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The infrared spectroscopy was applied on kernels of the following maize inbred
lines with significant traits: ZPPL 186, ZPPL 225 and M1-3-3 Sdms, with the aim
to determine structural properties of organic compounds and their unstable state.
The set hypothesis was that it was necessary to observe the existence of numerous
and different spectral bands, not studied so far, occurring in various patterns (bands
of low intensity, single or grouped) and to explain the nature and the dynamics of
their formation. Such spectral bands were observed in the wave number range of
400—2925 cm~! and are caused by the different types of vibration movements
(valence and deformation vibrations) of organic compounds: alkenes, aromatic
compounds, alcohols, ethers, carboxylic acids, esters, amines, amides, alkanes,
nitro compounds, ketones, aldehydes, alkynes, nitriles and phenols. In this way, it
is possible to establish not only the structure of organic compounds of kernels of
observed maize inbred lines, but also it is possible to point out to their unstable,
conformational and functional properties. The importance of intensity, shape and
kinetics of spectral bands, expressing unstable processes in biological systems and
bioactive organic molecules, has been studied and emphasised for the first time.

Key words. Zea mays L., maize inbred lines, grain, infrared spectra, spectral bands.

Nowadays, the fundamental improvement in the diagnosis of the state of
organs and vital functions of the whole plant at the molecular level is
achieved with modern methods of spectroscopy. The vibrational spec-
troscopy (infrared and Raman) is an unavoidable method in the analysis of
infrared spectra of organic molecules resulting from molecular vibrations,
thus it is possible to obtain many other results about the structure of the
studied systems [1—5].

Our previous manuscripts [6—9] present studies on the structural
changes of carotenoids in kernels of various maize inbred lines and hybrids.
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It was also shown that the structure of these molecules may be used as
molecular markers in the evaluation of agronomic values of the maize
inbred lines and hybrids. Our more recent papers [10—12] discuss studies
on the formation of infrared spectra, and in particular of 5—6 spectral
bands that were most pronounced. No other, numerous and less developed
spectral bands, were analysed in these studies.

The method of infrared spectroscopy was applied in this study with the
aim to analyse weak and insufficiently differentiated spectral bands, and
thus, to identify the unstable state of the system, and life functions of ker-
nels of observed maize inbred lines. It was shown that the infrared spec-
troscopy can also, in addition to the other methods, determine the struc-
ture of organic compounds in kernels of studied maize inbred lines [13].

The objective of this study was to develop the methodology for analy-
ses of numerous spectral bands of low intensity, different shapes and kinet-
ics, in order to identify functional groups and to determine the structure
and stability of organic compounds in kernels of analysed maize inbred
lines.

Material and Methods

Plant material. The three elite maize inbred lines, ZPPL 186, ZPPL 225
and M1-3-3 Sdms, derived at the Maize Research Institute, Zemun Polje,
Belgrade, Serbia were used as a material in this study. Morphological and
agronomic traits of observed maize inbred lines, including those relevant to
breeding and seed production, are thoroughly described in our previously
published manuscript [10].

Methods. The method of infrared spectroscopy applied to the grain of
maize inbred lines includes spectrophotometers that use the infrared spec-
trum region. In principle, they do not significantly differ from spectropho-
tometers in the ultraviolet-visible spectrum. They do not differ much in the
sequence of components. Specificities, however, occur in the very princi-
ple of the work of the spectrophotometer. The fundamental differences
relate to the source of radiation, nature of samples, the principle of absorp-
tion of radiation as well as the use of various detectors (thermal and photo-
detectors) [1, 3].

Today, a special type of spectrophotometers, based on the principles
of interferometry is used. Interferometers do not produce the spectrum
itself, but an interferogram, which is then processed by a computer into a
common spectrum. This is co-called Fourier transformation, and hence the
name Fourier Transform Spectroscopy (FTS). These devices are especial-
ly suitable for use in the far-infrared region and are characterised by good
resolution [11, 12].

In order to register the infrared spectrum of the observed maize inbred
lines, kernels were homogenised and pressed into the tablet form with the
addition of potassium bromide (KBr). The spectrum was recorded with the
Furier Transform Infrared Spectrometer, Shimadzu IR-Prestige 21, within
the spectral range of 400—4000 cm—!.

This method has been described in details in our previous manuscripts
[11, 12], including the modus operandi and the optical scheme of the
device for registering infrared spectra.
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FT-MIR spectra of the grain of three maize inbred lines:
a — ZPPL 186; b — ZPPL 225; ¢ — M1-3-3 Sdms.

Selected vibrational bands, assigned to CH, asymmetric stretching at 2925 cm~! (mainly in lipids) and
amide I at 1650 cm—! (C—N and C=0 stretching) in proteins

Results and discussion

Kernels of observed maize inbred lines with significant traits (ZPPL 186,
ZPPL 225 and M1-3-3 Sdms) was homogenised and formatted into the
tablet and thus prepared for registering the complete infrared spectrum
(Fig.). Generally, analysed infrared spectra for three maize inbred lines
were characterised by numerous spectral bands. The number of bands was
up to 40 within the range of the wave number from 400 to 4000 cm—!. The
registered spectral bands were of the unequal intensity, different shapes and
kinetics. Distinctively pronounced spectral bands (4—6) were analysed and
presented in our recently published paper [10]. However, in addition to
these bands in the infrared spectrum of kernels of maize inbred lines, a
series of very different spectral bands appeared — high or low intensity
bands, clearly separated or grouped and spectral bands of a complex struc-
ture. Such spectral bands could not be found in the literature and had not
been analysed yet. Our study was actually focused on stated bands of low
intensities and with specific kinetic parameters. A careful consideration and
analysis of grain spectra of observed maize inbred lines (Fig.) shows a great
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Major absorption bands in FT-MIR spectra in grain of maize inbred lines: ZPPL 186, ZPPL 225

and M1-3-3 Sdms

Assignment of the major
IR absorption bands of
biological macromolecules
in functional groups

Maize inbred lines

ZPPL 186 ZPPL 225 |M1-3-3 Sdms

Assignment of the IR
absorption bands of
organic molecules in
functional groups ©

Wave number Wave number Wave number

of spectral of spectral of spectral Wave number of spectral

—1
band, cm~' band, cm~' band, cm™! bands, cm
3750 m 3750 w 3750 w
3420 s 3420 s 3420 s 3200—3500, OH stretch?
(3000—3600) (3000—3600) (3000—3600) 3290, Amide A
Fig. (b) Fig. (b) Fig. (b) (N—H stretch); protein®
3050, Amide B
N—H bending 1*
overtone; protein®
3010 w 3010 w 3010 w 3010,
Alkenyl C—H stretch;
lipids®
2956, CH; asymmetric
stretch; lipids, proteins®
2925 s 2925 s 2925 s 2925, CH, asymmetric
stretch; lipids, proteins®
2873 cm™!, CH;
symmetric stretch; lipids,
proteins®
2850 m 2850 m 2850 m 2854, CH, symmetric
stretch; lipids, proteins®
2375/2340 w 2375/ 2370, 2340 cm™!,
2340/2300 w CO, bend®
1740 m 1740 m 1740 m 1735, Ester C=0 stretch;
lipids®
1650 s 1650 s 1650 s 1655, Amide I (protein
C=0 stretch), a-helices
1636, Amide I (protein
C=O0 stretch), B-sheet
1550 m 1550 m 1550 m 1545, Amide 11
(protein N—H bending
and C—N stretching) ®
1515m 1515 m 1515 m 1590—1595, 1510, C=C

in plane aromatic
vibrations, lignin?

1515, Tyrosine ring
breathing vibration
(C—C/C=C stretching) °
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Wave number of spectral
bands, cm™!

3590—3650 v, O—H,
monomeric alcohols,
phenols
3500—3650 m, O—H,
monomeric carboxylic
acid

3200—3600 v, O—H,
water, hydrogen-bonded
alcohols, phenols
3300—3500 m, N—H,
amines, amides
3300 s, C—H, alkynes

3010—3100 m, C—H,
aromatic rings
3010—3095 m, C—H,
alkenes

2850—2970 s, C—H,
alkanes

2500—2700 b, O—H,
hydrogen-bonded
carboxylic acids

2210—2280 s, C=N,
nitriles
2100—2260 v, C=C,
alkynes

1690—1760, C=0,
aldehydes, ketones,
karboxylic acids, esters
1650, H—OH streching,
water
1610—1680 v, C=C,
alkenes

1500—1600 v,
C=C, aromatic rings
1500—1570 s, NO,,

nitro compounds
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Continuation
e : Assignment of the major Assignment of the IR
M 1
aize inbred lines IR absorption bands of absorption bands of
biological macromolecules| organic molecules in
ZPPL 186 ZPPL 225 |M1-3-3 8dms| iy functional groups functional groups ©

Wave number Wave number Wave number Wave number of spectral Wave number of spectral

of spectral of spectral of spectral i 3
band, cm~' band, cm~' band, cm™! bands, cm bands, cm
1465 m 1465 m 1465 m 1467, CH, bending; 1340—1470 s,
lipids, protein® C—H, alkanes
1300—1370 s, NO,,
1425 w (130})4_2?500) 1425 w 1420, glucan? nitro compounds
Fig. (b)
1400 1400, COO symmetric
(1300—1500) stretching; proteins, fatty
Fig. (b) acids®
1380/1340 w 1380/1350 w 1380/1350 w 1380, CH; bending;
(1300—1500) lipids, proteins®
Fig. (b)
1280, Amide III of 1180—1360 s, C—N,
collagen® amines, amides
1050—1300 s, C—O
1246/1225 w 1246 w 1246 w 1246, cellulose! alcohols, ethers,
1225 w 1220—1240 poz carboxylic acids, esters
asymmetric stretch;
nucleic acids, lipids
Amide 11T of collagen®
1204 Amide III of
collagen
1160 s 1160 s 1160 s 1000—1200, C=0
1080 m 1080 m 1080 m stretching; carbohydrates®
1000 s 1000 s 1000 s
930 m 930 m 930 m 1080, PO, symmetric 675—995 s, C—H,
850 m 850 m 850 m stretch; nucleic acids, alkenes
780 m 780 m 780 m lipids 670—990 s, C—H,
720 m 720 m 720 m 750—950, conformers a aromatic rings
580 m 670 w 580 m and b of pyranoid and
520 m 615/580 m 520 m furanoid ring vibrations of
520 m mono- and

polysaccharides®

Abbreviations:
s — strong intensity, m — medium intensity, w — weak intensity, v — variable intensity of
spectral bands. Sources: #[19], ®[20], ¢[21], 9[22], ¢[23].

number of spectral bands in the wave number range of 400—2040 cm—! for
all three maize inbred lines.

According to their kinetic parameters, they differed considerably from
one another. There were at least three classes. Similar spectral bands were
formed within the range of the wave number of 400—950 cm—!. Somewhat
different spectral bands were formed within the range of the wave number
of 1200—1600 cm—!. Finally, there were spectral bands that were formed
within the ranges of the wave numbers of 1680—2400 and 1680—2800 ¢cm—!
(Fig.). According to our hypothesis, the low intensity spectral bands and
with different kinetic parameters suggest an unstable (excited) state of the
biological system [13—16]. Furthermore, the excited state is expressed in
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certain functional groups of organic compounds that are presented in
Table. It should not be forgotten that the unstable states of the biological
system (tissue, cells, membranes) are a consequence of the excited state of
molecules, radicals, atoms and/or ions and that they are inevitably caused
by the occurrence of different movement modes (oscillation, vibration,
rotations, translations). The similar events happen in the process of the ion
oscillatory transport through the excited membrane [15, 16]. Moreover,
today, beyond any doubt, great attention is paid to the contemporary study
of the biological systems, seeking for information on genomes and pro-
teomes and primarily their metabolomes, i.e. the concentration of all
metabolites and their interactions. This is enabled by the application of
infrared spectroscopy in studying of the structure properties of organic
compounds of kernels of maize inbred lines [11—13].

Based on everything stated above, at least two questions may be posed.
First, how to obtain reliable information on the existence of different bio-
genic organic molecules (substances), whose specificities regarding vibra-
tions cause the appearance of different spectral bands. Second, are there
any essential differences in kernels of observed maize inbred lines (ZPPL
186, ZPPL 225 and M1-3-3 Sdms), in regard to infrared spectra. If such
differences exist, then it can be concluded that there are various organic
compounds with different structural properties in kernels of studied maize
inbred lines.

The answer to the posed questions can be largely found out in our
obtained results presented in Table and Fig. The careful analysis of litera-
ture data, i.e. of the intensity, shape, kinetic values, as well as the range of
the wave number of spectral bands [17, 18] provides the identification of
functional groups of organic compounds. When the same parameters pre-
sented in Table and Fig. are compared, it can be concluded that structur-
al properties of organic compounds of inbreds ZPPL 186 and M1-3-3
Sdms were similar, while those of the inbred ZPPL 225 differed, to a less-
er degree.

Finally, according to the gained results the following can be added:
the importance of intensity, shape and kinetics of spectral bands expressing
unstable processes in biological systems and bioactive organic molecules,
has been studied and emphasised for the first time.
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WCCJIENOBAHUE METOOJAMU UH®PAKPACHOM CITEKTPOCKOIIWUU
BAJTEHTHBIX U JE®OPMAIIMOHHBIX KONTEBAHUM XMMHWYECKUX CBA3EMN
B ®YHKIMOHAJIBHBIX TPYIIIIAX OPTAHUYECKMX COEJIMHEHWH,
COJIEPXAIINXCA B 3EPHAX UHBPEAHBIX JINMHUM KYKYPY3bI

Y.H. Padenosuu’?", I.B. Maxcumos’, B.B. Illymosa®, H.C. Heaun!, M.B. Munenxoeuu?!,
M. Iaerosuyw®, M.B. Beaancku’

NUHcTuTyT KYKypyssl «3emyH Ilone», Benrpan, Cep6us

2@akyabTeT Ppusnyeckoil XuMuu Benrpanckoro yHusepcurera, bearpan, Cepbus
3Buonornueckuit GhakyabTeT MOCKOBCKOTO IroCyIapCTBEHHOTO YHUBEPCUTETA

M. M.B. JlomonocoBa, Mocksa, Poccus

‘Buonorudecknii axkyasTer HallmoHaTbHOrO MccienoBaTebckoro MopaoBCKoro
rocynapctBeHHoro yHuBepcuteta uM. H.I1. Orapésa, Pecnyonuka MopnoBusi, CapaHcCK,
Poccus

SHUHCTUTYT 00LIEH U GusrdecKoil Xumuu, JlabopaTopus GUOXUMUU U GMODU3UKMY,
Benrpan, Cepous

*KoHTtakT-aBTOp: radenovic@sbb.rs

B paGote paccMOTpeHO MpUMEHEeHHEe MeTona MH(PAKPaCHOW CMEKTPOCKOINUU 3€PEH dJIUT-
HBIX MHOpeIHBIX JUHUI KyKypy3bl ZPPL 186, ZPPL 225 u M1-3-3 Sdms ¢ 1enplo omnpe-
NeJIEHUSI CTPYKTYPHBIX XapaKTepPUCTUK OPTaHWYECKUX COSAMHEHUN M MX HEYCTOWYMBOTO
COCTOSTHUSI. BBIIBMHYTa rumote3a 0 HEOOXOMMMOCTH U3YYeHUs Pa3IMYHbIX MHOTOYUCIICH-
HBIX CHEKTPAJIbHBIX TOJIOC, HEUCCIEIOBAaHHBIX 10 CUX MOp, MOSIBISIOUIMXCS B Pa3IMYHBIX
dbopmax (Toslochl HU3KOW MHTEHCUBHOCTH, ONMHOYHBIC MJIU CIPYIITMPOBAHHBIE), OObBsIC-
HEeHUs NPUPOIbl U TMHAMMKM WX 00pa3oBaHMs. Takue CIeKTpaJbHBIE MOJOCH HabIoma-
JKUCh B AnanazoHe BonH 400—2925 cM—! 0HM BBI3BaHBI PA3IMYHLIMU TUIIAMM KOJIEOaHUiA
(BJICHTHBIX U Ne®OPMAIIMOHHBIX) OPraHUYECKUX COCAMHEHUIA: aJKEHOB, apOMaTHYECKUX
COCIMHEHUI, CIIMPTOB, MPOCTHIX 3(UPOB, KAPOOHOBBIX KUCIOT, CIOXHBIX 3(UPOB, aMH-
HOB, aMUIOB, &JIKAHOB, HUTPOCOEIMHEHUI, KETOHOB, aJIbACTUIOB, aJKWHOB, HUTPUJIOB U
denonon. TakuM 06pa3oM, MOXKHO YCTAHOBUTH He TOJIBKO CTPYKTYPY OPTraHMYECKUX COEIM-
HEeHUI 3epeH HabMogaeMbIX MHOPEMHBIX JIMHUI KYKypy3bl, HO TaKXKe yKa3aTh UX HEeYCTOM-
YuBbIe, KOH(GOPMAIIMOHHBIE U (PYHKIIMOHABHBIE CBOCTBA. B paboTe BriepBhIe aKIIEHTUPO-
BaHa BaXXHOCTh M3Y4YeHHUsS] (HOPMBI, KUHETUKM W WHTEHCUBHOCTHM CIIEKTPAJbHBIX ITOJIOC,
BBIpaXKalONIMX HEYCTOWYMBBIC MPOLIECCHl B OMOJOTUYECKUX CHCTeMaX U OMOaKTUBHBIX Op-
TaHUYECKUX MOJIeKyJiaX.

Kniouesvie cnosa: Zea mays L., uHOpegHble JTUHUM KYKypy3bl, 3€pHO, WMHMpPaKpacHbIe
CIEKTPHI, CIIEKTPAJIbHBIE MOJIOCHI.
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Y po6oTi PO3MISHYTO 3aCTOCYBaHHSI METOAY iH(MPauepBOHOI CIEKTPOCKOTMii 3epeH eJiTHUX
iHOpemHUX miHill Kykypymsu ZPPL 186, ZPPL 225 i M1-3-3 Sdms 3 MeTO0 BU3HAYEHHS
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C.N. RADENOVIC, G.V. MAKSIMOV, V.V. SHUTOVA et al.

CTPYKTYPHUX XapaKTEPUCTUK OPraHiyHUX CIOJYK Ta iX HEeCTihKOoro craHy. BucyHyro
rimoresy TMpo HEOOXiAHICTh BUBYEHHS PI3HUX YUCIAEHHUX CIEKTPaJbHUX CMYT,
HEOCTiIXKeHUX J0Ci, 110 3'IBISIOTECS B Pi3HUX (opMax (CMYTM HU3bKOI iHTEHCHUBHOCTI,
MOOAMHOKI abo 3rpyroBaHi), TMOSICHEHHsS NPUPOAM i JOWHAMiKM iX yTBOpeHHs. Taki
CIIEKTPabHI CMYIU CIIOCTepiranyd B IHiamasoHi xBuib 400—2925 cm-!, BoHM crpuuuHeHi
pi3HUMU TUIIAMU KOJIMBaHb (BaJleHTHMX i JAedopMallilHUX) OpraHiYHUX CIOJYK: aJKEHiB,
apoOMaTUYHMX CITOJIYK, CITMPTIB, MPOCTUX edipiB, KapOOHOBMX KUCJIOT, CKJaIHUX edipiB,
aMiHiB, aMilliB, aJlKaHiB, HIiTPOCMOJYK, KETOHiB, aJbIeriliB, aJiKiHiB, HIiTpWIiB i (hEeHOIiB.
OTXe, MOXXHa BCTAHOBUTHU HE TiUIbKU CTPYKTYpPY OPraHiYHUX CIIOJYK 3€PeH JOCTiIKYBAaHUX
iHOpenHUX JIiHiil KyKypyn3u, a if BKa3zaTW iX HecTiliKi, KoHbopMalliliHi Ta (GyHKIIiOHAIbHI
BJIACTUBOCTI. ¥ poOOTi Brepllue aklieHTOBaHA BaXXJIMBICTb BUBYEHHSI (DOpMU, KiHETUKM Ta
iHTEHCUBHOCTi CHEKTPaJIbHUX CMYT, IO BHUpaxaloThb HECTilKi TMpouecu B OioJOTiUHUX
cucTeMax i 6i0aKTMBHMX OpPraHiYHUX MOJEKYJax.

Karwwuogi crosa: Zea mays L., iHOpenHi JiHil KyKypya3u, 3epHO, iHGpayepBOHi CHEKTPHU,
CIIeKTpaJIbHi CMYTH.

330 ISSN 2308-7099. Fisiol. rast. genet. 2018. T. 50. Ne 4



