1740 98.67 

ZP 677 1033 88.8 

1632 96.04 

1728 96.16 

ZP 633 1037 88.97 

1644 96.11 

1734 96.41 

ZP 735 1033 84.36 

1648 93.94 

1736 94.58 

 

In Fig. 31 it is noted that the intensity of the 1037 cm
-1

 peak is the biggest which means that 

the main component of the pericarp is starch and polysaccharides. Compared to the pericarp of 

the four hybrids, ZP 735 contains the richest carbohydrates, proteins and lipids. The differences 

in protein and lipid are not so significant (Table 9). The positions of the peaks are also displaced, 

especially the 1017 cm
-1

 peak, which can be taken into account when changing starch 

components. 
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Fig. 32. Infrared spectra of four maize hybrids endosperms. (a) zp 684; (b) zp 677; (c) zp 

633, (d) zp 735. 
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Table 10. Three characteristic peaks of four maize hybrids endosperms 

 wavenumber,cm
-1

 T% 

ZP 684 1014 85.5 

1640 94.55 

1735 99.7 

ZP 677 1012 87.78 

1649 95.88 

1748 99.3 

ZP 633 1009 93.47 

1646 98.03 

1894 99.8 

ZP 735 1016 89.91 

1640 97.17 

1868 99.8 

 

Infrared spectra of four maize hybrids endosperm are show in Fig. 32. It was found, that the peak 

1014 cm
-1

 has the highest intensity and the 1735 cm
-1

 peak is very weak. It was found, the 

various hybrids, (Table 10), ZP 684 is rich in carbohydrates and proteins, but the differences in 

proteins between ZP 684 and ZP 677 are negligible. 
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Fig. 33. Infrared spectra of four maize hybrids germs. (a) zp 684; (b) zp 677; (c) zp 633, (d) 

zp 735. 
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In conclusion, it was found, ZP 735 is rich in starch and polysaccharides, but mainly in the 

pericarp. Of the ZP 684 has the highest protein and lipid intensity, indicating that ZP 684 is the 

highest oil and quality corn. 

 

Table 11. Three characteristic peaks of 4 maize hybrids germs. 

 wavenumber, cm
-1

 T% 

ZP 684 1054 79.99 

1655 74.89 

1746 68.49 

ZP 677 1047 84.77 

1651 86.72 

1743 78.39 

ZP 633 1045 85.57 

1649 89.44 

1747 77.15 

ZP 735 1052 76.63 

1655 80.34 

1748 74.05 

 

In Fig. 33, it is presented that the peak of protein and lipids is very strong, among the four 

hybrids ZP 684 has the highest intensity (Table 11). 

 

In the range of wave numbers from 400 to 4000 cm
-1 

in Surface internal reflection (SIR) 

spectra of whole grain, endosperm, germs and pericarp of maize revealed bands obtained by 

IR spectroscopy. By detecting the SIR bands with characteristic band of intensity, it is 

possible to monitor changes in the content of a number of organic compounds (proteins, lipids, 

sugars, esters, amides, ketones, aldehydes, carboxylic acids, esters, phenols, alcohols, aromatic 

hydrocarbons, acyclic compounds, alkenes, alkanes and alkenes) in the seed. By this method, 

it is possible compare the difference in chemical distribution of different hybrids. It will also 
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increase the profitability of cultivation and the efficiency of breeding not only of maize, but 

also other agricultural plants.  

4.5 Using SERS for studying pigments in plant leaves and seeds. 

In our study of plant leaves, we monitored Raman signals from carotenoid molecules. 

However, the sensitivity can be significantly increased by using silver nanostructures (SERS). In 

order to investigate the (intensity) dependence of the Raman spectra with silver nanoparticles of 

different carotene concentration. The vibrational Raman spectrum assignments were outlined in 

(Kochikov et al., 1985). Raman peaks at 1522, 1106, and 1004 cm
−1 

show in Fig. 34 represent 

the characteristic peak of carotene molecules. (Deng & Juang, 2014; Huang et al., 2010) Peak  

at 1522 cm
−1 

assigned to collective C=C stretching mode whose frequency is a function of the 

effective conjugation length along the backbone of the β-carotene molecule (Legesse et al., 

2018). Since the wavelength of the 514 nm laser is very close to the absorption maximum in the 

UV-vis electron spectrum of carotene, even though they are minor components in blood, the 

resonance effect selectively enhances the Raman signal of β-carotene (He et al., 2018b). 

 

Fig. 34. Raman spectra obtained from β-carotene sample with different concentration. 1 – 

20 mg/mL β-carotene (37.2 mM); 2 – 4 mg/mL β-carotene (7.4 mM); 3- 2 mg/mL β-carotene 

(3.72 mM); 4 – 0.4 mg/mL β-carotene (740 mM); 5 – 0.3 mg/mL β-carotene (372 μM); 6 – 

0.04 mg/mL (74 μM); 7 – 0.02 mg/mL β-carotene (37.2 μM). 



 

84 

 

It was found, that the intensity of Raman spectrum increased with the increase of carotene 

concentration (0.02-20mg/mL or 37μM-37mM range), and the region with the largest change 

was (0.25-5mg/mL (466 μM — 931 μM)) (Fig. 35). Therefore, Raman spectroscopy has a 

sensitivity of 0.02 mg/mL (37 μM) for recording carotene concentrations in solution. 

 

Fig. 35. Calibration graph of different concentration of β – carotene: a – direct 

relationship; b – decimal logarithm 

The next set of experiments focused on the ability to enhance the Raman signal of carotene 

with nanostructure substrates. It was found that the use of the substrate enhanced the Raman 

signal when the sample was diluted 10
5
-10

6
 times Fig. 36 and the substance concentration was 

10
-9

 M (Table 12). As a result, the use of nanostructured silver substrates can enhance the Raman 

scattering of individual carotenoid molecules, which is of importance for biomedical research 

and diagnostics. 
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Fig. 36. Raman spectra obtained of diluted to10
6
 and 10

5
 times sample. 1- sample on a 

sliver substrate; 2 – sample diluted to 100 times on a sliver; 3 – sample without using substrate 

(coating). 

Depending on the morphology of the nanostructured substrate, the character of the 

interactions and hence the optimum conditions for enhanced Raman scattering are altered. For 

this reason, the Raman signal dependence (ratio of characteristic bonds of Raman spectra: 

I1522/I1160) was investigated to assess the contribution of the stretching vibrations of the double 

bonds of polyene chains to the Raman spectra. Raman spectra of carotenoid concentrations in 

solution (I1160/I1004, I1522/I1004) and normalization of the signalling substrates according to the 

"intramolecular reference"(Fig. 37). 
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Table 12. Gain factor from Raman spectra (SERS) obtained of diluted to10
6
 and 10

5
 times 

sample. 

Peak position, cm
-1

 1004 1160 1522 

β - carotene diluted to a concentration of 100,000 fold, with a final concentration of 0.0002 mg/mL 

EF 7702 6444 10617 

6935 4678 8655 

12849 12819 14527 

9954 9550 13454 

11869 10912 15822 

15103 11496 15877 

10735 9316 13159 

β - carotene diluted to a concentration of 1,000,000 fold,final concentration of 0.00002 mg/mL 

EF - 38716 47056 

- 46879 47801 

- 1160 59324 

- 44380 - 

- 21624 71116 

- 33210 - 

- 39430 - 

- 53297 85642 

- 54041 71878 

- 30006 54382 

- 30437 62457 

- 38202  

EF = (ISERS/Icr) ×(Ccr/CSERS) 
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Fig. 37. Peak ratios of β – carotene. a) sample in aqueous solution (1- 20 mg/mL; 2 -2 

mg/mL; 3 – 0.2 mg/mL; 4 – 0.02 mg/mL); b) dried sample on silver substrate (1- 0.002 mg/mL; 

2 – 0.0002 mg/mL; 3 – 0.00002 mg/mL); c) aqueous solution on a silver substrate (1 – 0.0002 

mg/mL; 2 – 0.00002 mg/mL; d) peak ratio of dried sample on silver substrate 1 - I1522/I1160; 2 – 

I1522/I1004; 3 – I1160/I1004; e) peak ratio of aqueous solution on a silver substrate 1 - I1522/I1160; 2 – 

I1522/I1004; 3 – I1160/I1004 

In order to obtain clearer and more detailed SERS spectra of β-carotene, a series of 

experiments were performed. Carotene from plasma was diluted 10 to 100 times and 
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immobilized on nanostructured substrates to detect the Raman signal (Fig. 38). It was found that 

the main parameters of blood plasma carotene Raman spectrum (band intensity, band position, 

main band ratio) could be identified and recorded by diluting plasma 100 times. Thus, with the 

help of Raman it is possible to observe changes in the concentration and conformation of 

carotenoid molecules. Immobilization of carotenoid molecules on nanostructured matrices 

significantly increases the sensitivity (amplification factor up to 10
4
), which is important for 

clinical diagnosis. This study shows that Raman spectroscopy with an excitation wavelength of 

534 nm can be used as a specific probe for beta-carotene in blood. Analysis of Raman and SERS 

spectra recorded at 534 nm showed that one of the carotenoids can be detected selectively 

depending on the preparation of the blood sample using the same excitation line and Raman 

equipment. 

 

Fig. 38. Raman spectra obtained from blood plasma when diluted: a) 10 times (in solution); 

b) 100 times (dried) (1 –blood plasma β – carotene sample; 2 – diluted blood plasma β – carotene 

sample; 3 - diluted blood plasma β – carotene sample on silver substrate) 

 

Using SERS (i.e., mixing colloidal silver with a blood sample), edge labelling occurs, while 

at normal Raman conditions, resonance enhancement allows direct observation of the β

-carotene signature. This highlights the versatility of Raman technology and its promise for 

biology and agricultural selection (Fig. 39).  
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Fig. 39. Raman spectra of carotenoids obtained from different objects: 1 - apple (λ = 473 nm); 

2 - undiluted plasma dried on a glass slide; 3 - plasma; 4 - plasma diluted with Alena’s buffer 2 

times; 5 - plasma diluted with Alena’s buffer 10 times; 6 - 100 times; 7 - 1000 times (λ = 532 nm). 

 

In summary, Raman spectroscopy is an advanced method used to study cell physiology, 

which could help bridge the gaps in our comprehension of these mechanisms. The advantages 

and other basic details of the method applied to plants (most importantly microalgae) and other 

species/objects can be seen in the current technology used in the article. Using the substrate, it 

was found that the Raman signal was enhanced when the sample was diluted 10
5
 to 10

6
 times 

and the concentration of substance was 10
-9

 mol/L. Using SERS conditions, coiled-coil labelling 

occurs, whereas under normal conditions, resonance enhancement allows for direct observation 

of the carotene signature. This underscores the versatility of Raman technology and the promise 

it holds for biology and clinical chemistry. 

The results of this study show that Raman spectra with an excitation wavelength of 534 nm 

can be used as a specific probe for carotenoids not only in leaves, bat in the blood and are 

implicated in human functioning after using foods with modified carotenoids after treated 

pesticides plants. Analysis of Raman and SERS spectra recorded at λ = 534 nm revealed that 

carotenoids can be detected selectively depending on the preparation of blood samples using the 

same excitation line and Raman equipment. 
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4.6 Study of changes in the photosynthetic apparatus and morphology of 

chloroplasts under the action of a pesticide clothianidin 

4.6.1 Effect of clothianidin on pigment complexes in chloroplasts using 

Raman spectroscopy 

It is known that when spraying the leaves of higher plants with a pesticide, within 20 

minutes the TMX molecule is metabolized to CL (Nauen et al., 2003). In this regard, to study the 

effect of the in vitro rearrangement of the photosynthetic apparatus CL was used. We used the 

laser excitation wavelengths were 488 nm and 532 nm to obtain Raman spectra of clothianidin 

(CL), respectively. (Fig. 40 and Fig. 41). (These results were jointly obtained with He Yanlin). 

Raman spectrum obtained with 532 nm laser excitation have more detail of the structure (Fig. 41) 

compare to Raman spectrum obtained by 488nm laser (Fig. 40). The intensity of Raman spectrum 

of CL is very low compare with the intensity of carotenoids. Therefore, the effect of CL itself on 

the spectrum is not considered. 

 

Fig. 40 Raman Spectrum obtained from clothianidin, detected in RS region between 200 and 

1800 cm
-1

 (with excitation wavelength of 488nm) 
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Fig. 41. Raman Spectrum obtained from clothianidin, detected in RS region between 200 

and 1800 cm-1 (with excitation wavelength of 532nm) 

 

Raman spectra of β-carotene samples (soybean oil, gelatin, glycerin, corn oil) were obtained, 

n = 3. Raman spectra of beta-carotene show mainly three peaks with Raman shift around: 1006, 

1157, and 1525 cm
-1 

(Fig. 42 and Fig. 43). The Raman spectrum of β-carotene shows three main 

Raman shift peaks: 1006, 1157 and 1525 cm
-1

 (Fig. 42, Fig. 43). This Raman spectral structure is 

characteristic of carotenoid molecules. the peak at 1006 cm
-1 

corresponds to the methyl (-C-CH3) 

vibration; the peak at 1157 cm
-1

 corresponds to the single-carbon bond vibration; and the peak at 

1525 cm
-1

 corresponds to the double-carbon bond vibration. By analysing these characteristic 

peaks, the structural changes of pigment complexes including β-carotene in chloroplasts can be 

studied.  
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Fig. 42. Raman Spectrum obtained from beta-carotene at 488nm after 20 minutes 
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Fig. 43. Raman Spectrum obtained from beta-carotene at 488nm mixed with 

clothianidin(C1:0.002 mg/mL) after 20 minutes 

 

In order to visually display the changes of the characteristic peaks, the characteristic peaks of 

each group (control, C1: 0.002 mg/mL, C2: 0.01 mg/mL, C3: 0.02 mg/mL, C4: 0.1 mg/mL, C5: 

0.2 mg/mL) at different storage times (t1: 20 minutes, t2: 1 hour, t3: 24 hours) as follows: 
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Fig. 44. Dependence of the characteristic peaks of the Raman spectrum of beta-carotene on 

the concentrations of clothianidin (spectra obtained with excitation at 488 nm for 20 minutes). 
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Fig. 45. Dependence of the characteristic peaks of the Raman spectrum of beta-carotene on 

the concentrations of clothianidin (spectra obtained with excitation at 488 nm for 1 hour). 
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Fig. 46. Dependence of the characteristic peaks of the Raman spectrum of beta-carotene on 

the concentrations of clothianidin (spectra obtained with excitation at 488 nm for 24 hour). 

 

Raman spectra of six sets of β-carotene samples were obtained at different placement times 

(t1:20 min, t2:1 h, t3:24 h). Resalts of Fig. 44, Fig. 45, and Fig. 46 shows that, when react for a 

short period of time, there is a relatively significant decrease in peak 1525 cm
-1

 as the 

concentration of chlorthalidone increases. After 24 h of reaction, the RS intensities of all three 

characteristic peaks were significantly decreased and differed, and the relative effects of sample 

concentration on peak 1157 cm
-1

 and peak 1525 cm
-1

 signals were greatly reduced. Some of the 

more pronounced deviations might due to the high viscosity effect of the β-carotene supplement 

mixed with thiamethoxam, as shown in Fig. 46. 
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Fig. 47. Dependence of the peak ratio of the Raman spectrum of beta-carotene on the 

concentration of clothianidin (the spectra were recorded under the action of a 488 nm laser for 20 

minutes). 
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Fig. 48. Dependence of the peak ratio of the Raman spectrum of beta-carotene on the 

concentration of clothianidin (the spectra were recorded under the action of a 488 nm laser for 1 

hour). 
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Fig. 49. Dependence of the peak ratio of the Raman spectrum of beta-carotene on the 

concentration of clothianidin (the spectra were recorded under the action of a 488 nm laser for 24 

hour) 

Using the results from graphs (Fig. 47,Fig. 48) can be calculated by the ratio between the 

three characteristic peaks of β-carotene. Graphical analysis showed that the addition of 

thiamethoxam had a significant effect on both ratios (I1525/I1006, I1157/I1006) after 20 minutes of 

reaction compared to the control (Fig. 47). This indicates that the reduction of peak at 1006 cm
-1

 

is less pronounced than that of the other two peaks during this reaction time. After one hour of 

reaction (Fig. 48), There was a decrease in the overall rate in the higher concentration group, 

with a particularly pronounced decrease in I1525/ I1006. In contrast, the differences in the 

characteristic peak ratios between the low-concentration and control groups were relatively 

small. After one day (24h), β-carotene samples had the largest difference in I1525/I1006 ratios and 

the smallest difference in I1157/I1006 ratios across the concentration gradient. (Fig. 49). 
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Fig. 50. Dependence of the change in the characteristic ratio of the peaks of the Raman 

spectrum of chloroplast on the concentration of clothianidin (the spectra were recorded using a 

laser with 488 nm, for 20 minutes). 
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Fig. 51. Dependence of the change in the characteristic ratio of the peaks of the Raman 

spectrum of chloroplast on the concentration of clothianidin (the spectra were recorded using a 

laser with 488 nm, for 1 hour). 
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Fig. 52. Dependence of the change in the characteristic ratio of the peaks of the Raman 

spectrum of chloroplast on the concentration of clothianidin (the spectra were recorded using a 

laser with 488 nm, for 24 hour). 

 

In the next series of experiments, Raman spectra of chloroplast samples were studied under 

the same detection parameters. The ratio of the characteristic peaks of the Raman spectra of the 

chloroplast samples was calculated (Fig. 50 - Fig. 52). 

In contrast, CL treatments of chloroplasts were not affected by the different time periods of 

reaction. Based on the comparison of the dependence of the peak ratios on the introduction of 

CL, the chloroplast samples similarly reflect more pronounced differences in the other two ratios 

(I1525/I1006, I1157/I1006). On this basis, the other two ratios (I1525/I1006, I1157/I1006) were analysed. The 

effect of CL on carbon single and carbon double bonds in chloroplasts was more pronounced 

than that on -C-CH3 in methyl groups, which is consistent with previous β-carotene results. It 

was found, after 1 hour of reaction, the proportion of characteristic peaks obtained in the high 
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concentration chloroplast mixture group was more significantly different from that of the 

β-carotene group. This indicates that the effect of CL on the hydrocarbon bond reduction process 

increases significantly during time. After 24 hours of reaction, all concentrations of mixed 

chloroplast samples showed relatively large differences compared to the control without 

thiamethoxam application. The same result was observed in the results for the β-carotene 

samples, but the effect was more pronounced for the chloroplast samples as well. This suggests 

that conformations in chloroplasts were more significantly affected by the significant effects of 

CL. The pesticide dose had less effect on chloroplasts compared to β-carotene dietary 

supplements. In addition, possible in chloroplasts, the sensitivity of active pigment complexes 

other than β-carotene to clothianidin also increases significantly with exposure time. 

4.6.2 The effect of CL on the speed of electronic transport.  

PSII activity was monitored in control and clothianidin-treated chloroplasts by measuring 

the O2 release rate in the presence of the electron acceptor DCBQ2 (Table 13). (These results 

were jointly obtained with A. Volgushuva and He Yanlin) In the control sample, the O2 release 

rate was 224 μmol/mL clothianidin O2 h
–1

, and there was little change in the activity of PSII in 

the presence of 22 µg/L clothianidin. Increasing the clothianidin concentration to 110 µg/L 

resulted in a 24% decrease in the O2 release rate. The efficiency of the entire electron transport 

chain of photosynthesis is measured by the O2 uptake rate in the presence of methylviologen 

(MV), which efficiently transfers electrons from PSI to molecular O2. When 22 and 110 µg/L CL 

were used, the O2 absorption decreased by 15% and 28%, respectively, compared with the 

control. PSI activity (defined as the O2 uptake rate from DCPIPH2 (donating electrons to 

plastocyanin) to MVs) was approximated in control and clothianidin treated chloroplasts. 
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Table 13. Changes in the rate of O2 release and absorption in chloroplasts in the presence of 

CL 

 processing О2 evolution 

 (DCBQ)  

O2 consumption 

(H2O → MV) 

O2 consumption 

(DCPIPH2 → MV) 

control 224 ± 17 206 ± 19 668 ± 27 

22 µg/L CL  217 ± 21  175 ± 23  669 ± 20 

110 µg/L
 
CL 170 ± 20*  149 ± 19*  655 ± 15  

The rate of release and absorption of O2 are represented in μmol O2 (mg Chl)
–1

h
–1

. *Statistically 

significant result, p < 0.05.
 
 

In was found, that low concentrations of pesticides did not alter the activity of PSII but 

disrupted the ETC between QA, quinone pool and cytochrome b6f complex. As the concentration 

of clothianidin increased, electron transport between photosystems was significantly reduced and 

PSII function was impaired. 

To examine the effect of clothianidin on the function of the local, donor side of PSII, we 

used functionally active PSII particles (BBY type), i.e., formulations capable of light-induced O2 

formation, and PSII particles without oxygen-releasing complexes (OLCs). From the results in 

Table 14, it can be seen that the addition of 110 µg/L clothianidin resulted in a 20% reduction in 

the O2 release rate, which is consistent with the data obtained from chloroplasts (Table 14). The 

light-dependent reduction rate of the electron acceptor DCPIPH2 was similarly reduced in active 

membrane preparations (PSII) and PBMC-free preparations (PSII -Mn, H2O2) when treated with 

clothianidin. The obtained results most likely indicate that pesticides do not directly affect the 

function of PSII PBMCs. The molecular mechanisms of pesticide interactions are known to be 

involved in various sites of the photosynthetic ETC, reducing the activity of PSII and impairing 

electron transport. However, these perturbations are often associated with PBMC damage, 

decreased maximal efficiency of energy conversion to PSII (Fv/Fm), and changes in D1 protein 

stability (Sharma et al., 2019). 
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Table 14. Investigation of the effect of 110 µg/L CL on the rate of O2 release and the rate of 

DCPIP reduction in PSII+Mn and PSII-Mn membranes 

Treatment 

О2 evolution, % 

 (DCBQ) 

DPC to DCPIP reduction 

rate, % 

PSII+Mn 

(PSII+Mn) + 110µg/L CL 

PSII-Mn 

(PSII-Mn) +110µg/L CL 

100±4.9 

    80±5.2* 

− 

− 

100±3.4 

    76±4.7* 

   100±7.6 

   78±5.3* 

The rate of O2 release in PSII+Mn membranes was 450±22 µmol O2 (mg Chl)
-1

 h
–1

. The 

rate of DCPIP recovery in PSII+Mn and PSII-Mn membranes was 145 ± 5 and 105 ± 8 µmol 

DCPIP (mg Chl)
-1

 h
–1

 respectively. * p < 0.05. 

4.6.3 Kinetics of light induction of fluorescence under the action of CL 

To analyse in detail the effect of clothianidin on the function of the photosynthetic electron 

transport chain in chloroplasts, the kinetics of light-induced fluorescence (OJIP) in chloroplasts 

were tested in the presence of 22 and 110 µg/L clothianidin was studied (Fig. 53). In the control, 

the OJIP curve of the chloroplast (Fig. 53 control) clearly shows 3 stages (OJ, JI, IP). The OJ 

stage is due to the light-induced reduction of QA, while the JIP stage mainly reduces its 

reoxidation by reducing QB and quinone pools, thereby further accumulating reduced QA
-
. 

profound O and P levels in the kinetic curves correspond to the values of Fo and Fm (Stirbet & 

Govindjee, 2012c). Dark incubation with clothianidin in the presence of 22 µg/L CL for 10 mins 

did not result in changes in Fo and Fm levels but significantly increased the amplitude of the OJ 

phase due to the appearance of PSII centres. Possibly, in this condition transfer electrons to the 

plastoquinone pool and further to the photosynthetic ETC decreased (García et al., 2014). It was 

found that treatment of chloroplasts with 110 µg/L clothianidin did not actually alter Fo and Fm, 

and resulted in a larger increase in OJ phase amplitude. 
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Fig. 53. Dependences of fluorescence induction of pea chloroplasts in the presence of CL 

(22 and 110 µg/L). 

The results of the JIP test (Table 15) used to quantify changes in the OJIP curve (Strasser et 

al., 2004b) indicate that the OJ phase magnitude (parameter VJ) increased by 39% and 67% 

when treated with 22 and by 110 µg/L clothianidin. The parameter M0, which characterizes the 

reduction rate of QA, increased more than 5 times at both clothianidin concentrations. The 

electron transport efficiency (parameter PET), i.e. the reoxidation capacity of the secondary 

quinone QB and the quinone pool to QA
-
, decreased by 37% and 53% in this experiment when 

treated with 22 and 110 µg/L clothianidin, respectively. Meanwhile, the maximum energy 

conversion efficiency (Fv/Fm, Fig. 53 inset) of PSII and the ratio of photochemically active to 

inactive PSII centres (Fv/Fo) were almost unchanged in all samples. The action of clothianidin 

on chloroplasts likely leads to the accumulation of QB-non-reducing PSII centres characterized 

by high Fv/Fm values and incapable of electron transfer between QA and the quinone pool 

(Henrysson & Sundby, 1990a). 
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Table 15. The parameters of the JIP test are calculated using the OJIP curves ( Fig. 53). 

Paramete

r 
control  22

 
µg/L CL 110

 
µg/L CL 

VJ 0.246±0.02  0.342±0.03* 0.410±0.01* 

M0 0.062±0.03 0.343±0.02* 0.358±0.08* 

Pet 3.06±0.15 1.93±0.23* 1.44±0.06* 

Fv/Fo 

FV/FM 

1.48±0.13 

0.69±0.02 

1.50±0.18 

0.67±0.03 

1.40±0.04 

0.65±0.04 

* Statistically significant result, p <0.05 

4.6.4 Kinetics of dark attenuation of fluorescence under the action of CL  

To investigate the oxidation process of reduced QA, the kinetic curves of the dark relaxation 

of chlorophyll fluorescence were measured (Fig. 54). Kinetic curves are known to contain three 

exponential components. The fast component reflects the electron transfer reaction between QA
-
 

and QB
-
. This medium is characterized by the reoxidation of QA

-
 in PSII centres that do not 

contain QB upon illumination, where QB must first bind to the QB
- 
binding site of PSII. The slow 

component results from recombination between the S2 state (S2 state) of the QA
-
 and 

oxygen-releasing PSII complex (Vass et al., 1999). 

The kinetics of pigment fluorescence decay in chloroplasts was dominated by a fast electron 

transfer process from QA
-
 to QB with a characteristic time of 0.647 ms (τ1), which indicated 

efficient electron transport from the acceptor side of PSII (Table 16, control). In 23% of centres 

(A2), QB must bind to the binding site of PSII for the QA
-
reoxidation reaction, which takes place 

within 19.5 ms (τ2). 13% of the PSII centres (A3) were unable to undergo direct electron transfer, 

and the oxidation of QA
-
 occurred via recombination with the PSII donor side in approximately 

1709 ms (τ3). 
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Fig. 54. Investigation of the effect of CL (22 µg/L and 110 µg/L) on the kinetics of variable 

fluorescence attenuation in pea chloroplasts. 

Table 16. Changes in the time constant and amplitude of the kinetics of attenuation of 

variable fluorescence in the control and chloroplasts treated with 22 or 110 µg/L CL 

Parameters 

Fast component Middle component Slow component 

A1 

(%) 

τ ½, 1 

(ms) 

A2 

(%) 

τ ½, 2 

(ms) 

A3 

(%) 

τ ½, 3 

(ms) 

control  64±2 0.647±0.05 23±2 19.5±4.5 13±1 1709±586 

22µg/L CL 

 

62±3 0.785±0.06 23±2 22.6±5.1 14±1 973±284 

110µg/L CL 

 

52±2 0.978±0.09 29±2 31.9±7.0 18±2 1051±303 

 

It was found, incubation of chloroplasts in the presence of 22 and 110 µg/L clothianidin 

decreased chlorophyll fluorescence decay kinetics (Fig. 54), while 22 µg/L clothianidin 

concentration caused chlorophyll fluorescence decay. The magnitudes of all three components 
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(Table 16, A1, A2, A3) were unchanged compared to controls. It was found, at the action of 

clothianidin, the lifetime constants of the fast component (τ ½, 1) and the middle component (τ ½, 

2) increased by 21% and 16%, respectively, while the slow component (τ ½, 3) On the contrary, it 

decreased. 43%, indicating an increased recombination pathway with the PSII donor side. It was 

shown that increasing the pesticide concentration to 110 µg/L reduced the proportion of PSII 

centres capable of directly transferring electrons from QA to QB by 20% (A1), while the lifetime 

constant of the fast component was than reduction of 51% (τ ½, 1). Under these conditions, there 

was a 26% increase in the number of QB
-
 free PSII centres in the binding site (A2), and a 64% 

increase in the lifetime of the intermediate component, likely reflecting a decrease in the binding 

rate of plastoquinone to the site QB. PSII. The number of centres capable of recombination 

reactions with the PSII donor side was increased by 39% and the time of this reaction was 

accelerated by 38% compared to the control.  

It is known, the DCBQ that directly accepts electrons from the QA (Graan & Ort, 1986; 

Satoh et al., 1995) reduced the amplitude of the fast component by 31% and nearly doubled its 

lifetime compared to untreated DCBQ samples (Table 16). It was found, the magnitude of the 

intermediate component did not change, while the time constant increased by 26%. Note that the 

largest changes occur in the QA
-
 recombination reaction and S2 states of DCBQ: the number of 

centres capable of this reaction more than doubles, while the time constant value drops by 54%. 

In CL-treated samples, DCBQ resulted in 26% and 23% decrease in A1 for 22
 
and 110 µg/L 

clothianidin, respectively, compared to non-DCBQ-treated samples (Table 16, Fig. 54). 

However, the lifetime (τ½, 1) was only reduced by 64% and 52% for 22 µg/L CL and 110 µg/L 

clothianidin. In the presence of the acceptor, the amplitude (A2) and lifetime ((τ½, 2) of the media 

composition do not change for both clothianidin concentrations. The magnitude of the slow 

component (A2) increased by 200% and 72% for 22 and 110 µg/L clothianidin, respectively. 

Note that the value of the reaction lifetime constant does not actually change in either case. 
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4.6.5 Study of changes delayed chlorophyll fluorescence in chloroplasts under 

the action of clothianidin.  

It is well known that the kinetics of fast fluorescence (OJIP and QA
- 
reoxidation) mainly 

reflect the functional state of PSII, while the kinetics of delayed fluorescence (DF) depend on the 

activity of PSII centres and the thylakoid membrane energy process (fast phase), and can also 

characterize the ability to form a proton gradient ΔpH across the membrane (slow phase) (Evans 

& Crofts, 1973; Goltsev et al., 2009c).  

 

 

Fig. 55. Effect of 22 and 110 µg/L CL on light-induced delayed Chl fluorescence (DF) 

kinetics in control and treated chloroplast with (A) or without (B) 0.125 мМ DCBQ. 

 

Fig. 55 shows typical DF curves obtained from control and clothianidin treated chloroplasts. 

In all samples, two maxima, I1 and I2, occur at 3.6 ms and 13.6 ms after the onset of illumination, 

respectively. There was no difference in fast-phase amplitude between control chloroplasts and 

chloroplasts treated with 22 µg/L clothianidin (Fig. 55 A), However, treatment of chloroplasts 

with 110 µg/L clothianidin resulted in a 30% decrease in the amplitude of this phase compared 

with the control. 

In order to determine the surface structure effect by CL of chloroplast, AFM were 

performed. Fig. 56 shows that clothianidin treated chloroplast surface structure was damaged. 

The higher the clothianidin concentration, the higher the degree of chloroplast damage. The 
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damage of surface structure might cause the functional change of PSII. (These results were 

jointly obtained with E. Parshina and He Yanlin). 

Changes in the morphology of chloroplasts in the presence of CL are accompanied by 

changes in the viscosity of membranes. Using EPR spectroscopy, it was found that the value of 

spin-labeled 16-DS in the chloroplast membrane decreases by 12%, which indicates a decrease 

in the viscosity of the membrane (arrangement of the "tails" of fatty acids of phospholipids) 

(Table 17). 

Table 17. Investigation of the effect of CL on the parameters of the EPR spectra of spin 

marks 16-DS(τ) and the content of MDA 

Treatment τ × 10
9
 (с) MDA (pmol g

-1
DW) 

Control 1.78±0.03  1.3±0.02   

110 µg/L CL 1.57±0.01* 1.9±0.06*   

*Statistically significant result, p < 0.05. 
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Fig. 56. AFM images of chloroplast control (a, b) and chloroplast treated with 110 µg/L CL 

(c, d) 

 

According to literature data, the onset of the slow DF phase usually occurs after 1 s after the 

start of the measurement, but this phase was not induced under our conditions. It is well known 

that the shape of DF dynamics depends on the excitation light intensity; at high intensities (over 

4000 μU m
-2

 s
-1

), processes leading to slow phase development are rapidly saturated, leading to a 

rapid decrease in DF intensity to lower levels (Goltsev et al., 2009c). In our experiments, the DF 

curves were initiated by light with an intensity of 5000 μE m
-2 

s
-1

. It was found that the fast phase 

of DF did not occur in the presence of DCBQ (Fig. 57 B), but a slow ΔpH-dependent component 

of DF was detected in control and poison-treated samples. Note that the amplitude of the DF 

slow phase was practically unchanged when 22 µg/L clothianidin was added (within 10%) 

compared to the control, whereas when 110 µg/L clothianidin was added, the WP slow phase 

The phase amplitude was reduced by 26%. 
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4.7 Study of the effect of a pesticide on the state of pigments in algae. 

Neonicotinoids (NCs) are frequently used insecticides to protect crops from pests. 

Widespread use leads to its release into soil and water, where it is absorbed by various 

organisms, leading to adverse effects on the environment and human health (W. Han et al., 2018). 

Phytoplankton, also called microalgae, are of vital importance to aquatic ecosystems, as they 

form the basis of the food chain. Microalgae are known to be sensitive indicators of 

environmental conditions due to their susceptibility to various anthropogenic pollutants (Gosset 

et al., 2019). NCs have a negative effect on the growth, chlorophyll biosynthesis, photosynthetic 

electron transport and carbohydrate content of planktonic algae(Jena et al., 2012; B. R. 

Mohapatra & Bapuji, 1997; P. K. Mohapatra & Mohanty, 1992; Mostafa & Helling, 2002). NCs 

alter cell morphology and ultrastructure, leading to an increase in biovolume, the size and 

number of starch granules, as well as the accumulation of lipids and electrodense bodies, which 

serve as toxin accumulation sites(Asselborn et al., 2015). 

The impact of insecticides on algae is dependent on their type and concentration, as well as 

the species of algae. In the case of C. vulgaris, quinalphos and chlorfenvinphos affected the 

donor sides of PSII, while dimethoate and phorate inhibited the acceptor side (Jena et al., 2012). 

In Synechocystis, dimethoate may have caused alterations in membrane fluidity, leading to the 

detachment of phycobilisomes from the reaction centres of PS II(P. K. Mohapatra et al., 1997). 

The respiration rate decreased significantly after dimethoate treatment in green algae, 

Tetraselmis and Dunaliella (Mavrogenis et al., 2023), while it increased in the cyanobacteria, 

Nostoc and Synechocystis (P. K. Mohapatra et al., 1997) There is a paucity of knowledge 

regarding the impact of clothianidin (CL) on toxic sensitivity and metabolism in algae. It is 

therefore imperative to obtain further toxicity data specific to CL.  

Microalgae are capable of efficiently removing and degrading pesticide through abiotic 

removal, bio-adsorption, bioaccumulation, and biodegradation (Nie et al., 2020). Recent studies 

have shown that Scenedesmus sp. exhibits high resistance to thiamethoxam and imidacloprid, 

and is able to efficiently degrade them mainly through biodegradation. CL is a second-generation 

neonicotinoid that became available on the market after 2000. Although CL is the breakdown 
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product of thiamethoxam (J. C. Anderson et al., 2015), suggesting that algae may have the ability 

to biodegrade CL.  

This study investigates the ability of green algae C. reinhardtii to remove CL from the 

medium, the effect of cell concentration on insecticidal toxicity, algal survival at high doses, and 

the culture's ability to recover after CL removal. Additionally, we studied the development of 

cellular resistance, the functioning of the photosynthetic electron transport chain and the levels 

of primary pigments, chlorophyll and carotenoids, under CL treatment. (These results were jointly 

obtained with A. Volgushuva and He Yanlin).  

The first part of the experiment was carried out for three weeks using cultures of C. 

reinhardtii. Fig. 57 shows that the control group without clothianidin had a rapid increase in cell 

density during the first ten days, followed by a growth arrest phase at high cell concentrations. 

Both groups of clothianidin with two concentrations (0.11 and 0.22 mg L
‒1

 of CL) showed a 

gradual decrease in cell density in the first two days, followed by a slight increase in the third 

and second days. A small increase after ten days. This suggests that even in the environment of 

high clothianidin addition, a small fraction of cells did not lose their activity and completed 

growth and division over the extended experimental period. 

 

Fig. 57. Cell density in C. reinhardtii cultures during incubation with 0 (control), 0.11 mg 

L
‒1

 of CL and 0.22 mg L
‒1

 of CL 
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An additional set of DCMUs is introduced in Fig. 58 to complete the control. DCMU is a 

highly specific photosynthesis inhibitor that inhibits the flow of electrons from photosystem II to 

plastoquinone (PQ) by blocking the plastoquinone binding site of photosystem II. It reduces the 

formation of ATP and NADH, which ultimately inhibits photosynthesis. Fig. 58 shows that the 

three groups of cells added with three concentrations (4×10
-4

, 8×10
-4

, 16×10
-4

 mg/mL) of 

clothianidin showed different degrees of decrease in cell concentration after two hours. At this 

time, the medium concentration and high concentration groups were reduced to between 60% 

and 70%. The results showed that the concentration interval higher than 8×10
-4

 was suitable for 

introducing clothianidin as the experimental group. The DCMU group blocked the electron 

transfer from photosynthetic system II to photosynthetic system I, and the cell density dropped to 

30% after one day and to about 16% after two days. 

 

Fig. 58. Cell density in C. reinhardtii cultures after 2 hours incubation with 4×10
-4

, 8×10
-4

, 

8×10
-4 

mg mL
‒1

 CL (A) and 10
-2

M DCMU (B). 

 

Fig. 59 shows the changes in chlorophyll content, chlorophyll a/b ratio, and carotenoid 

content in the first three days of experiment 1, when the cell density of the experimental group 

decreased significantly after the introduction of clothianidin. Chlorophyll content and 

chlorophyll a/b ratio, both groups showed a downward trend in the first two days, and were 
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positively correlated with clothianidin concentration. The carotenoid content showed an 

increasing trend, and the change trend was positively correlated with the clothianidin 

concentration. Changes in all three values level off on the third day. 

The fluorescence parameters Fv/Fm of the experimental group and the control group were 

measured using a multifunctional plant efficiency analyzer. Fv/Fm is the ratio of variable 

fluorescence to maximum fluorescence after dark adaptation and represents the maximum 

quantum yield of PSII (if all competent reaction centers are turned on). It can be used to detect 

stress in plants. 

 

Fig. 59. Chl content (circles), total carotenoids per cell (triangles) and Chl a/b ratio 

(squares) in C. reinhardtii cultures during incubation with 0.11 (grey color) and 0.22 mg/L 

(black color) CL. 
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Fig. 60. The Fv/Fm ratio in C. reinhardtii cultures during incubation with 0 (control), 0.11 

and 0.22 mg L
‒1

 of CL measured on a fluorimeter FKMS-2 (A) and PEA (B). Initial cell 

concentration was ~2 × 10
6
 cells mL

‒1
. 

 

In this series of experiments, we used commercial equipment and original equipment 

created at the Department of Biophysics of Moscow State University in Moscow (fluorimeter 

FKMS-2 Fig. 61 (A) and PEA (B). Fig. 61 shows that the Fv/Fm value reached a minimum on 

the first day after binding to CL, followed by a significant upward trend over the next two days, 

after which the trend slowed down and slowly increased after ten days. This rebound trend was 

negatively correlated with CL concentration. This indicated that the available open reaction 

centers of photosystem 2 were actually closed on the day of binding to CL, and this situation was 

rapidly restored on the third day, followed by relief of plant stress. 

The upward trend of this value after ten days was synchronized with the increase of cell 

density, and gradually approached the average value of the control group before growth 

inhibition occurred, which may indicate that the photosynthetic capacity of cells gradually 

recovered to a state unaffected by CL during this period. 
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Fig. 61. OJIP transients recorded in C. reinhardtii cultures during 3, 11, 21 days of 

incubation with 0 (control, A), 0.11 mg/L (B) and 0.22 mg/L (C) clothianidin. 

Light-induced fluorescence (OJIP) kinetics were studied in control cells and in the presence 

of 0.11 mg L
‒1

 of CL and 0.22 mg L
‒1

 of CL during 3, 11, 21 days. The OJ phase is due to 

light-induced QA reduction, associated with the shutdown of some PSII reaction centers. The JIP 

stage is mainly to reduce its reoxidation by reducing QB and quinone pool, thereby further 

accumulating reduced QA. The O and P energy levels correspond to the values of Fo and Fm: at 

the O energy level, the fluorescence quantum yield is smallest, because the chance of an incident 

photon triggering charge separation at one of the reaction centers is greatest. At the P level, the 

free plastoquinone pool reaches its peak decrease, and the fluorescence quantum yield also 

reaches its peak. 

For the OJ stage (Fig. 61), the different experimental groups showed no significant 

difference within three days, but the experimental group with low concentration of CL showed a 

significant increase within 11 days, which was similar to the control group. For the JIP phase, 

both experimental groups showed an increase in the phase over time. In particular, on day 21, the 

P level in the low-concentration CL group was significantly higher than that in the control group. 

And during the three-day JIP phase, both experimental groups showed the exact opposite decline 

compared to the control group. This indicated that the concentration of 0.22 mg/L had a more 

significant effect on the level of QA reduction relative to the CL concentration of 0.11 mg/L. 
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Both concentrations of CL inhibit electron transfer from QA to the PQ pool for a short time. After 

prolonging the experiment time, the effect decreased obviously, and this decrease was negatively 

correlated with the concentration. 

 

Fig. 62. DF induction kinetics recorded in C. reinhardtii cultures during 3, 11, 21 days of 

incubation with 0 (control, A), 0.11 (B) and 0.22 mg/L (C) CL. 

The kinetics of delayed fluorescence (DF) depend on the activity of PSII centers and 

thylakoid membrane energy processes (fast phase), as well as a characterization of the ability to 

form a proton gradient (proton concentration outside the inner membrane is higher than inside 

the membrane), which is formed due to the electron transport chain (respiration) across the 

membrane (slow phase). 

As can be seen inFig. 62, the experimental groups at both concentrations showed positive 

time-dependent increases in both the fast and slow phases. In a shorter period of time, the 

fluorescence intensity of both groups was lower than that of the control group. This demonstrates 

that CL in both experimental groups over 11 days had a significant effect on PSII center activity 

as well as the ability to form a proton gradient in the membrane. 
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Fig. 63. Cells density (white circles), Chl content per cell (black circles) and percentage of 

alive cells in C. reinhardtii cultures during recovery of cells after 16 days incubation with 0.22 

mg/L CL. 

In the second part of the experiment, C. reinhardtii cultures were incubated with CL at a 

concentration of 0.22 mg/L for 16 days, and then the cells were extracted for 8 days of recovery 

culture. Fig. 63 shows the cell density, percent viable cells, and chlorophyll content over these 

eight days. The data showed that from the second day of recovery, the growth rate of cell density 

increased rapidly, and the percentage of surviving cells also increased to nearly 100% by the 

eighth day. Chlorophyll content also showed a very high growth rate during five days. 
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Fig. 64. OJIP transients recorded in C. reinhardtii cultures during recovery of cells after 16 

days’ incubation with 0.22 mg/L CL. 

As can be seen fromFig. 64, the recovered cells exhibited different OJ, JI, and IP stages. OJ, 

JIP phase, and delayed fluorescence showed increases over time. This demonstrates that the 

effect of CL on the reduced level of QA and electron flow from QA to the PQ pool was 

significantly abolished as the recovery time increased to day eight. Delayed fluorescence spectra 

showed a relatively weak increase during the first five days of recovery and a significant increase 

on the eighth day. This indicated that after 8 days of recovery, the activity of the intracellular 

PSII center under the influence of CL had basically recovered, and an obvious peak appeared in 

I1 (fast phase). The increase in I3, I4 (slow phase) also indicates the restoration of the ability to 

form a proton gradient in the cell membrane. 

4.8 DFT calculations for study of Raman and IR spectra 

In this series of experiments, a technology for mathematical characterization of Raman and 

IR spectra of carotenoids was developed to form a neural network model for assessing and 

predicting the results obtained. To determine the types of carotenoids, present in the study 

samples, a series of quantum mechanical calculations were performed for different levels of 

all-trans and cis isomers of carotene, β-cryptoxanthin, lycopene, lutein and zeaxanthin DFT with 
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different basis sets. Some functionals (B3LYP, BVP86, PBE1PBE) have been used for 

calculations of different basis sets (6-31+G**, DGDZVP, TZVP): optimized geometric 

parameters of equilibrium conformations have been obtained and frequency calculations have 

been obtained. 

Some calculation results of carotene all-trans and (15-15') cis isomers obtained at the 

BVP86/TZVP level are shown in Fig. 65, where the theoretical spectra of the isomers were 

compared with the Raman spectra of carotene compared (Berezin & Nechaev, 2005; Saito & 

Tasumi, 1983). 

 

Fig. 65. A: Spectra observed from experiment. B: Energies of the all-trans and cis (15-15') 

isomers of carotene, optimized at the BVP86/TZVP level of the theoretical structure. C and D: 

Theoretical BVP86/TZVP RS of carotene trans and cis isomers in the 900-1800 cm
-1

 region. 
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Fig. 66. Raman spectra of hybrid line zp 341 maize leaves 

 

Fig. 67. Raman spectra of chloroplast 

1.During this series of experiments, the state of the carotenoid in the phase third leaf (Fig 4.2.1.1-Fig 

4.2.1.5) during 6 h 

 

Fig 4.2.1.1 Raman spectrum of Zp 341 control group of first treatment on 3rd leaf (6 h) stage. 
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Fig. 68. Raman spectra of inbred line zppl 225 maize leaves. 

Comparison of BVP86/TZVP and Raman spectroscopy experimental data. The 

experimental Raman spectra (zppl 225, zp 341, and chloroplast) (Fig. 66 - Fig. 68) were 

compared with BVP86/TZVP results. In order to compare with detail, Raman peaks were 

analysed (Table 18). All experimental peaks are shown in BVP86/TZVP. Peaks 1258, 1270, 

1248, 1244 and 1487 cm
-1

 representing CCHdef and CH2def are not shown in the experimental 

data. This means that BVP86/TZVP can provide researchers with more experimental ideas. It 

can also help researchers find details that may have been missed in experiments. 

The analysis of the experimental and theoretical Raman spectra of trans and cis carotene 

allowed us to give more advantage to trans carotene, since the cis isomer has more energy in this 

region than trans carotene. 

Using BVP86/TZVP can be a useful tool in biological research. Especially when it comes to 

Raman spectroscopy. It's more accurate and predictable. By using BVP86/TZVP, researchers can 

visualize which bonds are changing and which are missing. 
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Table 18. Raman peaks of BVP86/TZVP, zp 341, chloroplast, and zppl 225 

Experimental Raman peaks, cm
-1

 BVP86/TZVP, cm
-1

 

Zp 341 

chloroplast Zppl 225 

Carotene 

trans 

assignment Carotene cis 

960 960 960 956 CH out-of-pl 987 

1006 1003 1006 1032 CCH def 1062 

1156 1156 1156 1159, 1162 C-C str 1167vs 

1190 1186 1125 1170vs C-C str 1195 

1200 1210 - 1221, C-C str  

- - - 1258.1270 CCH def, CH2def 1238,1244 

1487 (15-15) 

 
1520 1524 1520 1503 C=C (15-15) cent str 

1540 

 

 

 

Fig. 69. Theoretical BVP86/TZVP IR spectra of cis-carotene. 
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Fig. 70. IR spectrum obtained of different inbred line maize. A) zppl 186; B) zppl 225; C) 

zppl M1-3-3 Sdms 

Using the proposed approach, we showed that the infrared spectrum of the maize seed 

component molecules has symmetric and asymmetric stretching vibrations (band 2927-2852 

cm
-1

) and deformation characteristics of C – H groups. Vibration of the C-H group (1460 cm
-1

). 

In addition, vibrations of the amide band bonds of protein amide I and amide II (1651 cm
-1

, 1541 

cm
-1

) were found in the sample. The band in the infrared spectrum - 995 cm
-1

 may correspond to 

the vibration of the Csp2-H bond of the alkene, and the less obvious bands - 860, 767, 711, 574 

cm
-1

 - correspond to the stretching vibration of the alkene S – O, C-P, C-S keys. 

The largest difference observed between samples of pure grain components is the vibration 

of Csp2-H bond of unsaturated hydrocarbons (995 cm
-1

), and the intensity of this band is the 

smallest for species zpp l186 (Fig. 70). It was found that, in the samples studied, the 1082 cm
-1

 

band of the infrared spectrum (deformation vibrations of the O – H bonds of the secondary 

alcohol molecules) was less pronounced than the vibration of the same group in the tertiary 

alcohols (1161 cm
-1

). 

In the course of the study, a strong band of deformed vibrational features of the saturated 

hydrocarbon CH bond (1460 cm
-1

) and an asymmetric vibrational feature of the weak expression 

of the CH bond (2852 cm
-1

) were found in the seed samples. Comparison with the symmetrical 
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stretching vibration of the same bond (2926 cm
-1

) and the stretching vibration of the C=O bond 

of amide 2 (1541 cm
-1

), including the deformation vibration of the NH- bond and the stretching 

vibration of the CN bond. In amide 1 of the seed protein, IR bands (band 1747 cm
-1

) of the 

carboxylic acid C=O bond stretching vibrations of aldehydes and ketones were found, most 

evident in the seeds of varieties ML3-3 SdmS and zppl 225. 

IR peaks were analysed (see in Table 19) to compare BVP86/TZVP and IR spectra of 

inbred line maize (Fig. 69 and Fig. 70). It shows that even for the highest intensities the peaks 

are significantly shifted. There are some peaks shown in the experiment but not in 

BVP86/TZVP. This might due to the shifting of the peaks. BVP86/TZVP does show more detail 

than experiments. Compared with the experimental data, the peaks appear almost at the same 

position. 

Using the proposed approach, we showed that combine DFT calculations with Raman and 

IR spectroscopy, it is possible to analyse complex object. The advantage of SERS is it offers a 

new solution to find peaks which has low intensity. It might be more efficiency for researcher if 

they can predict the wavenumber of spectrum. 
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Table 19. IR peaks (cm
-1

) of inbred line zppl 186, zppl 225, M1-3-3 Sdms, and 

BVP86/TZVP 

zppl 186 zppl 225 M1-3-3 

SSdms 

assignment BVP86/TZVP 

3400 

2900 

2850 

2375 

1775 

1700 

1550 

1450 

1175 

- 

1000 

900 

850 

750 

700 

640 

550 

3400 

2925 

2850 

2375 

1750 

1675 

1500 

1475 

1175 

1100 

1000 

925 

875 

775 

700 

- 

575 

3400 

2950 

2850 

1650 

1750 

- 

- 

1450 

1175 

1100 

1000 

950 

850 

775 

700 

Alkanes 

Alkynes 

Acyclic 

compounds 

Ethers 

Amines 

Phenols 

amines 

nitro 

compounds 

ketones 

esthers 

 

sugars 

proteins 

lipids 

carboxylic acids 

 

3116  

3092  

3044  

3030  

2983  

2976  

2971  

2950  

2932  

1626  

1544  

1534  

1523  

1447  

1436  

1402  

1388  

1354  

1220  

1206  

1162  

1041  

962  

885  

838  

802  

713  
 

 

 



 

129 

 

5. Discussion 

5.1 Study of the effect of pesticides on the state of plant material  

In this study, the effect of pesticide on the leaf of maize plant were studied. The purpose of 

this series of experiments was to determine the effect of the pesticide on the condition of the 

pigments in the leaf. The pesticide is applied directly to the entire leaf, and then we check for 

changes in pigment fluorescence after the seedlings are buried in soil. Experimental investigation 

of the effect of thiamethoxam spray on the leaves of zppl 225 and zp 341 revealed that 

thiamethoxam was sprayed on the leaves when the 3rd leaf appeared (day 4). There is no 

significant difference between zp 341 hybrid corn line and zppl 225 inbred corn line in leaf 

pigment composition, but there were significant changes in the different genotypes following 

thiamethoxam application.  

There was no change of thiamethoxam -treated hybrid line zp 341 in the pigment 

composition. In contrast, thiamethoxam decreased content of chlorophyll in leaves of inbred line 

zppl 225 to 0.61 mg/g (17% reduction in chlorophyll a and 24% reduction in chlorophyll b; p < 

0.05).  

Thiamethoxam treated sample caused changes in the OJIP of both maize type (Fig. 9, A, D). 

Normalization of the induction curves derive the relative fluorescence variable (Vt) function. The 

increase in ΔVt of zp 341 and zppl 225 in O-J phase indicated the accumulation of reduced QA. 

The reduced QA due to the increased proportion of QB non-reducing centres of PSII, unable to 

conduct electron transport along the electron transport chain.(Lazár, 2006). The increase in ΔVt 

of thiamethoxam-treated zppl 225 at the O-J and J-I stages indicated the accumulation of reduced 

QA and plastoquinone molecules, which were unable to carry out the electron transfer of the dark 

photosynthetic reaction (Kalaji, Jajoo, et al., 2014).  

The JIP-test was used to reveal thiamethoxam action on the important photosynthetic 

parameters derived from the OJIP transient (Table 2). The FV/FM correlates with the thermal 

quantum yield of PSII primary photochemical reactions and is used as an indicator of 

photosynthetic efficiency. There was no statistically significant difference between control and 

thiamethoxam-treated leaves of both maize type leaf in FV/FM. The correlation between PIABS 
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and plant viability reflects the function of PSA under current stresses (Živčák et al., 2014). It 

shows significant change under thiamethoxam treatment, PIABS decreased by 29% and 24% in 

thiamethoxam treated zppl 225 and zp 341 leaves, respectively. The reduction of PIABS in 

thiamethoxam treated zppl 225 leaves was due to a significant reduction in electron transfer (ψEo) 

on the PSII receptor side. In contrast, the reduction of PIABS in zp 341 leaves might be related to 

a slight decrease in PSII photochemistry (FV/FM) and increased ABS/RC. 

Redox transformation of the molecular reaction centre of PSI (P700) under the TMX 

treatment was assessed by MR kinetic analysis (Fig. 10, A, C) (Schansker et al., 2003). The MR 

kinetic signal drop during the first 15-20 ms reflects P700 oxidation (fast phase) and reaches a 

minimum at 20 ms (MRmin). MRmin is a transient steady state in which the rates of P700 

oxidation and reductions are equal. Subsequently, the MR signal (slow phase) increases to a 

maximum at 200 ms (MRmax) due to the electron-donating reduction rate of PSII being superior 

to the oxidation rate(Strasser et al., 2010c). 

It was found, leaf redox P700 transformations of both maize types were altered by 

thiamethoxam (Fig. 9, A, C). zppl 225 leaves showed chlorophyll changes in both the fast and 

slow phases of MR and were associated with a decrease in amplitude at 20 ms (Fig. 10, A). 

Analysis of MR kinetics showed an increase in reduced PSI receptors and a decrease in oxidized 

PSI receptors in zppl 225 leaves under the influence of thiamethoxam. This might be due to a 

reduced receptor pool on the receptor side of PSI. In contrast, there is no change in MR kinetics 

for zp 341(Fig. 10, B). 

It was found, the rate of the recombination reaction is affected by vesicle membrane 

energization, and DF is proportional to the rate of the recombination reaction in PSII. The fast 

phase of DF associated with membrane potential formation(Goltsev et al., 2009a). Fig. 10 B, D 

shows the induction curves of DF normalized to the minimum fluorescence D2. The decrease of 

the I1 peak on the microsecond time scale may be due to a decrease in the Z+ reduction rate of 

oxygen-4MnCa and/or a decrease in the QA reoxidation rate of oxygen-4MnCa (disturbed 

electron transfer on the PSII receptor side of the oxidizing complex (OEC)), which is induced by 

the oxidizing complex (OEC) of oxygen-4MnCa. (Goltsev et al., 2009a). During thiamethoxam 

treatment, I1 amplitudes were reduced by 23% and 21% in zppl 225 and zp 341 leaves compared 

to controls, respectively. 
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It was found, the ratio of I1006/I960 bands in maize leaves increased after thiamethoxam 

application (Fig. 12). Under the influence of thiamethoxam, the I1520/I1006 ratio of zppl 225 

decreased by 26%. In the leaves of the zp 341 hybrid, thiamethoxam caused a 43% and 16% 

increase in the ratios of I1520/I1006 and I1520/I1160, respectively, suggesting a conformational 

change in the carotenoids. 

In experiment study of the effect of thiamethoxam inject to the soil of two maize genotypes, 

TMX was inject into soil at 4
th

 day when seedling in the soil (TMX(a)) and inject into soil at 8
th

 

day (TMX(b)). In this experiment, the pigment content of two maize genotypes under TMX 

treatment was measured (Table 3). It was found, after 12 days, the pigment composition of 

different maize genotypes was slightly different. The total chlorophyll content is 0.52 mg/g in 

zppl 225 and 0.64 mg/g in zp 341. In the presence of TMX, the chlorophyll content in zp 341 

decreased from 0.64 mg/g to 0.31 mg/g (b). The initial carotenoid contents in zppl 225 and zp 

341 were 0.14 and 0.13 mg/g, respectively.  

In this study, the OJIP transients were recorded for maize hybrid (zp341) and inbred line 

(zppl 225) under TMX treatment, which was added 4
th

 day when seedling seeds (a) and 8
th

 day 

when 3
rd

 leaf of plant appear (b) (Fig. 12). The kinetics showed a typical pattern for plants grown 

under the standard conditions with the J, I, and P steps at 2, 30, and ~200 ms for control group of 

zp 341 and zpple 225, respectively. TMX-treated plant showed modifications of the OJIP 

transients on the 10
th

 and 12
th

 days of growing. In zppl 225, the shape of the OJIP transient 

remained unchanged during TMX treatment (a), whereas pesticide-treated zp 341 showed 

increased levels of Chl fluorescence at the O-J-I-P step at day 10 compared to the control (Fig. 

13 a, b). The effect of TMX was shown to be enhanced in zppl 225 plants, as evidenced by a 

decrease in the JIP phase under TMX (a) at day 12 (Fig. 13 c) and an increase in the I-P step 

under TMX (b) compared to the control. The effect of TMX on zp 341 OJIP transients was the 

same as in 10- and 12-day-old leaves (Fig. 13 d). 

The probability of electron transfer from QA to the PQ pool (ψEo), depends on the 

functional state of the donor and/or acceptor side of PSII. In the control, the ψEo of leaves of 

zppl 225 and zp 341 at day 10 were 0.59 and 0.70, respectively. Under TMX treatment, ψEo 

decreased (P < 0.05) in zp 341 but remained unchanged in zppl 225. In the control plants, the 
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leaf ψEo of zppl 225 and zp 341 were 0.56 and 0.63 at day 12, respectively. Its value was 

increased in leaves of zppl 225 under TMX (b) treatment (P < 0.05). 

The quantum yield (φEo) of electron transport is proportional to FV/FM and ψEo. At TMX 

treatment, the φEo value of zp 341 leaves decreased due to the significant decrease of ψEo value, 

while the FV/FM remained unchanged at the 10th day. Under TMX treatment, the probability of 

electron transfers from the intersystem electron carrier to the reducing end electron acceptor on 

the PSI acceptor side (δR0) in zp 341 decreased (P < 0.05). It was found, the quantum yield of 

terminal PSI electron acceptor reduction (φRo) was about 0.26 in zp 341 leaves and decreased in 

TMX-treated plants. In contrast, the δR0, φEo, and φRo values of zppl 225 remained unchanged 

after 10 days. However, the δR0 and φRo values of zppl 225 increased (P > 0.05) under TMX (a) 

and remained unchanged or slightly decreased (P > 0.05) after 12 days under TMX (b). 

The parameters PIABS and PItotal differed in response to the two TMX treatment variants in 

leaves of maize genotypes. PIABS describes the photosynthetic index relative to absorption, 

combining three PSII characteristic parameters: the maximum quantum yield of PSII 

photochemistry (Fv/Fm), the density of active PSII reaction centres per antenna (RC/ABS), and 

the electron probability from QA Transfer to PQ pool (ψEo). It was found, the PIABS of zppl 225 

under TMX was slightly increased compared to the control on day 10 (P > 0.05). In contrast, zp 

341 under TMX, especially PIABS decreased during TMX(a) treatment (P < 0.05). In most cases, 

the PIABS values of leaves of both genotypes increased after 12 days, indicating amplification of 

plant performance under TMX treatment. The total index (PItotal) of zp 341 attributable to PSII, 

PSI functional activity and electron transport between them decreased on TMX (P < 0.05), while 

the value of this parameter did not change significantly in zppl 225 leaves after 10 days. On day 

12, an increase in PItotal was observed in zppl 225 leaves under TMX treatment. However, in zp 

341, PItotal increased under TMX (a), while the value of this parameter did not change 

significantly (P > 0.05) during TMX (b).  

TMX slightly affected the DF induction curve at day 10 in the leaves of both maize 

genotypes. In contrast, we observed a significant change in the TMX induction profile at day 12. 

Thus, the kinetic patterns measured in the two maize genotypes showed a decrease in the 

amplitude of I1, while I2 and I4 remained unchanged. Peak I1 was shifted from 7 ms to about 10 
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ms in control and TMX-treated zp 341 plants (Fig. 15 d). In zppl 225 and zp 341, a decrease in 

the energy of thylakoid membranes under TMX resulted in a decrease in I1 after 12 days. 

It was found, at TMX (a), the amplitudes of the fast and slow phases in leaves of both 

genotypes were significantly decreased (P < 0.05), while in the case of TMX (b) treatment, the 

MR amplitude was significantly lower after 10 days compared with the control remained 

unchanged (Fig. 16 a, b). After 12 days, the MR amplitude of zp 341 decreased under TMX (b) 

(Fig. 16 d). However, the MR amplitude of zppl 225 was increased under TMX (b) treatment 

(Fig. 16 c). 

It was found, in the presence of TMX, the absolute value of the intensity and the position of 

the bands in the Raman spectrum are the same as in the control. The presence of peaks at 1190 

and 1200 cm–1 in the Raman spectrum indicated the characteristic 15-cis conformational state of 

carotenoids and was not altered by TMX treatment (data not shown). In Raman spectrum, 1160 

and 1520 cm–1bands correspond to the –C–C– and –C=C– vibrations of the carotenoid molecule 

bond, and the change in the intensity ratio I1520/I116 reflects changes in the contribution of –С=С– 

bonds vs. –С–С- bonds of the polyene chain (Vlasov et al., 2020).(Vlasov et al., 2020).(Vlasov 

et al., 2020). 

In the experiment study of the effect of thiamethoxam of different concentrations, TMX 

was spray on the leaves when 3
rd

 leaf appearance (day 8) (TMX(c)) and spray on the soil when 

seedling into the soil (day 4) (TMX(d)). Comparison of TMX(c) at 0.2 mg/mL and 0.02 mg/mL 

concentrations treatment, concentration has evidently impact on spray TMX(c) on the surface of 

third leaf (measurement on day 10) (Fig. 17). Thiamethoxam at 0.02mg/mL has been determined 

to cause significant and opposite changes in the molecular conformation of carotenoids. 

Measurement performed on day 12, hybrid (zp 341) shows a similar intensity ratio RS 

(I1520/I1160). 0.2 mg/mL TMX(c) leads visible difference to Zppl 225 (Fig. 17). Comparing with 

3
rd

 leaf and 5
th

 leaf measurement. 0.2 mg/mL TMX(c) causes intensity increase in both Zp 341 

and Zppl 225. In this case, 0.02 mg/mL thiamethoxam did not cause a significant change in the 

molecular conformation of carotene. 

OJIP transients were recorded in inbred line (zppl 225) and hybrid (zp 341) of maize under 

0.2 mg/mL and 0.02 mg/mL TMX(c), which were added after 3
rd

 leaf appearance (Fig. 18). In 

control maize plants of zppl 225 and zp 341, the kinetics displayed a pattern typical of plants 
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grown under normal conditions, with J, I, and P steps of 2, 30, and ~200 ms, respectively. After 

TMX(c) treatment shows transient changes in OJIP at 10 and 12 days of growth. The initial level 

O corresponds to the fluorescence intensity at “open” PSII RCs (Fo), when all acceptors in PSII 

are oxidized and able to accept an electron: photoinduced reduction of QA
-
 could cause increase 

in the O-J phase. 

Compare with the TMX(c) treated group and control on 10
th

 day measurement, zp 341 

treated by 0.2 mg/mL TMX(c) and 0.02 mg/mL decreased by 5% and 26%; zppl 225 treated by 

0.2 mg/mL and 0.02 mg/m TMX are not significant (Table 4). Compare with the TMX(c) treated 

group and control on 12
th

 day measurement, zp 341 treated by 0.2 mg/mL TMX(c) and 0.02 

mg/mL decreased by 22% and 7%; for zppl 225 difference is not significant (Table 5). The 

significant decrease of zp 341 due to the decrease of electron transport at acceptor side of PSII. 

TMX(c) causes changes in the redox P700 transformations in leaves of both the hybrid line 

(zp 341) and inbred line (zppl 225) (Fig. 22). 0.02 mg/mL TMX(c) cause significant increase 

rate in fast phase and slow phased on zp 341. Presumably due to a decrease in the acceptor pool. 

For Zppl 225, difference between two concentrations is not as significant as Zp 341, but 0.02 

mg/mL TMX(c) still cause more decreased than 0.2 mg/mL TMX(c) and control. 

Fig. 20 shows that the induction curves of zp341 and zppl 225 DF which treated by TMX(c). 

I1 amplitude decreased in zppl 225 which might due to the decrease in the QA re-oxidation rate 

(disturbance of electron transport on the acceptor side of PSII) and/ or a decrease in the Z
+
 

reduction from 4MnCa of oxygen-evolving complex (OEC). Low concentration of TMX(c) 

caused more effect on zppl 225. For zp 341, measurement performed on 10
th

 day, I1 amplitude 

also decreased for both concentrations. But the measurement performed on 12
th

 day, high 

concentration increased I1 amplitude and low concentration decreased I1 amplitude. 

Measurement performed on day 12, TMX(d) leads visible difference to zp341 and zppl 225 

(Fig. 22). For further analyse, I1520/I1160 ratio of the Raman spectrum has been calculated (Fig. 

23). 0.2 mg/mL TMX(d) effects more on zp341 then 0.02 mg/mL TMX(d). On the other hand, 

0.02 mg/mL TMX(d) shows more effect then 0.2 mg/mL TMX(d) on zppl 225. 

Comparing with effect of TMX(c) and TMX(d), spray TMX on soil drives more influence 

than spray on the leaf when 3
rd

 leaf appearance. In this case, the conformation of the carotene 

molecule changed dramatically when zppl 225 maize was exposed to low concentrations of 
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thiamethoxam. Importantly, the action of the pesticide changed the conformation of the carotene 

molecule in the leaves. 

Compare with the control and TMX(d) treated group on 10
th

 day measurement, zp 341 

treated by 0.2 mg/mL TMX(d) and 0.02 mg/mL decreased by 29% and 15%; zppl 225 treated by 

0.2 mg/mL and 0.02 mg/m TMX(d) increased by 11% and 14% (Table 7). Compare with the 

TMX(d) treated group and control on 12
th

 day measurement, zp 341 treated by 0.2 mg/mL 

TMX(d) and 0.02 mg/mL decreased by 11% and 42%; for zppl 225 difference is not significant ( 

Table 8). The significant decrease of zp 341 due to a decrease in the acceptor pool of PSII 

(ψE0). 

Compare with TMX(c) and TMX(d), spray TMX on the soil when seedling the seeds cause 

more influence than spray on leaves when 3
rd

 leaf appearance. TMX cause decrease of electron 

transport at acceptor side of PSII. hybrid line (zp 341) is more sensitive to TMX effect than 

inbred line (zppl 225). 

It was found, MR kinetics measurements on 10
th

 day (Fig. 25 a,b), two concentrations of 

TMX(d) cause zp 341 both decreased rate in fast phased and slow phase. Presumably due to a 

decrease in the acceptor pool. In 12
th

 day measurements (Fig. 25 c,d), high concentration of 

TMX(d) cause rate increase of zp 341. But for zppl 225, different concentration didn’t cause 

much difference. 

Compare with results of TMX(c) and TMX(d), treatment of TMX time cause different influence 

by the concentration. Hybrid line (zp 341) is more sensitive than inbred line (Zppl 225). 

Fig. 26 shows that the induction curves of zppl 225 and zp 341 DF which treated by 

TMX(d). I1 amplitude increased in zppl 225 which might due to the increase in the QA 

re-oxidation rate (disturbance of electron transport on the acceptor side of PSII) and/ or increase 

in the Z
+
 reduction from 4MnCa of oxygen-evolving complex (OEC). Low concentration of 

TMX(d) caused more effect on zppl 225. For zp 341, measurement performed on 10
th

 day, I1 

amplitude also decreased for both concentrations. But the measurement performed on 12
th

 day, 

both concentrations cause increased I1 amplitude. 

Compare with TMX(c) and TMX(d), zp 341 is more sensitive to the TMX treatment. Spray 

TMX on the soil when seeding the seeds cause more effect than spray on the leaves when 3
rd

 leaf 

appearance. 
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It was found that during exposure to a pesticide, changes in the pigment state (chlorophyll, 

carotenoids) change and depend on a series of plant growth parameters and their genotype. This 

results of a study carried out on the leaves of two different maize genotypes (zppl 225 and zp 

341) after exposure to a pesticide (TMX, external leaf spraying, or when applied to the soil by 

root irrigation of the plant) and chloroplasts (CL).To characterize the activity of PSII, changes in 

the parameters of the JIP test were recorded: ψEo - the probability of electron transfer from QA
-
 to 

the quinone pool; FV/FM - the maximum quantum yield of primary charge separation in PSII; 

ABS/RC is the energy flux absorbed by one active RC, which is influenced by the ratio of 

active/inactive RC; PIABS is the index of functional activity PSII related to absorbed energy, and 

for PSI the kinetics of modulated reflection/absorption of light with a wavelength of 820 nm, as 

well as Raman spectroscopy of carotenoids. 

When TMX acts directly on the PIABS leaf, the chlorophyll content decreases significantly 

(especially for zppl 225), which probably indicates a decrease in chlorophyll synthesis, but an 

increase in carotenoid synthesis. Note that we have not revealed any differences in the values of 

the maximum quantum yield of PSII (FV/FM) in control and thiamethoxam-treated leaves under 

conditions of spraying or after the introduction of TMX by root irrigation in both types of corn. 

An analysis of the kinetics of DF associated with the redox state of P700, when spraying TMX 

leaves, indicates a decrease in the formation of oxidized and an increase in the reduced forms of 

PSI (P700) acceptors of only zppl 225 leaves. This is probably due to a decrease in the pool of 

acceptors, such as P700, on the acceptor side of the PSI, which does not occur in the RC of the 

leaves of the hybrid zp 341. The fact that after the action of TMX, the conformation of the 

carotenoid molecule in the leaf of zppl 225 and zp 341 are opposite probably indicates a different 

mechanism of plant resistance to TMX.  

In connection with the tasks, we conducted a study of the effect of CL (TMX derivative) not 

only on the functioning of photosynthetic processes (Pinnola & Bassi, 2018), but also on the 

structure(Chuartzman et al., 2008), as well as the viscosity of the chloroplast membrane (Havaux 

et al., 1998). It was found that the electron flux decreases in chloroplasts treated with CL, which 

is accompanied by a decrease in O2 release. This is probably due to a decrease in the number of 

centers capable of reoxidation of QA, as well as an increase in the proportion of centers with an 

unfilled QB binding site. Since electron transport in PSII depends on the localization of electron 
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transporters and their red/ox potential, we investigated several reasons for the possible change in 

electron transport under the action of CL on chloroplasts. It is known that TMX is a pesticide 

similar in structure to CL, and is able to bind to proteins due to hydrogen, electrostatic and 

hydrophobic bonds (X. Su et al., 2021). Probably, CL is also capable of binding to hydrophobic 

and/or polar amino acids at the QB site of the D1 protein due to similar interactions (Battaglino et 

al., 2021), competing for the binding site with plastoquinone. This assumption is consistent with 

our results indicating the appearance of QB centers with properties similar to the effects of 

DCMU. Indeed, DCMU (occupies the QB binding site) It can block direct electron transfer from 

QA
-
 without changing FV/FM(Henrysson & Sundby, 1990).  

It is important that, under the action of CL, the morphology of chloroplasts changes due to a 

violation of granular structures in the region of the thylakoid membrane, where PSII is mainly 

localized. These changes can cause conformational changes in the D1 protein and, as a result, 

modification of the QB site. Thus, changes in the functioning of ETC probably mainly depend on 

the state of the QB site, since the electron flow rate from H2O to MV and the activity of PSII 

changed similarly under the action of CL. 

 

 

Fig. 71. Diagram of molecular action of CL on FSII 

It is likely that disruptions in the electron transfer process between QA and QB initiate 

reverse electron transfer and charge recombination with the generation of a triplet state of 

chlorophyll (Rutherford et al., 2012). This process, as a rule, correlates with an increase in the 
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number of markers of oxidative stress (for example, malondialdehyde) (Mahapatra et al., 2019; 

Shahid et al., 2021), indicating the formation of reactive oxygen species (ROS)(Touzout, 

Mehallah, Moralent, Moulay, et al., 2021). The data obtained using AFM and EPR, indicate both 

a change in the morphology of the chloroplast, as well as a violation of the integrity and 

viscosity of the thylakoid membrane, which can also lead to proton leakage through the 

membrane of chloroplasts. So, the effect of CL on chloroplasts changes electron transport due to 

either the QB site or the PSII site due to structural changes in the thylakoid membrane. 

 

5.2 Study of the dependence of the state of pigments on the plant genotype. 

As noted earlier, one of the objectives of our study was to compare changes in the 

molecular properties of pigments depending on the genotype. This approach makes it possible, 

firstly, to clarify the mechanism for studying pigments under the influence of pesticides, and 

secondly, to develop technologies for diagnosing the state of the plant and its selection. The 

objective of this work was to determine the effect of pesticide on photosynthetic pigments and 

the photochemical activity of the leaf photosynthetic apparatus of two maize genotypes using 

modern fluorescence and spectral methods. 

We found that the inbred zppl 225 line had lower chlorophyll content, which could indicate 

that synthesis of these pigments was decreased under TMX influence, as well as the ratio of 

carotenoids to chlorophyll (a + b) which is usually associated with an increase in carotenoid 

content under conditions of stress. However, there was no change in pigment composition in 

leaves of zp 341. 

Kinetic curves of PF describe the energy fluxes in different parts of the photosynthetic 

electron transport chain, and analysis by JIP test showed that the effect of thiamethoxam on the 

PSII photochemistry (FV/FM) of leaves of both studied genotypes was not significant (p > 0.05). 

We were able to detect changes on the PSII receptor side in leaves of the zppl 225 inbred line, 

whereby a decrease in electron transport probability (ψEo) on the side of the PSII receptor led to a 

decrease in the function of PSII (PIABS). 
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Thus, spraying maize plants with the insecticide thiamethoxam resulted in reduced 

chlorophyll content in leaves of the zppl 225 inbred line. In zppl 225 and zp 341, thiamethoxam 

was determined to affect the functional activity of PSII, to decrease PIABS parameters, and to 

reduce the pigment-like membrane potential. It was found, thiamethoxam caused opposite 

changes in the conformation of carotenoid molecules, but not in their content. 

In the experiment investigation of the identification of organic molecules between different 

hybrids of maize seeds, different genotype of maize seeds was studied. For ZP 684 the 

wavenumber 1017 cm
-1

 (for the common seed -100% - 88.52) is maximum in the pericarp and 

minimum in embryos. For ZP 677 The wavenumber 1016 cm
-1

 (control-100% -86.56) is 

maximum in pericarp and minimum in embryos. For ZP 633 the wavenumber 1016 cm
-1

 

(control-100% -82.36) is maximum in endosperm and minimum in embryos. For ZP 735 the 

wavenumber 1017 cm
-1

 (control-100% -81.60) is maximum in endosperm and minimum in 

embryos. Probably, in this area (1017 -1054 cm
-1

) due to aromatic CH-planar bending vibrations 

were detected in this area. 

It was found, for ZP 684 the wavenumber 1648 cm
-1

 (control -100% -93.82) is maximum in 

the pericarp and minimum in embryos. For ZP 677 the wavenumber 1648 cm
-1

 (control -100% 

-95.38) is maximum in pericarp and minimum in embryos. For ZP 633 the wavenumber 1648 

cm
-1

 (control -100% -92.53) is maximum in endosperm and minimum in embryos. For ZP 735 

the wavenumber 1648 cm
-1

 (control -100% -92.99) is maximum endosperm and minimum in 

embryos. Probably connected with stretching vibrations of C = O in primary, secondary and 

tertiary amides, bending vibrations of N-H and C-N in secondary amides of protein molecules, 

peptides and free amino acids, also characterize OH groups of crystalline cellulose water 

For ZP 684 the wavenumber 1744 cm
-1

 (control -100% -94.7). Is maximum in the 

endosperm and minimum in embryos. For ZP 677 the wavenumber 1744 cm
-1

 (control -100% 

-97.15) is maximum in endosperm and minimum in embryos. For ZP 633 the wavenumber 1745 

cm
-1

 (control -100% -95.10) is maximum in endosperm and minimum in embryos. For ZP 735 

the wavenumber 1744 cm
-1

 (control -100% -93.41) is maximum in endosperm and minimum in 

embryos. Probably connected with vibrations of the lipid hydroxyl group.  
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Table 20 Summary table for the analysis of the effects of pesticides on pigments in the 

plant. 

 Inbred Hybrid  

zppl225 zp 341 zp 684 zp 633 zp 735 zp 677 

FAO maturity group 350-400 300 600 550-650 750-850 600 

grain yield (t ha-1) 2.1 13 14 7.819 8.108 14 

Pericarp, % 7.27 7.26 5.80 5.06 5.30 5.40 

Germs, % 10.73 12.30 11.98 11.14 9.95 13.65 

Endosperm, % 82.00 80.44 82.22 83.80 84.75 80.95 

chlorophyll content 

(TMX treated) 

0.74 mg/g to 

0.61 mg/g 

Not significant     

PIABS (TMX-treated) Decrease 29% Decrease 24%     

I1 amplitudes 

(TMX-treated) 

Decrease 23% Decrease 21%     

I1520/I1006 (TMX-treated) Decrease 26% Increase 43%     

Chl b content 

(TMX(b)-treated) 

Not significant Decrease from 

0.64 to 0.31 

    

OJIP transients unchanged increase     

ψE0 (TMX(b)-treated) unchanged decreased     

PIABS (TMX(a)-treated) increased decreased     

MR amplitude (TMX(b)-treated) increased decreased     

PIABS (0.02 mg/mL TMX(c)-treated) Not significant Decreased 26%     

Redox P700 transformation (0.02 

mg/mL TMX(c)-treated) 

Not significant Increase     

PIABS (0.2 mg/mL TMX(d)-treated) Decreased 29% Increased 11%     
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6. Conclusion 

The results of a study of the photosynthetic apparatus of a plant carried out on the leaves of 

two different corn genotypes (zppl 225 and zp 341) after exposure to a pesticide (TMX, external 

spraying of the leaf or when it is introduced into the soil due to root watering of the plant and 

chloroplasts, CL). 

1) It was found that the treatment of the plant with the pesticide thiamethoxam, both through 

leaf spraying and by root watering of the plant, changes the functional activity of 

photosystem II (PSII) (PIABS), but does not affect the maximum quantum yield of PSII 

(FV/FM) of the leaf in both the inbred line zppl 225 and and the hybrid zp 341.  

2) When spraying a TMX leaf, a decrease in PIABS in the leaves of two corn genotypes is due to 

a decrease in the efficiency of electronic transport on the acceptor side of PSII (ψEo).  

3) When spraying TMX leaves of two corn genotypes (zppl 225 and zp 341), differences were 

revealed: a decrease in the chlorophyll content in the leaves of the inbred line zppl 225 

compared with the hybrid line zp 341; in the leaves of zppl 225, a decrease in the electron 

flux from and to PSI was found, and opposite changes in the conformation of carotenoid 

molecules compared with zp 341.  

4) It was found that in chloroplasts treated with CL (22 and 110 µg/L CL), in the presence of 

DCBQ, the number of PSII centers capable of carrying out the transfer reaction from QA to 

QB decreased by 23 and 26%, and the reaction rate decreased by 64 and 52%, respectively, 

which correlates with the blocking of electron transfer between QA and DCBQ. 

5) It was found that incubation with CL of functionally active PSII particles (particles capable 

and not capable of O2 formation) with 0,11 mg/L of CL reduces the rate of O2 release by 

20%, which is consistent with the data obtained on PSII of whole chloroplasts. In 

preparations of both types of PSII particles, the recovery rate of the DCPIP electron acceptor 

in the presence of CL decreases.  

6) Disruption of the electron transfer process between QA and QB increases the probability of a 

"triplet-triplet" electron transition from chlorophyll to an oxygen molecule, which is 

accompanied by an increase in the number of oxidative stress markers (malondialdehyde). It 
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was found that after 3 minutes of illumination (100 µmol photons m
-2

c
-1

), the MDA content 

in chloroplasts treated with 0,11 mg/L CL increased by 46% compared with the control. 

7) Using the atomic force microscopy method, it was found that in the control, chloroplasts 

have a typical discoid shape, and the membrane relief is due to the presence of globular 

structures. The effect on chloroplasts of 0,11 mg/L CL significantly changes the morphology 

of the chloroplast: 57% had a discoid shape, and the relief of the membrane surface was 

absent, probably due to the destruction of part of the thylakoid membranes.  

8) EPR spectroscopy revealed changes in the viscosity of chloroplast membranes under the 

action of 0,11 mg/L of CL: the parameter τ decreased by 12%, which indicates a decrease in 

the ordering of the distribution of the "tails" of fatty acids of phospholipids of the lipid 

bilayer of the chloroplast membrane.  
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LIST OF ABBREVIATIONS 

RS – Raman scattering 

TMX - Thiamethoxam 

CL - Clothianidin 

DF – Delayed fluorescence 

MR kinetics - Kinetics of modulated reflection signal at 820 nm 

φEo - The quantum yield for electron transport 

ψEo - Probability that an electron moves further than QA
–
 

ABS/RC - Absorption flux per reaction center (RC) 

FV/FM - The maximal quantum yield of PSII photochemistry 

PIABS - An indicator of plant PSII performance per the absorbed energy. 

OEC- Oxygen-evolving complex 

QA- The primary quinone electron acceptor in PSII 

RC - Reaction center 

δR0 - Electron acceptor on the PSI acceptor side 

φRo - The quantum yield of terminal PSI electron acceptor reduction 

P680
+
 - Oxidized primary donor 

P700
+
 - Reoxidation of the plastoquinone pool due to the outflow of electrons to PSI 

MV - Methylviologen 

DCBQ - Dichlorobenzoquinone 

DCPIPH2 – Donating electrons to plastocyanin 

Chl - Chlorophyll 

PS - Photosystem 

PQ - Plastoquinone 

QB - The secondary quinone electron acceptor in PSII 

P700 - Reaction center pigment of PSI 

Cyt b/f - Cytochrome b6/f complex 

DCMU - 3-(3,4-Dichlorophenyl)-1,1-dimethylurea 



 

172 

 

O, J, I, P - Particular steps in light-induced Chl fluorescence curve 

ETC - Electron transport chain 

OLCs – Oxygen-releasing complexes 

EPR - Electron paramagnetic resonance 

 


