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General characteristics of the work

Relevance of tle problem and the degree of its development

It is known that neonicotinoid insecticides (NI) are used in agriculture as protective agents
against insec{&upta et al., 2008)he principle of action of NI is based on their interaction with
nicotinic aceylcholine receptors (NnAChR) in neurons of the central nervous system of insects,
blocking its activity and killing the insedflhara & Matsuda, 2018)Among modern NI,
N-nitroguanidine (imidacloprid), thiamethoxam (TMX) and clothianidin (CL) are widskdu
(Jeschke et al., 2011\l 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 p@tglolinski 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, f(@tr & Stork, 2003)

Modern ideas about the molecular medktamof NI action on plants are very contradictory.
On the one hand, NI treatment increases seed germination, root daidfiori et al., 2001;
Macedo & Castro, 2011plant stress resistance (drought, d@dtaneo et al., 2010; Larsen &
Falk, 2013) biomass, photosynthesis ré€ataneo et al., 201,0as well as the content of carbon
dioxide (CQ) fixing protein(Preetha & Stanley, 2012nd disease resistan@eord et al., 2010)
The effect of NI depends on the concentration, crop area astiggeof 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 enzyfdeset al., 2006)decreased germination and
growth of the plan{Aksoy et al., 2013)changes in morphology and stimulation of oxidative
stress of the plarfKilic et al., 2015; Shakir et al., 2018p plants treated with NI, the number of
oxidative stress biomarkers, such as proline and malondialdehyde, indidabepatra et al.,
2019; Shahid et al., 2021indicating the formation of reactive oxygen species (R@8yzout
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 sebalar membranefGarcia et al., 2014and then leads to
the activation of protection using antioxidant enzymes of the ahid et al., 2021; Touzout

et al., 2021)



In conclusion it is important to study the molecular mechanisms ofNheffed 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, CLyn 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 functior@operties 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 aaigl 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 stture 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 hylmédzip 341)moleculesusing
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 clitwoplae 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: electransfer from @t o t he qui none
and the functional activity of PSIl (Rds). The action of the pesticide, clothianidin, on the
photosynthetic apparatus in chloroplasts affects the rate of electron transfer befvwaeeh @,
as well as the pportion 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 plastoquingn&he Q
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action of the pesticide, clothianidin on PSII particles (capable and inleapigphotodependent
O release) reduces the rate of ®lease and inestoration 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 thefgect of the pesticideCL, a connection was established between the
increase in the content of RQ®th a change in the shape of chloroplasts (from-digped to
spherical), the relief of the chloroplast surfaggh a decrease in the viscosity of chlolagi
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 duddorease in the electron transfer from
Qa" and the functional activity of PSII (Rs) (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). Wen 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 reatgmeasesrom Qa to Qs.
Whenstudying the effect of the pesticide CL on the photosynthetic apparatus of active particles
of PSII (particles capable of forming.@nd PSII particles without oxygerleasing complexes,
ORCs), it was found that the rate of €volution decreases, which 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 artifieéectron donors (a mixture of Mhand HO, 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 meghanisms of the effect of NI (TKI 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 effeect€ites
using the methods of Raman and IR spectroscopy, AFM, EPR and variable chlorophyll

fluorescence ("JIP test").



Methodology and research methods

To study the molecular mechanisms of the effect of insecticides on the molecular structure
and funcions 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 approache(so
BBY particles of PSII, registration of @mission 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 tche 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 InternaticeraifiSci
Conference of Students, Postgraduates and Young Scientists "Lomonosov" and the International
Conference and School on Nanobiotechnology. 6 articles have been publishedrevieserd
scientific journals recommended for defense in the Dissertd@ionncil 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
"Lomonosov2021" (Shenzhen, 2021). "Lomonos®22" (Shenzen, 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

dissertations 172 pages, contains #igures, 20 tables andl2 literary sources.



1. Introduction

Neonicotinoidsare widely usedh the global market to protect crops from inseéthough,
neonicotinoidshave high insecticidal activity and low toxicity to mammaldereis still damage
foundto humansandthe environmeniHladik 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, resultingigect death(lhara & 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 tancrease or decrease crop yigldn et al., 2020; D. A. Todorenko et al.,
2021).However, the mechanisms of how neonicotinaitfsctpigment are stilunknown

The availability of photosynthesis is crucial for yield: because photosynthesis is an
important part of plant metabolism and is sensitive to different ecological 8ton.
Allakhverdiev, 2020).

Carotenoidsre essential pigments for photosyntheBiwey are able tabsorb the blugreen
region of the solar spectrum and transfer the absarbedyy to (bacterial) chlorophyll, thereby
expanding the wavelength range of light capable of driving photosyntfigaghimoto et al.,

2016).

Spectrum methods are powerfugols for studyingmolecular mechanism@liyeva 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 weranalyzedoy spectrum and othgrhysicalmethods.



2. Literature Review

2.1 Chloroplast

Chloroplasts are found in green algae and higher plants. Itpkstid that plays an
important role in photosynthegiBinkeldey & Gailing, 2013a)lheyare organelles in plant cells
that contain chlorophyll; since photosynthesis tgiase 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 (cpDM)) and other plastids is one of the major findings supporting their
origin as prokaryotic (cyanobacterial) symbionts during the early evolution ofifeerent
types of plastids in higher plants contain the same 8tAcking & Gifford, 1959).

In addition to biosynthetic pathways such e 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, seuveeal nogtabolic
pathways exist in chloroplast¥hese organelles produce or participate in the production of a
range of essential compounds required by other cellular compartientxample, they are the
primary site of biosynthesis of fatty acids, tetnaples,isoprenoidsand amino acids, as well as
purines, pyrimidines, and pentoses needed to build nucleic ahdsefore, in addition to
photosynthesiszhloroplasts also play other important roles in the maintenance of the metabolism of
the plant asa whole as well as of the cellhe complex and diverse nature of the chloroplast's
activities may derive from the fact that the chloroplast was originally a living orgafi&ascio,

2013).

The uniqueness of chloroplasts is based on their ability tsaise 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.gsugarpassingthrough the plant Phloem output in). They achieve this by
integrating and finduning biophysical and biochemical reactions to create an efficient and

self-contained metabolic facto¥ig. 1) (Kirchhoff, 2019).
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Fig. 1. Overall structure of higher plant chloroplasts and overview about its metabolic
competence. The chloroplast takes4emergy components (orange box) and converts them into

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

Not only high plants consistf chlorophyll, Chlorophyll and carotenoids of 22 species of
dinoflagellates were analyzed by tHayer chromatography, and chlorophyll c1 and c2 were
analyzed using twdimensional sucrose plates and -@m@ensioml polyethylene plates. In 19
of these speciepolymethine was the dominant carotenoid, while in 3 species fucoxanthin was
the dominant carotenoid. In polymethicentaining species, 5 carotenoids are always present,
accounting for more than 95% of theaiocarotenoids. These are dinoflavins (+ neodinogens),
comprising an average of 64% of the total carotenoids, diazoflavin, diazoflavircasetane,
and a polar, unidentified pink Lutein. The other six carotenoid components are present in small
or traceamounts in this species but have not been identified. Two of these are widespread; the
other 4 are restricted to one or two speiesfrey et al., 1975).

Rigorously reducing the complexity of excitation transport in PSIl in the presence of weak
guencling, 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 examtatiffusion length to open the RC
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were found. Interactions between gE and open RCs leading to sterically heterogeneous competition
were found. Mechanisms linking excitation transport and quenching in proteins to Chl

fluorescence and PSII light harvestinidj become particularly valuabkBennett et al., 2018).

2.2 Photosynthetic pigments

Photosynthetic pigments areplored substancehat absorbs visible radiation. There are
many kinds of photosynthetic pigments: carotene, Xanthophyll, PhaeophytinempRin b,
chlorophyll a and chlorophyll ESharp, 201%he main role of chlorophyll a and b is to convert
theenergy of sunlight into chemical ener@ys et al., 2014).

Carotenoids ar@ ubiquitous group of natural pigmeniSarotenoids have shown fent
antioxidant properties whichave abundant conjugated double bongsrinsky, 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 reducaitor the risk of
cardiovascular diseagStreet et al., 1994; Wang et al., n.d/jore than 750 carotenoids have
been reported and are widely synthesized in photosynthetic organisms, septetomynthetic
prokaryotes, and a few animéglcakaichi,2011)

Carotenoids are usually divided into two groups: 1) xanthoplaylloxygercontaining
carotenoid derivativecontaining oxygen atoms, includinigitein, violaxanthin etc(Fig. 2)
(Britton et al., 2004).and 2) carotees a type of noroxygericontaining hydrocarbons that
i ncl wha oene, | yarotepdSiorm ,et ah, i20A07) Many carotenoids have
vitamin A activity, with betecarotene having the highest vitamin A activity. Carotenoids that do
not have vitamirA activity, are known as newvitamin A carotenoidssuch as luteinToti 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 pigipestein complexes in
vesiclelike membranes. In the ngwhotosynthetic organs of photosynthetic organisms,
carotenoids act as photoprotectants, antioxidants and precursors of synthetic plant hormones to

maintain their normal life activities. Carotenoids arecprrsors 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 propertiefArmstrong, 1997).

Carotenoids have long chains of conjugated double bonds, withralcdmiible bond that
has almost bilateral symmetr@ommon carotenoids include lycopene (containing a C4¢He)
tetraterpene structure consisting of eight isopentenyl pyrophosphate (IPP) units) and its
der i vaan dcar@end)and lutein cetin, zeaxanthin and astaxanthin. The covalent polyene
structure in the carbon skeleton of carotenoids is not very stafdkephotochemicallguided
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 a#enoids their antioxidant properties and distinctive
colors.(Armstrong, 1997; Britton, 1995; Lichtenthaler, 1999).

The conjugated doubleond structure of carotenoids exhibits strong reducing properties by
facilitating electron transfer in redox reiacts. This enables carotenoids to scavenge reactive
oxygen and nitrogen produced during the metabolism of organisms, making them excellent
ant i ox rcdreteame and lycbpene can increase vascular NO bioavailability, significantly
reduce nitric oxide inaivation and inhibit ROS production and nitrotyrosine (ONDO
formation. This has a positive effect on maintaining vascular oxidative imbalance and
inflammation associated with cardiovascular disease (CYiXopene also reduces oxidative
damage to DNA, m@aking it a promising cancer therafgi Tomo et al., 2012; Khachik et al.,
2002; Obermiilledevic et al., 1999; Omenn et al., 1996).

Zeaxanthinand ltein have been identified as the xanthophylls that constitute the macular
pigment of the human retinah@& relative concentration of lutein to zeaxanthin in the macula is
distinctive(Tanumihardjo, 2013eaxanthin is a natural lutegarotenoid found in plants, algae
and microorganisms that plays an important role in the prevention ekkded eye dsases
such as macular degeneration and cataracts, and is also used in the food, pharmaceutical anc
nutraceutical industries for its powerful antioxidant and-eaticer propertie§Zhang, Liu, et
al., 2018).

Isopentenyl pyrophosphate (IPP) and dimetlhylaliphosphate (DMAPP) are biological
precursors of carotenoids. They are produced via two biosynthetic pathways: methyl

pentaerythrito-phosphate (MEP) which occurs in plant organelles and fungi and mevalonate
13



(MVA) which occurs mainly in plant cytoasm and bacteria. Because carotenoid synthesis and
accumulation occur mainly in the plastids, carotenoids in higher plants are syedhesi the
MEP pathway(RodriguezConcepcion, 2010)C. Li et al., 2020; T. Sun et al., 2022; Z. Sun et
al., 1998).

It was demonstrated th&trabidopsis CYP97A3 encodes a fourth carotenoid hydroxylase
whose in vivo activity i-so odp -camtertemt squandaria r i |
agai ns-t oadph-eavotbneffhe Cyp97 allele, lIutd, resulted in theaccumulation of
U-carotene to levels comparable to those of wilg p-@aroténe and its stable adulteration of the
photosynt hesi s syst eaqarptenaddrived kiteincveas reduced byl 36%. t h e
LUT5-1 still produced 80% of wildype lutein levés, suggesting that at least one other carotene
hydroxylase could partially compensate for the loss of CYP97A3 activitgodel proposéd by
(J. Kim & DellaPenna, 2006)0 r the preferred pathwayngof I
hydroxyl atckaboenef byU CYP97A3 t o produgaimgy zea
hydroxylation of zeaxanthin by CYP97C1 to produce lu(Eig. 3).
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& DellaPenna, 2006)

The core pathway of carotenoid synthesis is described as the followaegntiajor 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 provalegvolutionary perspectif@lcaino 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. Retnol is synthesized as a precursor to vitamiacdve carotenoids arplays a crucial
rolein cellular differentiation and visual developmgi@Ison, 1996)

Epidemiologic and biological studies have long been conducted to investigate and
understand theole of carotenoids in the prevention and treatment of chronic human diseases.
Some boneelated diseases are alstated tooxidative stress, such as osteoporosis. Carotenoids
include beta carotene, and lycopene may counteract the associated effeatatfeostress
through its antioxidant properties. Studies have shown that people with osteoporosis have

relatively low levels of antioxidant vitamins and enzymes, while carotenoids $tawen
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promising value in minindng disease risk of bone and prevegtosteoporosi¢L. Kim et al.,
2003; Melhus et al., 1999; PARK et al., 1997; Rao et al., 2003).

| n a d dcarotene has bebn shown to have a direct effect on ovarian function, and the
concent r adrateaenin thef ovaby of dairy cows is ditgctelated to its fertility.
Supplementing dairy cows with betarotene has been proven to have a positive impact on the

commercial value of livestock producti@haewlamun et al., 2011; Marcek et al., 1985).
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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 anfizR$ta, 2020).

OJIP curve isvidely usal to study PSIn the darkadapted state, all photosynthetic reaction
centers are in a relaxed state, which means that the ground state is filled with electrons.
Simultaneouy, the electron transport chain between PSIl and PSl is also in adeltate. This
means that the free plastoquinone (PQ) pool behind the plastoquinong,Al@3toquinone B
(Qe) and PSII reaction ceass is completely oxidized. In this smlled "open” (O) state (g);
the fluorescence quantum yield of the system isllsmih "O" standing for "origin” (minimum
fluorescence) and "P" for "peak” (maximum fluorescence), J and | represent the inflection points
bet ween O and P | evels. Further mor e, Fo is t
is the intensity athe P level, andv (Fv = F m1 HKsabe variable fluorescence. Because an
incident photon has the greatest chance of inducing charge separation at one of the reaction
ceners. When the photosystem begins to receive light, charge separation will occur and electrons
will be transfered to the PQ cell via Qand . 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 redredhe
majority of electrons in the leaf's individual reaction centers have reduced, thml@cules at

these reaction centers. The next level "I" of fluorescence quantum yield is reached gven Q
also reduced. When the PQ pool reaches its reductan fiee fluorescence quantum yield also

reaches its peak, the "P" le&lhan et al., 2021; Schansker et al., 2014).

2.3 Neonicotinoid pesticides

In recent decades, theles ben more and more use of pesticides. Intensive use of
pesticides can lead tdfect nontarget host plants in many ways$eonicotinoid insecticides are
a class of insecticides that act through specific actions on neuronal nicotinic acetylcholine
receptors (nNAChRs|Ford & Casida, 2006)Neonicotinoid insecticides have high inserctal
activity and low mammalian toxicity, but neonicotinoid insecticides have limited insecticidal
activity and high mammalian toxicityin the mid1980s, Bayer of Germany successfully
developed the first neonicotinoid pesticide, imidacloprid, which hasvel mode of action,
strong toxicity, high efficiency, broaspectrum, and good environmental compatibility, and
attracted people's attention immediately after its introduction. Some large foreign pesticide
companies have entered the research field afthegking nicotine analogs, making
neonicotinoid pesticides a hotspot for research and developfhenmsen 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 agoists of insect NAChRs with low affinity for vertebrate nAChRs, thereby reducing the
potential risk of toxicity and improving safety in ntarget species. However, although
neonicotinoids are considered safe, their presence in the environment may itloeeasie 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 abmiravioral 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,

18



and marked changes in the function @ thgrostriatal dopaminergic system. All of these effects
lead to the activation of a series of intracelldignalingpathways that generate oxidative stress,
neuroinflammation and ultimately neuronal death. Changes in nAChR function induced by
neonicotnoids may be responsible for most of the effects observed in different studies.
CostasFerreira & Faro, 2021)

The selectivity of neonicotinoid insecticides is due to the differential binding of these
molecules to their target sites (nicotinic acetylam®lreceptors), which is stronger in insects
than in vertebrategCasida & Durkin, 2013; Tomizawa & Casida, 2003he nicotinic
acetylcholine receptors of the neuroexcitatory cholinergic system are targets of nicotine and
neonicotinoid insecticides ins$ects and mammalllicotinic acetylcholine receptors regulate the
flow of Na" and K through neuronal postsynaptic membrane chanfiédgg et al., 2003).
Acetylcholine opens and closes channels to maintain a dynamic ratio of intracellular to
extracellula Na" and K concentrations, which is required to initiate electrical sigmalin
postsynaptic neurons. Both nicotine and neonicotinoid insecticides act as agonists of the
nicotinic acetylcholine recepterthe Nd/K™ ionophore(Seifert, 2014a)Strucural differences
between insect and mammalian receptors determine selectivity for neonicotinoid insecticide
toxicity in insects and nicotine toxicity in vertebrat@datsuda et al., 2005)l'he proposed
concept of the neonicotinoid electronegative phaophore 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 tB determinant of their strong binding to vertebrate receptors. It also
negatively affects their penetration into the insect's central nervous system compared to
nortionized and more hydrophobic neonicotinoid insectic{&ssfert, 2014b).

Stress inducebly 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 activiti@uzmanova & Allakhverdiev, 2014; Shalat
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 CNB 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 hydropafiic treated with each of the sevemonicotinoids,
metabolites identified in leaves indicated nitro reduction, cyan hydrolysis, sulfoxidation,
demethylation, imidazolidine, and thiazolidine Hydroxylation followed by olefin formation,
oxadiazinane hydroxgtion and ring opening, and chloropyridyithlorinatior(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 protoplastsepamd leaf
unfolding through mAChR and nAChR. like animal céllsvey, 1996; Takahashi, 2019)he
MAChRs might be associated with a phosphatidgtitoldependent pathwégntonsson, 1997;
Hokin, 2003).This leads to the opening @&~ 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 pathwayTretyni et al., 1992).

The maximumconcentrations of clothianidin and ithemicalanalogue thiamethoxam in
surface waters were found to be 3 and 2R, respectivel¢T. A. Anderson et al., 2013;
Morrissey et al., 2015Although 55.7 . of CL and 63.& ¢ of TMX were found in puddles
formed on the surface of corn fie([@&msorRobert et al., 2014)There are research shows that
different maizehas different uptake of pesticid@dortl et al., 2020) Pesticide also has influence

on gene expressidilouse et al., 2021).

2.4 Usng Raman spectroscopy to investigate pigmenstructure and

activity

Raman spectroscopy is in honor of Indian physc&ir C.V. Raman and K.S. Krishnan
(Louden, 1989)With the advancement of CCDs the performance of detectors improved for

Raman spectroscofdiRS). (Neuville et al., 2014).
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Raman scattering is the inelastic scattering of light radiation on molecuteatigfr that is
accompanied by a significant change in radiation frequérayasooriya & Jenkins, 2002; R. R.
Jones et al., 2019Molecules of matter polarize and scatter light under the combined influence
of ultraviolet, visible, or neainfrared ligh. 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 sourcéHanson et al., 2016; Yu et al., 201%he molecular structure of
the material determines the number and position of the lines that alie&ing you to
accurately identify the sample. Since the band&®®fcharacterize th vibrations of chemical
bonds and the geometry of scattering molecu®sis widely used to estimate conformational

changes in molecules of inter¢Schneider, 2004).
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corresponding Raman spectrum of C@ilthe vibrational quantum numbeiRrochazka, 2016).
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Raman scattering of lighs based on further changes in the wavelength of light emitted
from a sample and the interaction of momaanatic laser irradiation with matt€y.-S. Li &
Church, 2014; Prochazka, 20163}S takes place due to the movement of electrons in the
molecule andhevibration of the atom's nucleZhang, Sun, et al., 2018yhe field in which
the electron cloudesides 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 molec(fe et al., 1987)Molecular nuclei can oscillate as
electron clouds deforrtKalukula et al., 2022)RS changes the wavelength of incident light due
to the excitation of molecules, and the molecules jump fronmitial energy level n to a virtual
energy level mRS 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 ittwa different energ{Erasmus & Comins, 2019).

There are the following types of Raman scattering:

In the Raman spectrum chrotenoidsthe following bands have the highest intensity i.e.
characteristic bands:

1. Peak atl527 cnt indicates the telesping vibration of the conjugated double bond C =
C near the cest of the hydrocarbon chain. It shifts to higher frequencies when the configuration
of the transcis position of the molecule changes. The larger the spectral shift the closer the cis
position of the bond is to the camtof the moleculgFinkelshtein & Shamsiev, n.d.);

2.Peak atl156 cm'r e pr e s e n@)s & rha@ ham@piase stretching vibrations of
the polyene cha{Qin et al., 2011);

3. Peak atl190 cnt characterization of carotenoid t8s conformational changes

4. Peak atl009 cmi characterization of @Hs stretching vibratins coupled to &
stretching modes or with-8 in-plane bendingGrudzinski et al., 2016);

5. Peak aB60 cm' characterizesut-of-plane G H modegPrinsloo et al., 2004);

Since Raman spectroscopy is a {a@structive in vivo research method, it daused to
analyze living cells, spores, bacteria, tissues, viruses and single biomolecules. In the early 1990s,
RSwas used for the first time to study the interaction of an antibiotic (doxorubicin) with DNA

and to analge living cells as well as the imttluction 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 andesbuctive
analysis of samples with different properties because of its high senshasy.remote sensing
studies have an applied character, which indicates that their results have great application
potential in analytical practice. Higbriority area 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 objest (Olivo & Dinish, 2015).

Raman spectroscopy combined with advanced statistical analysis forms a single universal
method that is reliable, cesffective, noninvasive, and allows early diagnosis of all forms of
cancer (Ralbovsky & Lednev, 2020)As a rapid, labelfree, nondestructive analytical
measurement requiring little sample preparat®8shows great promise in liquid biopsy cancer
detection and diagnosis by fusing each patient's plasma and saliva Raman spectra Together, the
follow-up analysismodel provided impressive sensitivity, specificity, and accuracy of 96.3%,
85.7%, and 91.7%, respectiveljhe results further confirmed that the metabolites differing by
Raman spectroscopy were the same as those modeled by mass spectrometry, hartinenizing
Raman spectroscopy and mass spectrometry models and validating the potential &8itg of
assess metabolite compositidrhis research enhances the relevance of Raman spectroscopy to
provide added value by probing the unique chemical compositidnotidgical 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 lgvelccur much earlier than the onset of clinical symptoms.
Therefore, Ramabased methods can be used to detect alterations in molecular features, and
Raman spectroscopy can be used as a biomarker map for early disease classificationuand tumo
grading. Inaddition, sinceRS does not require extensive sample preparation orliapethis
information can be obtained without destroying the material and can be subjected to additional
processing and analysis after acquisition, which in the case of cancersisaignessential to

create a complete picture of a single tum@lanna et al., 2021)
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Surfaceenhanced Raman scattering (SERS) is a suitable tool for new technologies because
of its high sensitivity and low loss. SERS materials modified with DNA apwmpesvide
specificity for SERS biosensors. Existing SER&ednansensordor rapid virus detection are
either not suitable for quantitative assays, or have complex structures and are expensive to
implement. Herein, a colloidal solutidrased SER®ancersoris presented that combines the
rapidity and specificity of the quantitative assay of the SARS-2 virus, distinguishing it from
other respiratory viruse&avyalova et al., 2021)n our work, we will propose a method for

recording the SERS of cdaemoids 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 diagnostits$ selectionThe period from
1954 to the present has been characterized by great success in maize breeding and the productiol
of high-quality hybrid seeds, resulting in more than 1,500 cereal and silage hifetts 2015).
Process prerequisites and aeon technologies for the efficient production of hybrid maize seeds,
breeding work and mass production of commercial and silage hybrid (8ddset al., 2019).

In the context of said developmentsany scientific disciplines (physiology, biochemistry
biophysics, biotechnology, breeding, spectroscopy) have been linked to the objective of
modernizingand effectively implementing contemporary maize breeding and seed production
programs. The interdependence between research production and practical fosmlascience
has been linked to the objective of modemmy and effectively implementing contemporary
maize breeding and seed production progrgfRadenovic et al., 2016, 2021, 2028jongside
the outstanding results achieved in the selection aedding 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, 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 ®itage is
plantderived feed that has undergone biological fermentation or chemical preservation. Silage

corn growing methods differ somewhat from commercial corn growing methagdsmportant
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to produce the maximum amount of silage of high quality per unit area. Today, silage is the basis
for costeffective modern animal husband(Bulut et al., 2019).

Using neatinfrared 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 differentpectral data were
collected from all seed and leaf samples using a portable Midkadevice. The data were then
preprocessed by principal component analysis and partial least squares discriminant analysis
(PLSDA). The method enables the classificatmf haploid and diploid seeds as well as haploid,
diploid and diploid plants with 100% accuracy, constituting a fast, simple;ddsinuctive and
reliable method for haploid identification in maize, and more efficient than visual analysis
(Rodrigues Ribieo et al., 2023)Nearinfrared spectroscopy data are useful tools for predicting
maize kernel yield and have shown promising results in evaluating genetically independent
breeding populationd.ane et al., 2020).

Nearinfrared and visible hyperspedtimnaging has been extensively studied for detecting
various internal and external qualities of corn. Ne&mared hyperspectral imaging can be
effectively used to accurately detect kernel firmness (>62%), seed variety classification
(83-94%), and fungainfestation (9195%) of corn kernel§Rathna Priya & Manickavasagan,
2021).

Raman technology is a robust, Aorasive, biochemically selective phenotyping technique
that can distinguish not only the level of drought tolerance of genetically diversg/peEnbut
also the neaisogenic level of drought tolerance. The robustness of this technique is that it can
be performed on twaveekold seedlings and requires as little as a week without water. Climate
change increases the likelihood of skerm drough 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 lenotyping technique provides a fast and accurate method to select
droughttolerant genotypegAltangerel 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 graiefdie,
the identification of seed varieties is of great significance. Raman spectroscopy has a significant

effect on identifying the variety of seeflsu et al., 2022).
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2.6 Investigation usingMulti -Function Plant Efficiency Analyzer

As methods thatlw 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 methds-Function Plant Efficiacy
Analyseris an avanced lakbased system for investigation of plant photosynthetic efficiency
which combines high quality fast fluorescence kinetic and P700+ absorbance studies with
groundbreaking Delayed Fluorescence (DF) measurements providing bntheo most
comprehensive systems for the investigation of plant photosynthetic efficiency availaéle.
M-PEA is a laboratorpased measurement system consisting of a control unit and a precise,
robust sensor unit housing all optical emitters and detedtorall measuring element¥he
M-PEA-1 sensor unit includes a hightensity red actinic light source, a figed light source, an
instant fluorescence detector, and a modulated emitter/detector pair for P700+ absorbance
measurements. The-MEA-2 also irtludes a higfsensitivity delayed fluorescence detector and
a detector for measuring leaf absorbance.

It is possible to anake the physiological state of the photosynthetic machinery in vivo by
detecting the parameters of JIP based on rapid recordimgoobphyll fluorescencéddecreased
photochemical efficiency, increased rApimotochemical dissipation and reduced number of
active photosystem Il (PSII) reaction cerstwere observed in most of the nutrigtficient
samples.By using MPea, nutrient deficiencies incorn andtomato plants can be dentified.

(Kalaji, Oukarroum, et al., 2014)

Nine shoriterm independent studies of two-IREA units were performed on several plant
species with different functional traits and exposure to different kindsiofi@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 #Fy and an increase inpfV 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 function& grouprelated 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 technoldiggt can detect the chemical structure of
the material that wild use in chemicakxperiments Lately, it sdbalsobeenuseal on biological
structure detection IR technology is highly energy efficientonsumes less water ansg
environmentally friendly compared to conventional heating. In addition, it is radoced
heating time, uniform dating, reduced quality losses, versatile, simgohel compact equipment,
and significant energy savir(@boud et al., 2019; Rastogi, 2012ajrared technology is more
energyefficient, less wateconsuming and environmentally friendly than traditiohekating
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 aging 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 charactgkitksy
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 andRdrela, 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 ophg@rmaceuticals and
chemometricsupported supplements. Impact of spectralgroeessing and variable selection
on the quantitative analysis of phytochemicals and adulterants in-h@lsetd drugs and
supplements using infrared spectroscopy. Selecteditpias@ analytical studies of plaiased
drugs and supplements using spectral-goeessing techniques and variable selection for
processing data analy&isinaedi et al., 2021)

In the near infrared spectrum, light can penetrate biological tissuebeanatisorbed 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 strokerandhatic brain injury patients in

the intensive care setting. Mutthannel neamnfrared spectroscopy has improved the spatial
resolution of fNIRS for mapping the brain in certain task modalities such as language mapping.
Advances in signal processingcimology have shifted fNIRS towards individual clinical
applications for the detection of certain types of seizures, assessment of autonomic function, and

cortical spreading inhibitidi€hen et al., 2020)

2.8 Density functional theory (DFT) calculations

During the first few decades of applyinguantum mechanic§QM) calculations in
vibrational spectroscopy, they were limited by the level of Har FRoex calculations, leading
to considerable deviations in calculated and experimental frequefb®=&mergence and rapid
development ofdensity functional theory(DFT) approximation methods have increased the
practical application of QM calculations in vibrational spectroscopy of polyatomic
moleculegBaiz et al., 2020; Yagi et al., 201%Relatively simple tools such as Hartieeck
levels or standard DFT typealculations 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 accuréBgseden & Tye, 2014Most commonly used
density furctions require the use of speciataled scaling factors (correction coefficients) in
order to maintain good agreement between theoretical and experimental freq(finciesal.,
2022).At the same time, the development of different density funatiomodels has produced
suitable approximations, resulting in theoretical frequencies that can be used without any
correctiongSu & Xu, 2017).

The article presents a method for simulating Raman spectra of defective materials based on
a combination of epirical potentials and firgbrinciples calculations. Empirical potentials are
used to estimate the vibrational modes of the flawed system, which are then combined with
Raman tensors estimated from fipsinciples calculations. This approach not only éesb
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 spec{iXsaopy

et al., 2020).Combine DFT calculation and Raman spectroscopy is goodnderstand the
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structure of different objectsGiese & McNaughton, 2001a, 2001BFT is also used to study

IR spectroscopy and othertechnfc€h oudhary et al ., 2020; Rac z)

2.9 General aim

The aim of the work was to study the lemule mechanisms of neonicotinoids insecticide
on photosynthetic pigments of chloroplast and different genotypes niaitieis study, it is
planned to use efficient optical methods (Raman spectroscopy, IR spectroscopy, AFM, EPR and
fluorimetry) to deterrme 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 differenttgee®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 (inbredlowe 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 ghtigtifluorescence ("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 ore thmolecular 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 irfottmeation 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 hyérzp

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

3.1 Plant growth of maize

For germination, 6@naizeseed4ZeamaysLl nst i t ut za Kkukuruz fnZe
Serbig were selected for planting. Followed by treatment \8#%h 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) ilthie 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 kdck soil) under 24 hours of sun at a constant temperature ofl2&°Scheme
of the experiments shawv as Fig. 6. TMX
[5-methyt3-(2-chlorothiazol5-yimethyl)-1,3,50xadiazinanel-ylidene N-nitroamine] were
performed on differentgriod of plant growth. TMX(a) and TMX (d) were performed on maize

seed irrigation (day 4); TMX(c) and TMX(d) were performed Breaf appearance (day 8).
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Germination
(during 3 days)

\

Planting seedings in the soil
(day 4)

l—TMX{a), TMX(d)—L—TMX(b), TMX(c)—l

Irrigation + TMX Irrigation
Apperance of 3rd leaf Apperance of 3rd leaf+TMX
(day 8) (day 8)
Measuring of 3rd leaf Measuring of 3rd leaf
(day 10) (day 10)
Meauring of 5th leaf Meauring of 5th leaf
(day 12) (day 12)

Fig. 6. Scheme of the experiments

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

For germination, eeds of peaRisum sativum L.cv. Nemchinovsky 46) wer&reated for3
days in moist gauze and transfertedstandard<noop medium(1/5) for hydroponic§Reski &
Abel, 1985) The seedlings were grown for 10 dayslera lightintensity of 100 pmol photons

m?with™ in a 14 h light/10 h dark regintf temperature 024°C. Thetop ofthe plantsvascut
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off to prevent growth and transferred to new Knop 1/5 megdicuttured for 7daysMedium

were replaced every ddyodorenko et al., 2020)

3.3 Preparation of chloroplast from maize leaf

Preweighed maize leavgZea mayg 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 eachovolae
buffer which contain0.04 M sucrose, 20 mM THYCI (pH 7.8) 35 mM NaCl,1 mM EDTA
(grinding must be carried out at a temperature -df ). After filtration of the homogenate
through four nylon layers. After centrifugation of the filtered fl{ittbOO rpm, 5 min4 °C).
Transfer the supernatant to aqoaoled tube and centrifuge again (4000 rpm, 4 °C, 10 min) to
obtain a precipitate. The precipitate is dissolved in bufteich contain 15mM NacCl, 400 mM
sucrose, 50 mM MeblaOH (pH 6.5) and stored frozen for ftirer experiments (add 30%

glycerol and store a3 °C)

3.4 Chloroplast separationof pea

Two dothianidin poduct YIMAO (Sigma-Aldrich, CN) and FUWEI (Boken Agriculture,
CN) wasused.The upper leaves of the peas were homogenized three(tilhegach ime) with
a blendern buffer A which contain50 mM tricin (pH 7.8), 400 mM sucrose, 10 mM NaCh
mM MgCl,. The resulting homogenate was filtered through 4 layers of nylon, followed by
centrifugation (300 g, 1min,-8° C). The supernatant was poured i@acentrifuge tube and
centrifuged (5000 g, 5 min). The precipitate containing chloroplasts was homogenized in a small
amount of buffeB which contain50 mM tricin (pH 7.6), 400 mM sucrose, 10 mM NaCThe

chloroplasts were frozen in liquid nitrogen astdred at80 C.

3.5 Separation of BBY particles byPSl|

BBY particles(in honor of Berthold, Babcock and Yocum) capable PSIFMn) and
incapable(PSIFMn) of photoinduced O releas&ere performed according to the previously

described technigykeovyagina et al., 2022aBBY -particlesof PSIFMn do not contairexternal
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proteins of the oxygereleasing compleXORC), manganese cationsend calcium cations
Extraction of manganese cations from PBMCs was performed by treat with 0.8 MQlris
buffer (pH 8.5 for 15 minat 0.5 mgmL chlorophyll, temperature 22C in room light. The
obtainedPSII preparations were placed in a buffewhich containd00 mM sucrose, 152\M

NaCl, 50 mM MES/NaOH, pH 6.%,0zen in nitrogersolutionand stored at30

3.6 Treatmert of chloroplasts with clothianidin and determination of

pigment content

Clothianidin was purchased from the company Sidxthich (PESTANAL, analytical
standard, 99.9% purity). Qlvere resuspended in bufferdd Cto 2025 pgmL CL. Clothianidin
(CL) wasadded at a final concentration d @r 110 pg/L and incubated for 10 min at € in
the darkcondition Same volume of distilled water was added to the control. The required
volume of chloroplasts was then pladeduffer emperature abo@7° C), incubated for 2 min
at room temperature and measuredhlorophyll content has been measured

spectrophotometricallyn 95% ethano{Lichtenthaler, 1987)

3.7 Measure the relation among different chemicalbonds by Raman

spectroscopy

Raman spectrospy used inchanges in the conformation ®MX effect of maize leaves
a DFS 24 Raman spectrometer (LOMO, RF) with a 473 nm [ésser power 3 mWjJCiel,
Eurolase), and a SIDS 1/3648 (Troitsk, RF) recording systeatrix TCD1304DG (Toshiba,
Japan) withfilter LPO2-473RS50 (Shemrock, USAf Kar ger et al ., 2016;
¢ dzj € ) ©dzH tc VBhgmyecording 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 Urgrsity. Lomonosov.

Spectra ofCL, Triple-Chlorophyll (which contain Chlorophyll complex, Soybean oil,
Gelatin, Glycerin, Titanium dioxide, Chlorophyll{NC, USA), Betacarotengwhich contain
Soybean oil, Gelatin, Glycerin, Corn oil (GNC, USAgnd chbroplasts 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 tsmuwas 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 Feulty, at the MSLBIT 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 neededdaa detection syste(kig. 7).

s N e - N aY
Light source Dispersion s Detect
(laser) /]\ [ | system etection
1) |/2\
< &)
,1
Sample 1
L y

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 measement

In the experiment of maize leaf,uftifunctional plant analyze(M-PEA-2) was used to
record Ight-induced kinetics of fast fluorescend®j, delayed fluorescencBF) and modulated
reflection / absorption of light at a wavelength of 820 nm (MRar$htech Instruments Ltd.,
King's Lynn, Norfolk, England). The intensity of the active ligh8 0 00 & mol'?Sduant
and the duration of illuminatiois 60 s. The measurements wperformedon the adaxial side of
the intact leaves, placed in a measgirunit in a special clyglothespin.Plants were adapted to
darkness for 15 mirbefore measurements order to the reaction cemt (RC) of the
photosystems to bec omBRegistratipneohtioreewignaldhiwae carriedl out e d
with the alternaion of light and dark intervals, the duration and collection of data of which are

described in detaih (Strasser et al., 2010a)

34



Standard JIRest were used to analyzed OJtBrveswhich describes the energy fluxes
through different parts of the eleat-transport chain of photosynthegStrasser et al., 2004a)
with the following fluor esol&msé, Ding ik Fs : ir
(maximum level of fluorescence). These characteristics were used to calculate the probability of
electron transport beyond the limits ofiQ( y Omaximum quantum yield of photochemistry of
PSII (R/Fv), energy flux absorbed by one active reaction center (ABS /&d)the functional
activity indexPSllrelated to the absorbed energy,d2)(Strasseet al., 2004a)

In the experiment of chloroplastubrescence light induction kineti¢®JIP curves) were
recordedby a Plant Efficiency Analyze(PEA) (Hansatech, UK). Chlorophyfluorescenceavas
stimulatedby red light { =650 nm) with an intensity & 5 0 0 “&sU Theafollowing JIPtest
parameters were used to analyse the OJIP c(®texsser et al., 2004d)uorescence intensity at
50 es ( Fospg s 3,002, temsvd @Iphase amplitude (Vj=(F0)/Fv), maximum
fluorescence yieldFm), initial O-J fluorescence growth phase slope (Mo = 4x(F30GXFV),
electron transport efficiencyPét = (FmF; go/(F2 nF0)), photochemical efficiency dPSl|
(Fv/Fo = (FmFo)/Fo), maximum photochemical energy conversion efficiendySift (Fv/Fm=
(Fm-Fo)/Fo).

The algaeChl fluorescence measureme@lIP transients and delayed fluoresce(ii€e)
inductionwere recordedising thehigh sensitivity fluorimeter FKMS designed at the Faculty
of Biology of Lomonosov Moscow State Universiiiyovyaginaet al., 2022h) The excitation
source for chlorophyll fluorescence was blue light with a maximum at 445 nm BR&Rof
7500 mo | ( p h*® tMeasyrement of delayed fluorescence in the interval froes16 1
ms was carried out according to a protocol similaviREA-2 (Multifunctional Plant Efficiency
Analyzer, Hansatech, King's Lynn, Norfolk, UK3trasser et al., 201.0The samples were kept
in the dark forl5 min before measuremenghlorophyll contentAlgal cellswere harvested by
centrifugation at2000 x g for 3 min Chlorophyll (Chl) was extracted from cells with 95%
ethanol, and determined spectrophotometydalichtenthaler, 1987)

The algaeOJIP transientsvere 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°%s § weslused gshao exoitatipn ligiRefore the

measurement,atls were dark adapted for 15 min and then collected on glass fiber filter.
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Tablel List of the selected JiRest photosynthetic parameters derived from the

light-induced Chl fluorescence kinetics (OdiBnsients).

Parameter Desciption
Vy=(F;1 Fo)/(FuT1 Fo) Variable fluorescence at time 2 ms
Vi=(F 1 Fo)l(Ful Fo) Variable fluorescence at time 30 ms
Upo=(Fm T Fo)/Fy = Probability of excitation energy trapping in PSII (maximum
Fu/Fu quantum yield of PSII photochemistry)
Yeo=(Fm T Fy)/Fy Probability of electron transfer fromx@o the PQ pool
Ueo=(FmT F3)/Fum Quantum yield for reduction of P@bol (at t = 0)

Probability of electron transfer from PQ pool to terminal
Uro=(FmT F)/(FuT Fy)
electron acceptors of PSI

Uro=(Fm 1 F)/Fym Quantum yield for reduction of electron acceptors in PSI

PIABS: RC/ABS XR//FM

X

Performance index on absorption base
x (L1 FulFu) ™% Yo x

(17 Yeo ™

Pliotar= Plags* (17 Uro)™ Total performance index

The algaeMicroscopic imaging The measurements were carried out on the microscope

Axioplan 2 imaging MOT (Zeiss, Germany) using the software Axio Yidi@ (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 wseparated from the exatton light using a broadband filter
(&>515 nm) .

Dark decay kineticsf chlorophyll fluorescence (Q-reoxidation) andlelayed fluorescence

(DF) were recordedby FKMS-2 device (Lomonosov Moscow State UniversityRussia)
(Volgusheva et al., 2022Chlorgphyll fluorescenceavas excited by blue light (=445 nm) with

an intensity of 5000 pU hs. The attenuation of fluoresce
saturati on {10 g MPEARfwasiseQo neasurealdyed fluorescence in the
submilliseond interval (10 ps to 1 mgHansatech, King's Lynn, Norfolk, UKBtrasser et al.,

2010c)

3.9 Detection pigment concentrationby absorption spectroscopy

The content of photosynthetic pigments (chlorophyll A, B and carotenoids) was determined
spectropotometrically in 100 acetone extrac{Hitachi557, Japa)j and calculatedby

Holm-Vettstein's formulas.

3.10 Detection ofchemical composition and molecular structureusing IR

spectroscopy

IR spectroscopywith Fourier transform (FIR spectrecopy wasused to registered IR
spectraof maize seed§Zea mays L.l nst i t ut za kukuruz ndnZepmun F

633, zp 677, zp 684, zp735 the range of 40@000cm™ with a measurement step of 4 tm

(Shimadzu Corp., Japanfhe leaves were homogenizad an agate mortar buffer (50 mM
tricine, 400 mM sucrose, 10 mM NaCl, 5 mM MgCI2 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 bag&ittooated

Total InternalRefraction(ATIR), specular reflection, and other types of reflections.
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Attenuated Total RefractiofATR) is the most popular infrared spectrgsganethoddue 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 crybfahased 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 enission penetrates a small depth into the sample phsed where it is partially
absorbedKig. 8). With the same stimulation, this process repeat, then the absoption spectrum

will be obtained.

Evanescent Wave
Sample - = = = 2= 2=

ATR Crystal ——

IR Source Detector

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

3.11 Studies of the O, release rate of andchloroplasts chlorophyll

fluorescence inductions kinetics (OJIP transient)

The rate of @ release and uptake was determined by Clark electrode (Oxygtaphuimt,
Hansatech, UK) at a | i ght2silnempenatrie &, oafn dMBLO00 eegr
Chl. PSIl was assayed for its oxygen delivery activity in the presence of 0.125 mM
2,6-dichlorobenzoquinone (DCBQ). The rate of electron transposinf H20 or reduced
dichlorophenacindophenol (DCPIRH2) to methylviologen (MV) was determined by the rate2 of
uptake of Q (Curtis et al., 1975)The O, release rateof BBY particles was measured the

presence of the artificial electron acce@@BQ( 200 & M) .
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The photoinduced electron transport rateBBY particles of PSIl was recorded on a
SPECORDUV-VIS spectrophotometer (Carl Zeiss Jena, Germany) as descrilfedviyagina
et al., 2022a)The excitation lightis XBDROY L ED ( Cr e e nindightintensidyS A ,
1500 pmol photons fhs?) . 4 0 -decHbroghenblindephenol DCPIPH) was used as an
electron acceptophotoinduced changes of optical density were recorded at a wavelength of 600
nm; hydrogen peroxide (100 pM final concentrationgs used as an electron donor RSII
preparations without PBMCs. The mechanism of this effect is as follows: the Mn(ll) cation binds
to the highaffinity Mn-binding site inPSII (-Mn), is oxidized by a radical of the redaxtive
tyrosine161 residue oprotein D1 (YZ), after which the Mn(lll) cation is reduced by hydrogen
peroxide(lnoué & Wada, 1987)

3.12 Preparation of nanostructured substrates for enhance the Raman

scattering

In this partof the work, we developeda methodfor SERSof carotenoid, which we proposeto
useto diagnosehe stateof this pigmentin the whole plant Substratevith a nanostructuredoating
based on carotenesamplesapplied (2 - 0.02 pmoV/mL or 37 nmolL - 3.7 nmolL) silver.
Nanostructuregubstratesvere obtainedin accordancewith the techniquedescribedn (He et al.,
2018a) An aqueous solution of sodium hydroxide (0.1 M NaOH, high purity water,-®8jlli
Millipore) was added dropwise to a freshly prepared solution of 0.01 M aqueous silver nitrate
until the blackig-brown silver (1) 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 (1). MHIEZR syringefilter units
(Millipore, pores 0.45 em) were used to fil
The initial ammoniacal silver (I) oxide solution was nebulized into a mii&.micron droplets
were run on ‘'warm' glass, alumina or microporgiga substrates (270 °C) for #80 min

(possible 250 °C, deposition thickness 45 i88@menova et al., 2014).
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3.13 Atomic force microscopy for investigate chloroplasiopography

The structural integrity of chloroplasts was maintained by fixation ifOgfutaraldehyde
(Ted Pella) for 1 h, then washed 4 times with distilled water andri@d.Cell images were
obtained using a NTEGRA SPECTRA AFM complex ¢(NIDT Co., Russia) and a Nova
registration program (N'MDT Co., Russia). Measurements were caroetlin a semcontact
mode using NSG 18 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 M52 or 55 em

(256 x 256 points); the scanning rate was D.8z.

3.14Electron paramagnetic resonancepectroscopy

The membrane fluidity of chloroplasts was estimated using electron paramagnetic
resonance spectroscopy. To probe this, we employedotystearic acid, an analogue of
spinlabeled stearic acid (Sigma, &buis, MO, USA), which is located as close as 2.2 nm from
the surface of the membrg@ehreierMuccillo et al., 1976)Control and CL treated chloroplast
suspension was concentrated to 2.8 mg/mlhl followed by the addition of 0.1 mM
16-doxylstearic ad . PR spectra were recorded at 231
spectrometer with a constant magnetic field intensity, microwave power and a time constant of
3338 Gs, 22mW, and 0.1 s, respectivel vy, wer

meaure of membrane fluidity, was calculated as previously desdftmthenkov et al., 2005)

3.15 Statistical analysis

Significant differences were determined by using-wag ANOVA, and means were
analyed using the Tukey test. The differences pat 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 oheemozaks
when diagnosing the state of this pigment in the whole planidentify the type of carotenoids
existed in the investigated samplssries of quantum mechanical calculations have been carried
out for all cis isomersand trans of carotene, betcryptoxanthin, lycopene, lutein, and
zeaxanthin at the different levels @énsityfunctionaltheory (DFT) with different basis sets. A
few functionals (B3LYP, BVP86, PBE1PBE) have been used in calculations with different basis
sets (631+G**, DGDzZVP, TZ/P), Optimized geometry parameters for the equilibrium
conformation have been obtained and confirmed by frequency calculabéiis calculations
have been performed without any restrictions on the symmetry of strurtimggthe program
GAUSSIAN 09 packagéRevision D.01)XRastogi, 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 agreenterthavi
experimental ones and can be used to interpret the spectra of organic molecules. virtually no
scaling proceduréHickey et al., 2019)The results of calculations at the BVP86/TZVP level
have been used for the detailed interpretation of vibrdtgpectraOther calculation levels used
predict frequencies that are higher than the experimental éfwsever, when using the
BVP86/TZVP results, it is important to note that some predicted frequencies may be slightly

redshifted (to the low frequencygien) compared to the experimental frequencies.

4. Results andDiscussion

4.1 Study of the effect of thiamethoxam spray oitwo maize genotypes

leaves

In this series of experimentshiamethoxamwas spray on the leaveshen 3° leaf
appearancdday 4 seechapter Methods Fluorescence parameters and Raman spectra were

recorded in order to study the effect of thiamethoxam on leaf pigmientas found, hereis no
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significant difference between zp 341 hybnhizeline and zppl 225 inbrethaizeline in leaf
pigment composition, but there were significant changes in the different genotypes following
thiamethoxam applicationt was found, hereno change ofthiamethoxamtreated hybrid line zp
341 in the pigment composition. In contrabiamethoxandecreaedthe content othlorophyll
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 he OJIPtransientsof both hybrid zp 341 and inbred zppl 22Baize leaves had
typical charateristic phases patternghis patterrreflecs the sequential reduction of carriers in
the photosyntheticglectron transport chairbetween the two photosystemBig. 9, A, D)
(Strasser et al., 200&tirbet & Govindjee, 2013a
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Fig. 9. OJIP curves of maize leav@s, D), the derived curves of relative variable
fluorescence Vt=(FEO0)/(FM-FO) after normalization to O levels (B) and the difference in the
values of the f unu(control)nG,E) tpihe inbredVirte gppl 25 JA,B,C)
and the hybrid zp 341 (D,E,F) in control(1) and upon thiamethoxam treatment(2). O, J, | and P

are 20Y s, 2ms, 30ms, and 300ms peakthe induction curve
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Thiamethoxanreated sample caused chanigethe OJIP oboth maize typ€Fig. 9, A, D).

Normalization ofthe induction curves derive the relative fluorescence variajduivction The

increase irpV of zp 341 and zppl 225 in-® phase indicated the accumulation of reducgd Q

Thereduced Q due to the increased proportion of Qonreducing cemes of PSII, unable to

conduct electron transport along tdectron transport chaifLazéar, 2006)The ince a s e

of thiamethoxantreated zppl 225 at the-Oand Jl stages indicated the accumulation of reduced

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

photosynthetic reactiofKalaji, Jajoo, et al., @14).

Table2. JIPtest parameters derived from analysis of OJIP induction curves for leaxes of

341 and zppl 228pon thiamethoxartreatment (M+SEM)* Difference from control are

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

Fluorescence Zppl 225 Zppl225+TMX Zp 341 Zp 341+TMX
parameter
Fy/Fy 0.749+0.004(100 {0.740+0.004 (99%)| 0.740+0.010(100 | 0.710+0.010(97%)
%) %)
vEo 0.69+0.01(100%) | 0.65+0.01(95%)* | 0.67+0.01(100%) | 0.76+0.02(100%)
ABS/RC 2.6240.09(100%) | 2.93+(112%) | 2.57+0.12(100%) | 2.95+0.18(115%)
Plps 2.50£0.01(100%) | 1.77+0.15(71%)* | 2.24+0.23(100%) | 1.70£0.09(76%)*

The JIRtest was used in an attempt to reveal the action of thiamethoxam on important

photosynthetic parameters derived from the OJIP trangj€alde 2). The K/Fy correlates with

the thermal quanin yield ofprimary photochemical reactions of PSII and is used as an indicator

of the efficiency of photosynthesi$here was no statistically significant difference between

control andhiamethoxartreated leaves dfoth maize type leah R/Fy.

The corelation between Rgs and plant viability reflects the function of PSA under current

stresseg Gi v | 8k

e It shawk significan0chahge .unddriamethoxantreatment Plags

decreased by 29% and 24%lmamethoxantreated zppl 225 and zp 341 leaves, respectively.
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The reduction of Rksin thiamethoxantreated zppl 225 leaves was due toigmificant
reducti on i n g)lorteetPSlbraceptorsaln comtrast, thé rgduction ap 341

leavesPlags might be related to aninor decreasen PSII photochemistry (#Fv) and increased

ABS/RC.
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Fig. 10. Light-induced kinetics of modulated reflectiom a820nm (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 gatment (2). MR kinetics are normalized and expressed as MRiIViRBere
MRO is the signal intensity at 0.7 ms. lb, D;, D, are maximums and minimums on the DF

induction curve.
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Redox transformation of the molecular reaction center of PSI (P700) aftértreatment
was evaluated by MRinetics (Fig. 10, A, C) (Schansker et al., 2003Jhe MR kinetic signal
drop during the first 120 ms reflects P700 oxidation (fast phase) and reaches a minimum at 20
ms (MRnin). 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 200,5)s (MR
due to the electredonating reduction rate of PSIl being superior to the oxidatio{Stedisser et
al., 2010c).

Leaf redox P700 transformationstwth maize typewere altered byhiamethoxan{Fig. 9,
A, C). zppl 225 leaves showed chlorophyll changes in both the fast and slow phases of MR and
were associated withdecreasef MR amplitudeat 20 ms Fig. 10, A). Analysisof MR kinetics
showed an increase in reduced PSI receptors and a decrease in oxidized PSI receptors in zppl
225 leaveatthe influence othiamethoxamThis mightbe due @ a reduced receptor pool on the
receptor side of PSI. In contrastere isno change in MR kinetid®r zp 341Fig. 10, B).

The rate of the recombination reactionPSlIlis depended am membrane energizatioso
DF is proportimal to the rate of the recombination reaction in P¥He fast phase of DF
associated with membrane potential formaii@oitsev et al., 2009afig. 10 B, D shows the
induction curves of DF normalized to the minimum fluoreseddc The decrease of the peak
during the microsecond time scale may be due to a decrease in the Z+ reduction rate of
oxygen4MnCa and/or a decrease in the QA reoxidation rate of ox}lysrCa (disturbed
electron transfer on the PSII receptor side ofatkidizing complex (OEC)), which is induced by
the oxidizing complex (OEC) of oxygetMnCa (Goltsev et al., 2009apuring thiamethoxam
action |, 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,yetween the O and J levels (A, C) and the
differenceinthefuat i on va(B,Deirsleaged\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 2¢ s,300 Y s,and 2 ms.

The state of the OEC and its abiltty supply electrons to P680+ via Z+ can be monitored
by the appearance of additional peaks on the PF induction étomeompare the OEC statihe
relative fluorescenc®/o; ((F-Fo)/(Fr-Fo)) (Fig. 11, A, C) and the difference ifunctional values
PWo3 (Woirmxy T Woicontroy (Fig. 11, B, D) werecalculated In thiamethoxantreated leaves of
both maize speciegat 3 0 0 Keappearef leetwken O anddiie to OEC limitation which
is characteristidor changes durindnigh temperature streg§ig. 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 lg&igsl2). Peak atl520cm™

reflectscarbon doubleC=C- bonds Peak atL160cm™ widely assigned to a combination ®fC
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stretching and @ in-plane bending vibration®eak atL006cm’* reflectsCH; in-plane rocking

vibrations.
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Fig. 12. Changes in the Raman spectra of carotenoids in maize leaves of two genotypes
after treatment with thiamethoxame zppl 225, b zppl 225 +TMX, ¢ zp 341, d zp 341 +
TMX. Asterisks denote a statisticallysificant differencgP < 0.05). The inset shows the

Raman spectrum of leaf carotenoids for the inbred line zppl 225.

It was found,the ratio of {podloso bands in maize leaves increased afteamethoxam
application Fig. 12). At the ofthiamethoxanaction the ks,dl1006 ratio of zppl 225decreased by
26%. In the leaves of the zp 341 hybikiamethoxantaused a 43% and 16% increase in the
ratios of ksodlioos and ksodliien respectively, suggesting a conformational c¢jgann the
carotenoids.

Summary of this chapteinterestingly, 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 chlorophgl« 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 parteeophotosynthetic
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 receptorengetected in leaves of the zppl 225 inbred strain,
where a decrease 1 n e lgeonthe sida of the RSH s2qgeptar tesulped o b :
in a decrease in the function of PSIIA£2).

So spraying maize plants with the insecticide thiamedino 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 decreagg Parameters, and to
reduce the pigmedike membrane potentia Interesting the hiamethoxamaction 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 éted with pesticides, part of the substance ends up in the
soil. In this series of experiments, the effect of the pesticiddamtenialeaves was examined if
it entered the sailn this series of experimentsjamethoxansolutionwas inject into soil ag™
day when seedling in the soil NIX(a)) and inject into soil at™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, fant height and leaf length/dth were measured for two maize genotypes
without the supplement (control) and witiiamethoxamadded 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 addin of thiamethoxanon 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 whémamethoxanwas added on day 8 (TMX (b)). Control plants ofrbo
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maize genotypes were approximately18cm in heightafter thiamethoxantreatment 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@ndespectively, 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 genotgipasg thethiamethoxam

treatment was measuretdaple 3). After 12 days, the pigment composition of different maize

genotypes was slightly differenthe total amount of chlorophyié 0.52 mdg in zppl 225 and

0.64 mdg in zp 3411t was found, m the presence ghiamethoxamthe chlorophyll content in

zp 341 demased from 0.64 mig to 0.31 még (b). The initial carotenoid contents in zppl 225

and zp 341 were 0.14 and 0.13/mgespectively.

It was found, hiamethoxamtreatmentdecreased thearotenoidscontents in leainaize

genotypesln zppl 225leaf, carotewids decreased from 0.14 fggo 0.11 még under TMX (a)

treatment and from 0.09 mygto TMX (b) treatment, whereas in zp 34&arotenoids decreased

from 0.13 mgg to 0.11 m¢g to 0.07 under TMX (a) treatment and 0.07 under TMX (b)

tfreatment.

Table3. The pigment content in tHeavesof the zp 341 and zppl 22 thiamethoxam

actionon the 4 (TMX (a)) and the 8 days (TMX (b)) by root irrigation (day 12tatistically

significant results are indicated: *, P< 0.05. Parametgparienthesis are expressed as a

percentage of control value. Values are calculated on the based n=5

Pigment content zppl 225 zppl 225 + TMX (a) | zppl 225 + TMX (b) 7p 341 7p 341 +TMX (a) | zp 341 +TMX(b)
Chl a (mg/g) 0.39 +0.01 (100%) | 044 +0.01(114%) | 041 £0.01(105%) | 047 £ 0.01(100%) | 0.56 £ 0.01 (119%) | 0.24 + 0.01 (53%)*
Chl b (mg/g) 0.13 £ 0.01 (100%) | 0.15 +0.01 (112%) | 0.3 £0.01 (102%) |0.17 £ 0.01(100%) | 0.19 +0.02 (112%) | 0.08 +0.01 (53%)*

Chla+Chlb(mg/g) | 0.52 £0.03(100%) | 0.59 +0.01 (113%) | 0.54 +£0.02 (104%) | 0.64 £ 0.04 (100%) | 0.75 £0.03 (117%) | 031 +0.02 (53%)*
Carotenoids (mg/g) | 0.14 £ 0.01 (100%) | 001 £0.02(75%) | 0.09 £ 0.01 (66%)* |0.13 £ 0.01 (100%) | 0.11 = 0.02 (98%) | 0.07 0.005 ( 64%)*

In this study,the OJIP transients were recordém maize hybrid (zp341) anishbred line

(zppl 225) undethiamethoxantreatmentwhich was added™ day when seedling seeda) and

8" day when % leaf of plant appeatb) (Fig. 11). It was found the kinetics havea typical
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pattern for plants growduringthe standard conditions with the J, I, and P steps at 2, 30, and
~200 msfor control group of zp 341 and zpple 22Bspectivelylt was found thiamethoxam
treated planshowed modifications of the OJIP transients onlfiitand 12" days of growingIn

zppl 225, the shape of the OJIP transient remained unchanged thiaimgthoxamtreatment

(a), whereas pesticieleeated zp 341 showed increased levels of Chl fluorescence atX O

step at day 10 compared to the con(fag. 13 a, b).It was found that thiamethoxam increased

its effect in zppP25 plantsas evidenced by a decrease in the JIP phase under TMX (a) at day 12
(Fig. 13 c) and an increase in thdIstep undethiamethoxan{b) compared to the controh the

case of thiamethoxam, the effect ap 341 OJIP ainsients was the same as in Hhd
12-day-old leavesig. 13d).

In addition, the JIP was employed to reveal the rolthisimethoxamactionon important
photosynthetic parametersontroled from the OJIP transientF{g. 14). One of the most
physiological and widely used photosynthetic parameters is &, For Up,) ratio, which
characterizes the maximum quantum yield of PSII photochen{B&yageorgiou & Govindjee,
2004).In control plants, the Ry value was approximately 0.76. This parameter did not change
after 10 and 12 days in both variantstlibmethoxantreatmentexperimentsThe hybrid line
(zp 34) treated with TMX (a)has showed difference ihd relative variable fluorescence at J
step(OJphase) (V) and | step (Gphase) (V) (P < 0.05)0n the 18' day, theV; and \f values
at zp 341 under TMX(a) treatment increased by 9% compared with the canttaight

increases itV ;and \ duringthiamethoxamndicate disturbed electron trammspin PSII.
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Fig. 13. OJIP transients recorded in maize leaves of the zfple2) 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
341duringthiamethoxanwhich 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 fromy@ the PQ poolY o), depends on
the functional state of the donor and/or acceptor side of R6thiamethoxantreatmentyy g,
decreased (P < 0.05) in zp 341 but remained unchanged in zppl 228as increased in leaves
of zppl 225 under TMX (b) treatment (P < 0.05).

The quantum vyield () of electron transport is proportional &/Fy and Ygo At
thiamethoxantreatment, thélg, value of zp 341 leaves decreased due to the significant decrease
of Y e, value, while theR/Fy remained unchanged at the 10th dBwiring thiamethoxam
treatment, the probability of electramansfersfrom the intersystem electron carrier to the
reducing end el ectron aGgdgiezpB4 decreased (P®.05pP Fhe a c
quantum yield of terminal PSI electron acceptor reducfiiz,) Was about 0.26 in zp 341 leaves

and decreased in TMKr eat ed pl ant s Ugd andUlg.ovalies af gppl,225t h e
remained unchanged afgphandlg,Valuesthizpps225 ittmased(Re>r , |
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0.05) under TMX (a) and remaitieunchanged or slightly decreased (P > 0.05) after 12 days
under TMX (b).

It was found the parameters s and Pl differed in response to the twbiamethoxam
treatment variants in leaves of maize genotypeggsPdescribes the photosynthetic index
relative to absorption, combining three PSII characteristic parameters: the maximum quantum
yield of PSIl photochemistry (Fv/Fm), the density of active PSII reactionepetr antenna
(RC/ABS), and the electron probability fromm@ansfert o PQ pool (yEo) . I n
the Phgs of zppl 225 undethiamethoxanwas slightly increased compared to the control on day
10 (P > 0.05). In contrast, zp 341 undbramethoxam especially Plgs decreased during
TMX(a) treatment (P < 0.05). In reb cases, the s values of leaves of both genotypes
increased after 12 days, indicating amplification of plant performaatcéhiamethoxam
treatment. The total index (R4) of zp 341 attributable to PSII, PSI functional activity and
electron transpometween them decreased thimmethoxam(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
Plotar Was observed imbred line gppl 225 leavesduringthiamethoxantreatnent. However, in
zp 341, Pl increased under TMX (a), while the value of this parameter did not change

significantly (P > 0.05) under TMX (b).
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© 189 ABSIRC

Fig. 14. Radar plot of JIRest parameters maize of the zppl 225 (a, c) and zjl341)
under TMX treatmenta b) 3rdeaf (day 10){c, d) 8" leaf (day 12)f maize of the inbred line
(zppl 225) (a, c) and hybrid (zp 341) under TMX which added on"tH{&MX (a))and the 8
days (TMX (b)) by root irrigation. Parameter values aqgressed 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, ¢) and zp 341 (b, d) untamethoxanwhichadded on the 4th (TMX (a)) and
the 8th days (TMX (b)) by root irrigatior, IDy, I, D, I4 are the extremum and inflection points
of the kinetics. (a, b) 3rd leaf (day 10); (c, d) 5th leaf (day 12) of maizgpdR25 (a, c) and zp

341; n = 5 for eackample.

Delayed fluorescence (DF) is one of the methods to monitor changes in thylakoid
membrane electrical conductioBF is closely connected witthe photochemical reaction of
PSIl reaction cemé (RC). The kinetics of DF decay are related to the aaegombination
process between the reduced main acceptba@ud the oxidized main donor P680+ in PSII over
a time interval of microseconds to millisecondfe DF induction curve has several maxima,
called peaks {), and several minima (R The observed maximum in the millisecond rangg (I
DF curve at 37 ms oincides with peak J in the rapid fluorescence induction curve (OJIP curve).
The formation of I1 is due to the accumulation of PSIl RCs in §R6&IQ,', Z'P680QQs'
and SP680Q'states, which are responsible for charge recombination and emission of DF

guanta, as well as enhancement of the potential across the DF membrane due to the generatec
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electricity. The second maximumyjlcoincides with 4P of the OJIP curve and is associated with
reoxidation of the plastoquinone pool due to electron efflux to PBI{). The presence of a

peak } in the millisecond range is associated with the formation of a transmembrane proton
gradient (mpH), which increases the rate cor
timing of the } peak coincides with thslowness of the kinetics of lightduced fluorescence
observed after the P peak.

The DF induction curves recorded in control zppl 225 and zp 341 and thrleethoxam
treatmentare show irFig. 15. In controls, the kinetic cue exhibited a rapid phase with a peak
(I1) and shoulder §) at 7 ms and 40 ms, respectively, and an intermediate inflection ppait D
approximately 30 ms. The ensuing slow phase has a paakbout 1.5 seconds. A dip B@ith
a minimum value of 300 siseparates the fast and slow phases.

It was found duringthiamethoxanslightly affected the DF induction curve at day 10 in the
leaves of both maize genotypes. In contrast, we observed a significant change in the
thiamethoxamnduction profile at day 12Thus, the kinetic patterns measuredp341and zpl
225showed a decrease in the magnitude;oivhile I, and |, remained unchanged. Peaknas
shifted from 7 ms to about 10 ms in control @mdmethoxantreated zp 341 plant§ig. 15 d).

In zp 341and zp 1225 a decrease in the energy of thylakoid membranes uhid@nethoxam

resulted in a decrease indfter 12 days.
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Fig. 16. Modulated 820 nm reflection (MR) kinetics recordedniaize leaves of the zppl
225 (a, ¢) and zp 341 (b, d) undlielamethoxanwhich 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
(MRO). (a, b) 3rd leaf (day 10); (c, d) 3#af (day 12) of maize of the zppl 225 (a, c) and zp

341; n =5 for each sample.

Modulated reflectance signal at 820 (MR) kinetics reflecting the dynamics of the redox
transition of P700 pigments and plastocya(fsiirbet & Govindjee, 2012fig. 16). It was
found,for maize leaves treated withiamethoxaman effect on the kinetic pattern was shown.
The magnitudes of the fast phaseMR /MRy = (MRp - MRmin)/ MR and the slow phase
MRsioW/ MRo = (MRmax - MRmin)/ MR are calculated from the MR transief8trasser et al.,
2010d).Under TMX (a), the amplitudes of the fast and slow phases in leaves of both genotypes
were significantly dcreased (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 decreasddruTMX (b) €ig. 16 d).
However, the MR amplitude of zppl 225 was increased under TMX (b) treatRigni§ c).
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Fig. 17. Raman spectrum t¢dafts carotenoids (A).1k2dl1160ratio 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)uringroot irrigation Statistically results are indicated: *,

P < 0.05; n =5 for each sample.

In this series of experiments, we investigated changesSipadRameters of carotenoids in
control andafterthiamethoxantreated plantseaves(Fig. 6). As noted earlierthe energy bands
characterize the stretching vibrations of fitelectrons in the moleculd=ig. 17A). In Raman
spectrum, 1160 and 1520 Eimands correspond to thieCi Ci and i C=Ci vibrations of the
carotenoid molecule bond, and the change in the intensity tatib;1e reflects changes ithe
contribution ofi &4 = &#bonds vsi &1 &- bonds of the polyene chafWlasov et al., 2020).

It was found in the presence dhiamethoxamthe absolute value of the intensity and the
position of the bands in the Raman spectrum are the same as in titoe. bre Raman spectra
and ksadl1160 ratio of carotenoids of zppl 225 and zp 341 grown utidiamethoxantreatment

for 10 (B) and 12 (C) days are shownFig. 17. It was found the conformation of carotenoids
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did not differ etween the control samples of the two genotypes. However, a decregsél ifs|
was observed in the leaves of zppl 225 under TMX treatment, indicating a dGsile the
contribution of he bond is reduced. On the other hand, in zp 341, a decreasg/imd was
found after 12 days othiamethoxamtreatment.Possiby, the decrease in theC=C- bond
contribution is consistent with the decrease in carotenoid content.

Summary of this chaptein this studythiamethoxanwas added to the soil in two wapy
root irrigation after 4 days after planting (TMX (a)) and after 8 days of growth (TMX (b)), we
applied the fluorescence method &R was used to anadg the changes in photosynthesis of
two genotypes of maize plants treated wittamethoxamIt wasfoundthat the k/Fy ratio of
plants under the twehiamethoxamtreatments 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 thdhiamethoxamhad no significant effect on PSII
photochemistry in leaves of the two genotypes studied by foliar sprayjag.aPid P, Which
evaluate plant performance, exhibited ambiguous patterns compared-i{p I theleavesof
the inbred line zpp 225, the values of these parameters increased, indicating improved
photosynthetic efficiency duringthiamethoxam In fact, thiamethoxam can improve
physiological and metabolic activifiMacedo et al., 2013blt was found whereas in the hybrid
zp 341the values of Rks and Pk, decreased, indicating a worsened photosynthetic effect due

to electron migration from the Lo the PQ poolY gy and a reduced probability of electron
transport from the PQ pool to the PSI terminal electron acceﬁ'lwo)( PSI centes showed

relative tolerance to the TMX(b) treatment in thavesof the two maize genotypes. In contrast,
under TMX(a) treatmentignificant 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( qoMEMRy) , and a subsequgmnMRyrle dothamaizeo n i
genoy pes, t he o0bt ajsMBRdlecpasedaafiee 10 eays ofpMR, demonstrating

a decrease in the amount of oxi di zabd/MRg P700

coincided with an increase in PR ¥mplitude and a decrease liyo and @) RO paameters,

indicating a decrease in electron flux from the PQ pool to PSI. Therefore, the rate 6f 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)s/MRgaenadt nggmihfRo) waslobserved a s e
only in zp 341 leaves, consistent with a decrease in chlorophyll and a change in carotenoid
conformation decrease ofC = C- peal. DF remained practically unaltered in leaves of both
maize genotypes undériamethoxamtreament after 10 days. However, decrease in fast phase

(11 peak) in leaves of these maize genotypes was noticed after 12 days indicating decrease the
electric component of electrochemical potentRdssible these results may be related to the
accumulationor metabolism ofthiamethoxamduring growth periodAccording to RS, the
changes of carotenoids conformation (decrease in contributio@=sC’ bonds) was found in

zppl 225 after 10 days whereas in zp 341 after 12 days tmderethoxanireatment.

4.3 The effect of different concentrationghiamethoxam.

In this series of experimentshiamethoxamwas spray on the leaves wheff Beaf
appearance (day 8) (TMX(c)) and spray on the soil when seedling into the soil (day 4)
(TMX(d)). In order to study the effemf 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 (daif 8)X(c))

In this series of experiment, we sl the changes ofRaman spectra parameters of
carotenoids in the control and in the plaafti®r TMX (c) treatmentKig. 18, Fig. 19). In Raman
spectrum bands attributed to carotelso{1520 and 1160 cth were revealed. The mentioned
band characterise stretching vibration tof-electrons in the moleculdn the presence of
thiamethoxamthe 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 I1B0teenRaman spectra
indicates the statef carotenoids characteristic of the-@iS conformation and does not change

underthiamethoxanireatment.
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Fig. 18 Raman spectra recorded in maize leaf of the zppl 225 (a, c, €) and zp 341 (b, d, f)
under (TMX(c)) treatment witB.2 mgmL (c, d); (e, f) 0.02 mignL 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, €) and zp 341 (b, d, f)
under (TMX(c)) treatment with.2 mgmL (c, d); (e, f) 0.02 mgnL of (TMX(c)); measurements

were made at day 12. n = 5 for each sample.
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Fig. 20. I152dl1160 ratio of the Raman spectrum of zppl 225 and zp&84MX(c)
concentration of 0.2 mmL and 0.02 mgnL. Themeasurement performed & @af (day 10)
and 8" leaf (day 12). n=5 for each sample.

In this stug, the ©mparison effects of TMX(c) at 0.2 mgmL and 0.02 mg/mL
concentrationspray TMX(c) on the surface of*3eaf (measurement on day 1fatmentwas
found (Fig. 20): the hiamethoxam at 0.02mg/mdtimulated asignificant and opposite changes
in the molecular conformation of carotenoittsvas foundduring 12 days the leavesof hybrid
(zp 341 showa similar intensity atio (I1s52d11169). 0.2 mgmL TMX(c) significantly different
from Zppl 225(Fig. 20). The0.2 mg/mL TMX causesRRSintensity increase in both Zp 341 and
Zppl 225 compare of the result obtain on day 10 and dayTh® result may $sggest 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 ogpipe225 (a, ¢) and zp 341 (b, d)

duringTMX treatment. (a, b) 3rd leaf (day 10); (c, d) 5th leaf (day 12) of zppl 225 (a, ¢) and zp

341; n =5 for each sample.

Table4. JIPtest parameters derived from analysis of OJIP induction curvésafegsof zp

341 and zppl 228uring TMX treatment added on the 3rd leaf (day 8). Measurements performed

on 10" day. Values are calculated on the base n=5

Fluorescence | zppl225 | zppl 225+4TMX zppl zp 341 zp 341+TMX | zp 341+TMX
parameter 0.2 225+TMX 0.2 0.02
0.02
Fy/Fy | 0.77£0.005 [0.7620.005 (9%)| 0.7640.004 | 0.762£0.005 | 0.76+0.008 | 0.75+0.005
(100%) (99%) (100%) (97%) (98%)
ABSRC | 2.10+0.044 |  230+0.065 | 2.36+0.080 | 2.07£0.052 | 2.13+0.048 | 2.13+0.069
(100%) (110%) (112%) * (100%) (103%) (103%)
vEo 0.62+0.043 | 0.65+0.022 | 0.65£0.022 | 0.71£0.015 | 0.70+0.023 | 0.66+0.016
(100%) (105%) (105%) (100%) (99%) (93%)
Plygg | 2.65£0.561 | 251£0237 | 2.60+0.198 | 3.73£0.355 | 3.54:0.642 | 2.77+0.194
(100%) (95%) (98%) (100%) (95%) (74%) *
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Table5. JIPtest parameters derived from analysis of OJIP induction curvésafegsof zp
341 and zppl 228pon thiamethoxam treatment on the 3rd leaf (day 8). Measurements

performed on 12th day. Values are calculated on the base n=5

Fluorescence | zppl 225 | zppl 225+TMX zppl zp 341 z7p 3414TMX | zp 341+TMX
parameter 0.2 225+TMX 0.2 0.02
0.02
Fy/Fy [ 0.74+0.003 | 0.75+0.008 0.74£0.010 | 0.72£0.026 | 0.7240.008 | 0.71£0.016
(100%) (99%) (100%) (100%) (100%) (99%)
ABSRC | 3.05+0.044 | 2.99+0.130 | 3.21£0.063 | 3.00£0.262 | 2.09£0.158 | 3.46%0.156
(100%) (98%) (105%) (100%) (97%) (115%) *
vEo 0.67+0.034 | 0.66+0.065 0.6940.020 | 0.67+0.123 | 0.65£0.027 | 0.73£0.026
(100%) (99%) (103%) (100%) (97%) (109%)
Plygs 1.91£0.385 | 2.03+0.597 19540260 | 2.08+1.067 | 1.63£0.117 | 1.93£0.226
(100%) (106%) (102%) (100%) (78%) * (93%)

OJIP transients were recorded in inbred le@ves(zppl 225) and hybriding (zp 341) of
maizeduring action 0f0.2 mgmL and0.02 mdmL thiamethoxamwhich were added aftef®3
leaf appearancd=(g. 21). In controlmaizeplants of zppl 225 and zp 341, the kinetics displayed
a pattern typical of plants grovat standard conditions, with J, I, and P step 2, 30, and ~200
ms, respectivelyit was found thetransient changes in OJIP at 10 and 12 days of grfvetble
4,Table5). The most adequate parameter of thetdd® is the &/Fy ratio which corréates with
the maximal quantum yield of the PSIl 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 beteen PlAgs and plant viability reflects the current functioning of PSA
under stressCompare with the control and TMX treated group ofi d@y measurement, zp 341
treated by 0.2 nmigiL thiamethoxamand 0.02 minL decreased by 5% and 26%; zppl 225
treated by0.2 mgmL and 0.02 mg/nmhiamethoxamnare not significant{able4). Compare with
the control andhiamethoxamtreated group on 1'2day measurement, zp 341 treated by 0.2

mg/mL TMX and 0.02 m¢mL decreased by 22% and 7%; for z@##25 difference is not
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significant Table5). The significant decrease of zp 341 due to the decrease of electron transport

at acceptor side of PSII.

0.0027 0.002
@ (b)
/M, MM
0.000 ~ 0.000 e '/J‘
-0.002 o -0.002 3 P /
=) . "#
— \ =
- -0.004 4 -0.004 S I
‘_|| \sLr
[=]
nd
2 -0.006 T T T 1 -0.006 T T T d
= 01 1 10 100 1000 01 1 10 100 1000
nd
= 00027 (© zppl 225 control [—— zp 341 control
zppl 225 + TMX(c)0.02 | 0.002 —— zp 341 + TMX(c)0.02
zppl 225 + TMX(c)0.2 @ zp 341 + TMX(c)0.2

0.000 P
0.000 gt R_g e, y
. p
FI):'"\ A
P " /
-0.002 - e, e
-0.002 \ ~
" ]

-0.004 +
-0.004

-0.006 T T T '&0006
10 0.1

0.1 1 10 100 )
Time, ms

T T T 1
1 10 100 1000

Fig. 22. Modulated 820 nm reflection (MR) kinetics reded in maize leaves of the zppl
225 (a, ) andzp 341 (b, during TMX which added on the"%(TMX (c)) by Kinetic curves are
normalized to the initial value at 0.7ms (MR, b) & leaf (day 10); (c, d)®leaf (day 12) of
maize of the zppl 225 (a, apd zp 341; n = 5 for each sample.

MR kineticsuponthiamethoxantreatment has beeanvestigatedIt is known, MR, is a
transient steady statehich P700 oxidation and reeduction rates are equalb sor pti on a
820 nm decreases and the MR signal (slow phase) increases to a maximugy) @vi&out 200
ms due to the superior reduction rate of electron donation by PSII to the oxidatigRuaieani
et al., 2020) Thiamethoxamnactionled tochanges in the redox P700 transformations in leaves of
both the hybrid line (zp 341) and inbred line (zppl 2Z5Y.(22). It was found 0.02 mgmL
thiamethoxantausesignificant increase rate in fast phase and slow phased on zp&4ppl
225, difference between twooncentrationgs not as significant as Zp 341, but 0.02/mig

thiamethoxanstill cause more decreased than 0.Zmhgthiamethoxanand control.
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Fig. 23 Light-induced delayed Chl fluorescen@F) kinetics recorded in maize leaves of
thezppl 225 (a, ¢) 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 ghph225 (a, c) and zp

341; n = 5 for eackample.

Delayed fluorescends proportional to the rate of recombination reactions in PSII, which is
influenced by thylakoid membramnergisation(Goltsev et al., 2009b)he fast phase of DF has
two peaks (~ 7 ms) andd (~ 100 ms) before droppinm a minimum of R (~ 200 ms) Fig. 23
shows that the induction curves zg 341and zpl 225 DF which treated byhiamethoxamit
was found I; amplitude decreased in zppl 225 which might due to the decrease inathe Q
re-oxidation rate (disturbance of electron transport on the acceptor side of PSII) and/or a
decrease in the"Zeduction from 4MnCa of oxygeevolving complex (OEC)it was found low
conceantration of TMX caused more effect on zppl 225. For zp 341, measuremenpsdfon
10" day, k amplitude also decreased for both concentrations. But the measurement performed on
12" day, high concentration increaseg amplitude and low concentration decreased |

amplitude.
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4.3.2 The Raman spectra parameters of carotenoidearplants undemto

concentrations of TMX spragctionon soil (day 4) (TMX(d))

In this series of experiment, we studied th® @& 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 ¢rwere revealed. The mentioned band characterise stretching
vibration of £ -electrons in the moleculén the presence dhiamethoxamthe @solute 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 cim the Raman spectra indicates the state of carotenoids

characteristic of the 18is conformation and doe®t changaluringthiamethoxantreatment.
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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 migL (c, d); (e, f) 0.02 mgnL of (TMX(d));
measurements we made at day 10. n = 5 for each sample.
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measurements wemade at day 12. n = 5 for each sample.
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Fig. 26. l152dl1160ratio of the Raman spectrum qid 225and zp 34during TMX(d)
concentration of 0.2 mmL and 0.02 manL. measurement performed &t [@af (day 10) and'®

leaf (dayl2). n=5 for each sample.

Comparison of TMXd) at 0.2 mgnL and 0.02 mg/mL concentrationgseatment
concentration hasignificantimpacton sprayTMX(d) on the surface @™ leaf (measurement on
day 10)(Fig. 24). TMX(d) at 0.2ng/mL has been determined to cause significant and opposite
changes in the molecular conformation of carotenoRikssultson day 12 TMX(d) show
differencebetweenzppl 225 and zp 341Fg. 25). For further analysedodl1160 ratio of the
Raman spectrum has been calculatéd.(6). During 0.2 mgmL TMX effects more on zp341
then 0.02 mignL thiamethoxambut, o the other hand, 0.02 MmgL. TMX shows more effect
then 0.2 mgnL TMX on zppl 225.

Comparing wih effect of TMX(c) and TMX(d), spraythiamethoxanon soil drives more
influencethan spray on the leaf wherl®3eaf appearanc@he experimental results showed that
carotenoid moleculesonformationachanged dramatically when zppl 225 maize was expised
low concentrations of thiamethoxarit. was found the application of thiamethoxam caused

conformational changes in carotenoid molesuldeaves
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4.3.2.1.2M-pea?2 investigation of the effect of a pesticide on the state of pigments molecules

in leaves

Chl fluorescence
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Fig. 27. OJIP transients recorded in maize leaves of zppl 225 (a, ¢) and zp 341 (b, d) under
TMX(d) treatment. (a, b) 3rd leaf (day 10); (c, d) 5th leaf (day 12) of maize zpgh22band

zp 341; n =5 for each sample.

Table6. JIP-test parameters derived from analysis of OJIP induction curvésafoes of

two maize genotypesduring TMX treatmen added on thelanting seeding in the sdilay4).

Measurements performed on”l@ay.VaIues are calculatezh the base n=5

Fluorescence | zppl 225 | zppl 225+TMX zppl zp 341 zp 341+TMX | zp 341+TMX
parameter 0.2 225+TMX 0.2 0.02
0.02

Fy/Fy 0.76+0.040 |  0.77+0.002 0.77£0.002 | 0.76£0.013 | 0.75£0.009 | 0.75+0.005
(100%) (101%) (101%) (100%) (99%) (99%)

ABS/RC | 2.56£0.042 | 2.38+0.179 2.39+0.077 | 2.42+0.089 | 2.46+0.225 | 2.3840.098
(100%) (93%) (93%) (100%) (102%) (98%)

yEo 0.70£0.021 0.70£0.026 0.71£0.037 | 0.72£0.024 | 0.66£0.057 | 0.70+£0.024
(100%) (100%) (101%) (100%) (92%) (97%)

Plyps 2.96+0.240 |  3.30+0.673 33640599 | 3.37+0.587 | 2.39+0.747 | 2.88+0.431
(100%) (111%) (114%) * (100%) (71%) * (85%) *
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Table7. JIP-test parameters derived from analysis of OJIP induction sdordeaveof
two maize genotypes upon TMX treatrhadded on thelanting seeding in the sdilay4).

Measurements performed on™@ay. Values are calculated on the base n=5

Fluorescence | zppl225 | zppl 225+TMX zppl zp 341 zp 341+4TMX | zp 341+TMX
parameter 0.2 225+TMX 0.2 0.02
0.02
Fy/Fu 0.76+0.011 0.77+0.007 0.76+0.011 | 0.76+0.010 | 0.75+0.007 | 0.75+0.011
(100%) (101%) (100%) (100%) (99%) (99%)
ABS/RC | 2.38+0.191 2.29+0.114 240£0.225 | 2.36£0.114 | 2.28+0.166 | 2.21x0.159
(100%) (96%) (88%) * (100%) (97%) (94%)
vEo 0.67+0.055 0.65+0.049 0.66+0.027 | 0.69+0.078 | 0.67+0.066 | 0.67+0.025
(100%) (97%) (99%) (100%) (97%) (97%)
Plyps 27240517 | 2.72+0.470 2.61+0.330 | 3.03£1.013 | 2.66+0.623 | 1.75+0.284
(100%) (100%) (96%) (100%) (89%) * (58%) *

The JIRtest was employed in order tthe thiamethoxamaction on the important
photosynthetic parameters derived from the OJIP transikatil€ 6,Table 7). Thereare no
statistically significant differences between control and maize thisanethoxantreatment.

The correlation between Bk and plant viability reflects the current functioning of PSA
underplantsstress.It was found TMX treated group on f0daymeasurement, zp 341 treated by
0.2 mgmL TMX and 0.02 mgnL, Plags decreased by 29% and 15%; zppl 225 treated by 0.2
mg/mL and 0.02 mg/m TMX increased by 11% and 14Pable 6). Compare with the control
and TMX treated group on f2lay measurement, zp 341 treated by 0.2nmhgTMX and 0.02
mg/mL Plags decreased by 11% and 42%; for zppl 225 difference is not signifiCabte(7).
The significant decrease of zp 341 due to the decrease of electron tratspmeptor side of
PSII ¥ eo).

So, @mpareexperimentsTMX(c) and TMX(d), spraythiamethoxamfction on the soll
when seedling the seeds cause more influence than spray on leavesidefnappearancét
was found, hiamethoxancause decrease of elemt transport at acceptor side of PSII. hybrid

line (zp 341) is more sensitive timamethoxaneffect than inbred line (zppl 225).
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Fig. 28. Modulated 820 nm reflection (MR) kinetics recorded in maize leaves apfie

225 (a, ¢) ad zp 341 (b, d) under TMX(d) which added on tHgBMX (c)) by Kinetic curves

are normalized to the initial value at 0.7ms ()IRa, b) ¥ leaf (day 10); (c, d)Bleaf (day 12)

of maize of zppl 225 (a, ¢) and zp 341; n =5 for each sample.

In MR kinetics measurements on "L0day €ig. 28. a,b), two concentrations of

thiamethoxantause zp 341 both decreased rate in fast phased and slowRisssble, idue to

a decrease in the acceptaool. It was found in 12" day meastements Fig. 28. ¢,d), high

concentration othiamethoxamcause rate increase of zp 3MIR kinetics, lut for zppl 225,

di fferent

concentration

di

dnot

cause

mu c h

Compare results with TMX(c) and TMX(d), treatment ofthiamethoxamtime cause

di

different influence by the concentration. Hybrid line (zp 341) is more sensitive than inbred line

(Zppl 225).
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Fig. 29. Light-induced delayed Chl fluorescence (DF) kinetics recorded in maize leaves of

the inbredine (zppl 225) (a, ¢) 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, ¢) and hybrid (zp 341); n = 5 for eachlesamp

Fig. 29 showsthat theDF induction curves of z841andinbredzppl 225 which treated by
thiamethoxam It was found I, amplitude DF increased in zppl 225 which might due to the
increase in the Qre-oxidationrate (disturbance of electron transport on the acceptor side of
PSIl) and/ or increase in the" Zeduction from 4MnCa of oxygeevolving complex (OEC).

Using low concentration ofhiamethoxantaused more effect on zppl 226was found for zp
341, meastement performed on foday, h amplitude also decreased for both concentrations.
But the measurement performed on™1@ay, both concentrations cause increasedF
amplitude.

So, mmpare results with TMX(c) and TMX(d), zp 341 is more sensitive to the
thiamethoxantreatment. Spray TMX on the soil when seeding the seeds cause more effect than

spray on the leaves whelf Baf appearance.
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4.4 IR spectroscopy nvestigation 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 s#fareh, the best method is not the
Raman spectroscopy method, but the infrared spectroscopy method, which is what was done in
this series of experimentdR spectroscopy was used to investigate changes in the chemical
composition and molecular structuretbé seeds of the maize sampl€ke IR spectra of seeds
of maize lines and hybrids revealed 22 bands in the range 400@00 cm'. The main changes
in the amplitude of the IR spectra were found in the range 1200 cm* and for the band at
3360 cnf".

Infrared spectra of maizeeeds contain plaspecific 16511530 cmi* 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 amincs)giami@, which also
characterizes the OH groups of the cellulose crystallization water), &8%0 aromatic GH
in-plane deformation vibrationgRadenovic et al., 2016; 2021;202B)e highamplitude and
broadband infrared spectra found in all seedpdasnin the 350B000cm* rangemay 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 aides 35463480cm?, 34263380cm*, secondary amides 34&420cm*

) and free ®I-groups (water, carbohydrate compounds, amino acids)gietips (amino acids
and their derivatives, proteins

During themaize seedstudy, IR spectra were obtained, which we divided thetspa
into threespectrakegions:

Region 1 (called 400@800 cni): mainly comes from the absorption of methyydroxyl,

amino and methylene.
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Region 2 (175@200 cmY): mainly the mixed absorption zone of protein, fatty acid and
polysaccharide.

Region 3(1200:800cm™): Mainly due to thebsorption of starch and polysaccharides.

IR spectra of corn seeds contain plapécific bands

1. 1651 - 1530 cmt* (stretching vibrations of C = O in primary, secondary and tertiary
amides, bending vibrations of-N andC-N in secondary amides of protein molecules, peptides
and free amino acids, also characterize the OH groups of crystalline water of cellulose),

2.1050 cn - aromatic GH in-plane deformation vibrations

3. highamplitude and wide band of the IR spenirin the range of 3508000cm* may
indicate the presence of stretching vibrations of the free and boundrddid, intra and
intermolecular Hbonds in dimers and polymers, as well as stretching vibrationsbayids
(primary amides 3548480 cni, 34203380 cmi’, secondary amides 348320 cni) and free
OH-groups (water, carbohydrates, amino acids);-ddélips (amino acids and their derivatives,
proteins).

4. IR spectra of seeds are 2919 and 2853, amhich probably indicates the contribution of
deformaton vibrations of GH bonds; the amplitude of the 995 ¢iand of the IR spectrum was

lower, which indicates a change in the contribution efHC- bending vibrations of alkenes
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Fig. 30. Infrared spectrum of four maize hybri¢s) zp 684; (b) zp 677; (c) zp 633, (d) zp 735.

Table8. Three characteristic peaks of 4 maize hybrids

wavenumbergm* 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, he peak at 2926m* and peak at 174dm* are the lipid thepeak 1744 cm
represents thiépid hydroxyl vibration. The peak at 1648 @ris the amide | protein. The 101
cm’ peak can be considered as a representative of carbohydfaté35 has the highest

carbohydrate and lipid content. ZP 684 and ZP 735 are rich in pfotein

Table8).

The IR and relative intensities of the main absorptioakpeof the four maizéypesare
shown inFig. 30, respectivelyThe 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 experimentds results represented the

the following, the contributionforarious components in various hybrids seeds will be analysis.
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Table9. Three characteristic peakthe pericarp of 4 maize hybrids

wavenumber, cfh 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. 31it is noted that the intensity of the 1087 peak is théviggestwhich means that
the main component of the pericarpstarch and polysaccharid€Sompared to the pericarp of
the four hybrids, ZP 735 contains the rishearbohydrates, proteins and lipids. The differences
in protein and lipid are not so significafiiable9). The positions of the peaks are also displaced,
especially the 1017 cmpeak, which can be taken into account when cimangtarch

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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Table10. Three characteristic peaks of four maize hybrids endosperms

wavenumber,cil 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 shéigil2. It was foundthat the peak
1014 cn has the highest intensity and the 1735'qmak is very weakt was foundthe
various hybrids(Table10), ZP 684 is rich in carbohydratead proteinsbut he differences in
proteins between ZP 684 and ZP 677 are negligible.
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In conclusim, it was found, ZP 735 isch 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.

Tablell Three characteristic peaks of 4 mamdrids germs.

wavenumbergm* 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 presentedhat the peak of protein and lipids is very strong, among the four
hybrids ZP 684 has the highest intensitaljle11).

In the range of wave numbers from 400 to 4860'in Surface internal reftgion (SIR)
spectra of whole grain, endosperm, germs and pericarp of maize revealed bands obtained by
IR spectroscopy. By detecting ti&®IR bandswith characteristic band of intensity, it is
possible to monitor changes in the content of a number of orgampounds (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 differena chemical distribution of different hybridis.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.

4.5Using SERSfor 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 nanostr8&RS) In
order to investigate the (intensity) dependence of the Raman spectrawertmanoparticle of
different carotene concentration. The vibrational Raman spectrum assignments were outlined in
(Kochikov et al., 1985)Raman peaks at 1522, 1106, and 160%' show inFig. 34 represent
the characteristiqppeak of carotene moleculg®eng & Juang, 2014; Huang et al., 20B®ak
at 1522 cm' tassigned to alective C=C stretching mode whose frequency is a function of the
effective cajugation length along the backbone of thecarotene moleculéLegesse et al.,
2018).Sincethe 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 componéd®dn the

resonance effect selectively enhances the Raman sigialcdrotengHe et al., 2018b).

1600
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]

Raman intensity, a. u.

600 800 1000 1200 1400 1600 1800
1

Raman shift, cm™
Fig. 34. Raman spectra obtained fromcarotene sample with different concentratioin. 1
20 mgmL , -carotene (37.2 mM); 24 mgmL , -carotene (7.4 mM);-2 mgmL , -carotene

(3.72 mM); 4i 0.4 mgmL _ -carotene (740 mM); 50.3 mgmL _ -carotene (372 M); 61

0.04 mgmL (74 , M); 771 0.02 mgmL , -carotene (37.2 M).
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It was found,that theintensity of Raman spectrum increased with ifficrease of carotene
concentration (0.020mgmL o r  3-F7mMi range), and the region with the largest change
was (0.255mgmL ( 4 6 6 0 eOMB 1 ¢ RWy) 35). Therefore, Raman spectroscopy has a

sensitivity of 0.02 mgnL ( 3 7  er Mgordihgocarotene concentrations in solution.
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a b

Fig. 35. Calibration graph of different concentration ofi carotene: & direct

relationship; b decimal logarithm

The next set of experiments focused on the ability to enhardeamman signal of carotene
with nanostructure substratds.was found that the use of the substrate enhanced the Raman
signal when the sample was dilutec’-10° times Fig. 36 and the substance concentration was
10° M (Table12). 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. Rama spectra obtained of diluted t¢ldnd 16 times sample.-lsample on a
sliver substrate; 2 sample diluted to 100 times on a sliveii; 8ample without using substrate

(coating)

Depending on the morphology of the nanostructured substrate, the charhdtes
interactions and hence the optimum conditions for enhanced Raman scattering areFaltered
this reason, the Raman signal dependence (ratio of characteristic bonds of Raman spectra:
l150411160 Was investigated to assess the contribution of tietcking vibrations of the double
bonds of polyene chains to the Raman spectra. Raman spectra of carotenoid concentrations in
solution (hisdl1004 l152411009 @and normalization of the sighimlg substrates according to the

“intramolecular referencéFig. 37).

85



Table12. Gain factor from Raan spectrdSERS)obtained of dilutd to1d and 16 times

sample.

Peak position, crh 1004 1160 1522

E - carotene diluted to a concentration of 100,000 fold, wfiha concentration of 0.0002 gL

EF 7702 6444 10617
6935 4678 8655
12849 12819 14527
9954 9550 13454
11869 10912 15822
15103 11496 15877
10735 9316 13159

E - carotene dilutetb a concentration of 1,000,000 fold,final concentration of 0.0000&hing

EF - 38716 47056
46879 47801
1160 59324
44380 -
21624 71116
33210 .
39430 .
53297 85642
54041 71878
30006 54382
30437 62457
38202

EF =(Iserdlcr) X(ColCserd
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Fig. 37. Peak ratios o 1 carotene. a) sample in agqueous solutier2@mgmL; 2 -2

mg/mL; 37 0.2 mgmL; 47 0.02 m@gmL); b) dried sample on silver substrate @002 mgmL;

27 0.0002 mgmL; 317 0.00002 mgmL); c) aqueous solution on a silver substrate (10002

mg/mL; 27 0.00002 mgmL; d) peak ratio of dried sample on silver substratéidodl1166 21

l152411004 37T l116d11004 €) peak ratio of aqueous solution on a silver substratgs /11160 21

l152411004 37T l116d 1100

In order to obtain clearer andonr e

experiments were performed. Carotene from plasma was diluted 10 to 100 times and

detail ed
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immobilized on nanostructured substrates to detect the Raman $ignag). It was found that

the main parameterof blood plasma carotene Raman spectrum (band intensity, band position,
main band ratio) could be identified and recorded by diluting plasma 100 fiimes, with the

help of Raman it is possible to observe changes inctimeentrationand conformation of
carotenoid moleculesimmobilization of carotenoid molecules on nanostructured matrices
significantly increases the sensitivity (amplification factor up t8),1@hich is important for

clinical diagnosisThis study shows that Ramanesfroscopy with an excitation wavelength of

534 nm can be used as a specific probe for-tatatene 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 preparatiaf the blood sample using the same excitation line and Raman

equipment.
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Fig. 38. Raman spectra obtained from blood plasma when diluted: a) 19(ims®lution);
b) 100times(dried) (1ib | o o d p lcaaoseneasample;2d i | ut ed b licavotenep| as

sample;3di | ut ed b |i cavotenesangple onailvey substrate)

Using SERS(i.e., mixing colloidal silver with a blood s#le), edgdabellingoccurs, while
at normal Raman conditions, resonance enhancement allows direct observation Bf the
-carotene signature. This highlights the versatility of Raman technology saprornise for

biology andagricultural selectioliFig. 39).
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Fig. 39. Raman spectra of carotenoids obtained from different objecssglp | e (& = 47
2 - undiluted plasma dried on a glass slidepasma; 4pl asma di | ut ed wi th
times; 5- plasma diluted witiA | ena 6s b u f-fl1@tmes; @10 0 lnesi;y més. (& =

In summary Raman spectroscopy is an advanced method used to study cell physiology,
which could help bridge the gaps in our comprehension of these mechanimmadvantages
and other bsic 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 sansptéluted10 to 10 times
and the concentration of substance was mdl/L. Using SERS conditions, coiledoil labelling
occurs,whereas under normal conditions, resonance enhancement allows for direct observation
of the carotene signature. This underscores theatikty 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 carotenoatsonly inleaves batin the blood and are
implicated in human functioningfter using foods with modified carotenoids after treated
pesticidesplants Analy si s of Raman and SERS spectra rec
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 apparas 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 wasNsesed e

laser excitation wavelengths were 488 nm and 532 nm to obtamariRapectra of clothianidin

(CL), respectively(Fig. 40 andFig. 41). (These results were jointly obtained with He Yajlin

Raman speafim obtained with 532 nm laser excitation hawere detail of the sticture(Fig. 41)

compare to Raman spectrum obtained by 488nm (&ggr40). The intensity of Raman spectrum

of CL is very low compare with the intensity of carotenoiiserefore, the effect of CL itheon

the spectrum is not considered.
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Fig. 40 Raman Spectrum obtained frarothianidin detetedin RSregon between 200 and

1800cm’* (with excitation wavelength of 488nm)
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Fig. 41 Raman Spectrum obtathérom clothianidin detectedn RSregon between 200

and 1800 cnl (with excitation wavelength of 532nm)

Raman spectra @k caotenesamplegsoybeanoil, gelatin,glycerin, cornoil) were obtained
n = 3 Raman spectra dfetacaroteneshow mainly three peaks witkaman shiftaround: 1086,
1157, and 158 cmi* (Fig. 42andFig. 43.Th e Ra man s-ga®tene shows thed ma
Raman shift peaks: 1006, 11&@d 1525 ci (Fig. 42, Fig. 43). This Raman spectral structure is
characteristic of carotenoid molecules. the peak0® cmi’ corresponds to the methyld-CHs)
vibration; the peak at 1157 chtorresponds to the singtarbon bondibration; and the peak at
1525 cm' corresponds to the doubtarbon bond vibration. By anaipg these characteristic
peaks, the stracu r a | changes of pi geca®tane in chioropdste care s

studied.
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Fig. 42. Raman Spectrum obtained from betaotene at 488nmfter 20 minutes

92



W DO —

6000 ‘
5000 J
4000

3000 U

2000 |

Raman Intensity, a. u.

1000 - fﬁ \l:-,,fl f]
_ J\ﬂ {1

b
okl ¥
0 el A .M;,;,,ym_._,‘;.n.ammp'“www ‘”&‘t{m‘

i
! 5‘ é}:e?

"

el Wil

|
bty

-1000 I ' I ! I ! I ' I ! I ' I ' I ' I ' 1
200 400 600 800 1000 1200 1400 1600 1800 2000

Raman shift, cm—1

Fig. 43. Raman Spectrum obtained froret&carotene at 488nmixed with

clothianidin(C1:0.002mg/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 g, C2: 0.01 mgnL, C3: 0.02 mgmL, C4: 0.Img/mL, C5:

0.2 mgmL) 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-o&f#tme on

the concentrations of clothianidinpgctra obtained with excitation at 488 nm for 20 minutes).
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Fig. 45. Dependence of the characteristic peaks of the Raman spectrum-céhltmtéane on

the concentrations of clothianidin (spectra obtained with excitation at 488 riniéur)
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Fig. 46. Dependence of the characteristic peaks of the Raman spectrum-chltmtéane on

the concentrations of clothianidin (spectra obtained with excitation at 488 nm for 24 hour)

Raman s pect r acarotdne ssmples veere blrainedfat different placement times
(t1:20 min, t2:1 h, t3:24). Resaltsof Fig. 44, Fig. 45, andFig. 46 shows thatwhenreact for a
short period of time, there is a relatively significant decrease in peak 1525asnthe
concentration of chlorthalidone increasAfter 24 h of reaction, the Rintensities of all three
characteristic peaks were significantly decreasedd#feted, and the relative effectd sample
concentration opeak 1157 ci andpeak 1525 ci signals were greatly reduced. Some of the
more pronounced deviatiomsightdue® t he hi gh v i s-caotenetsypplement e c t

mixed with thiamethoxam, as shownRig. 46.

96



I 1525/1157
B 1525/1006
4 - [ 1157/1006

control 2 c2 €3

Peak ratio

Fig. 47. Dependence of the peak ratio of the Raman spectrum etaeitene on the
concentration oflothianidin (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 etaeitene on the
concentration of clothianidin (the spectra were recotgeber the action of a 488 nm laser for 1

hour)
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