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Momusayus u yenp: OOONOYKa 3epHa — 3TO OCHOBHOH Oaphep MEXKAY 3€pHOM U
BHEIIHEH Cpelod, IMO3TOMY C €€ XapaKTepUCTHKaMU CBSI3aH DS  BaKHBIX
Omonormueckux  (PyHKIWI: TIOTJIOIIEHWE  BIArW, JKU3HECTIOCOOHOCTH  3€pHa,
YCTOHYHMBOCTH K TIpexybopodnomy mpopactanuto [1]. LIBeT 000mouku 3epeH 31akoB —
Ba)KHBIH MPU3HAK, OH XapaKTepU3yeT MUTMEHTHI U METAOOJIUTHI, CO/IepKaIlluecs B HEM,
TakWe KaK KAapOTWHOWIBI, aHTOIMAHBI, MeJaHWHB. [lomMuMmo 1Bera, WHTEpec
MIPENICTaBISIET TaKKe TEeKCTypa 3epHa. Hampumep, mepriaBocTh OOONOYKH 3€peH y
MIIEHUIIBI — 3TO MPU3HAK, KOTOPBIA CBSI3aH C BOCHPUHUMYHBOCTBIO 3€PEH MOPaKEHUIO
BpEIUTENSIMH [2], TEXHOJIIOTMYECKUMH CBOMCTBaMU 3epHa [3], comepikanuem Biaru [4].
[Ipu n3y4eHnn MexXaHU3MOB IT'€HETHYECKOTO KOHTPOJISI T€X WJIM WHBIX IMPU3HAKOB 3epHA
CCJICKIIMOHEPBI U T'€HETHUKU CTAJIKHBAIOTCA C HCO6XOZ[I/IMOCTI)IO OII€EHKHU IBCTOBBIX U
TEKCTYPHBIX XapaKTEPUCTUK UX OOOIOUKH.

MoOunpHBIE YCTPOWCTBA BCE Yallle CTall HWCIOJIB30BAThCS B Pa3MYHBIX cdepax
HAy4YHBIX HAONIONEHWH, B TOM 4YHCIe W B arpoOHOTEXHONOTHSAX. braromaps
COBCPUHICHCTBOBAHUIO HH(prBOfI TCXHHUKH, KAYE€CTBO IBECTONCPCAa4n Ha COBPECMCHHBIX
MOJIETISIX KaMep CTAaHOBHUTCS BCe 00JI€€ TOYHBIM. JTO MO3BOJIAET C BBICOKUM Ka4eCTBOM
OIICHHMBATH I[BETOBHIE XapaKTEPUCTHKY OPTaHOB pacTeHuid. PazpaboTanHoe HaMu paHee
npwioxkenue SeedCounter oka3ajio CBOK MPAKTUYECKYIO TOJIb3Yy MPH MOPHOMETPUHI
3€pCH NIICHUIBI U AYMCHA. PacnmpeHI/Ie q)YHKHI/IOHaIIBHOCTI/I 3a CUET BO3MOXHOCTHU
OIICHKH IIBETOBBIX M TEKCTYPHBIX XapaKTEPUCTHUK OOOJIOYKH 3€pHAa MOXET CTaTh
CYHICCTBEHHBIM YJIYYIICHUEM B MMPAKTUYCCKOM IIPUMEHCHUU.

Memoowr u ancopummer: B obHOBIeHHOM Bepcum mpumokerus SeedCounter Oputa
peaM3oBaHa MOJAECPKKA PA3IMYHBIX IMPOTOKOJIOB ChEMKH: C MacIlITaOMpOBaHHWEM Ha
OCHOBe nHucTa Oymaru CTaHmapTHOTO ¢GopMara ¢ KOppEeKIUed MepCreKTUBBL, Ha
CIUTOIIHOM (pOHE C MaciTabupoBaHHEM Ha OCHOBe 1BeToBOM mikaibl ColorChecker
Mini Classic target (https://calibrite.com/us/product/colorchecker-classic-mini); wa
JucTe OyMaru ¢ I[BETOBOM IIKaJIOH.

ITomumo 9TOro, B HOBOM BEpCUHN TNTPUITOKCHUA ObLT pcain30BaH pacyeT LBCTOBBIX U
TEKCTYPHBIX XapakTepHCTHK 3epeH [5]. L[BeToBble XapaKTEepUCTUKH BKIIOYAIOT:
CpellHue 3HA4YeHHWs HWHTEHCUBHOCTH IIBETOBBIX KAHAJIOB, TIJIO0AIBHYIO IIBETOBYIO
TUCTOTPaMMYy, IECKPUITOP JOMUHAHTHBIX I[BETOB, JECKPUIITOP [IBETOBOM PACKIIAIKH.
TekcTypHBIE  XapaKTEPHCTHKH  BKJIIOYAIOT: CpelHEe, JIUCIIEPCHI0, HHEPIHIO,
TOMOT'€HHOCTb, €JUHOO00pasue, SHEPTUI0, KOPPEIALHUIO, SHTPONHUIO, MAaKCHUMAJIbHYIO
BEPOATHOCTh, TEHb KJacTepa, BBIMYKIOCTh KIIACTEPA, PACCUMTHIBAEMBIE HA OCHOBE
MaTpHIlbl coBnajienus yposHeit ceporo (GLCM, Grey Level Co-occurrence Matrix), a
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TaKKe KOPOTKHE CEpUH, MJMHHBIE CEPUH, HEPAaBHOMEPHOCTh YPOBHS CEPOTO,
HEPaBHOMEPHOCTh JUJIMH CEpHUH, MPOLEHT CEpHii, SHTPOIHUIO, PAaCCUNUTHIBACMbIC Ha
OCHOBE MaTpHUIIbI JUTHH cepuii ypoBHeii ceporo (GLRM, Gray Level Run-length Matrix).
Kak 1BeTOBBIE, TaK U TEKCTYypHBIE XapaKTEPUCTHKHU BBIYMCISIIOTCA C YYETOM MAacoK
n300paKeHUH 3€peH, 4YTO BaXXHO, TaK KaKk MpH BHIYUCICHUM MPU3HAKOB Ha
IPSAMOYTOJILHON 00J1aCTH MUKCENX (pOHAa MOTYT BHOCHUThH 3HAYUTEIbHBIE UCKAKCHUS B
paccuuThIBaEMble XapaKTEPUCTHKH H3-3a MAJOr0 pa3Mepa 3epeH U UX UIIUIICOUTHOM
(hopMBI.

Peszynomamur: O0HOBICHHAs Bepcus npuioxeHus SeedCounter ObuTa UCTIONB30BaHA
IS aHaIM3a KPacHO3EPHBIX OOpPAa3IOB O3MMOW MSTKOW MIIeHUILL. IIpoBeneHHbBIC
OLICHKM TO3BOJIWJIM COTMOCTABUTHh TEHETHUECKHE BapHallMM H3Y4YECHHBIX 00pasloB,
[BETOBBIC XapaKTEPUCTHKH 3€PeH W MX YCTOHYMBOCTL K TpeayOopoyHOMY
npopactanuto. Ha ocHoBe Hamero Meroa OblIO TOKa3aHo, YTO Y KPACHO3EPHBIX COPTOB
CYIIECTBYIOT BapHaIllH 10 OTTEHKaM IIBeTa (ToIyOn3He U CBEeTIIOTe). B pesynprare 310
paboThl HapaBHE C JABEHAALATHIO JIOKYCAMH, ACCOIMUPOBAHHBIMU C MpPU3HAKAMH
YCTOMYMBOCTH K TNpeayOOpOYHOMY MpOpACTaHUIO, OBIIM BBISBICHBI 26 JIOKYCOB,
ACCOLMMPOBAHHBIX C LIBETOBBIMU XapaKTEPUCTUKAMU 3€PEH (B TOM YHCIIE U HOBBIE).
[MomMumo 3TOTO, OBUIM MPOAHATM3UPOBAHBI H300PAKEHHS 3€PEH MIICHUIIBI MOMYISIUN
MexayHapoJHOH WHHUIMATHBBI 1O KapTupoBaHuio Triticeae (International Triticeae
Mapping Initiative, ITMI), Bkirouarorue 116 rernorunos (1740 u3o0pakeHwit).
AHanu3 TEKCTYpHBIX XapaKTePUCTUK KOJUIEKLMH II0Ka3aJl 3HAUYUMBIC Pa3IddMs
otnensHbIX TeHotumoB (Synthetik R93, Opata, ITMI_11, ITMI_103, ITMI_115,
ITMI_42, ITMI_62, ITMI_82, ITMI_88) no TakuM XapakTepuCTHKaM, KakK: CpeaHee,
TOMOT'€HHOCTh, €AMHO00pa3He, KOppemsLusl.

Bwisoowvr: OGHOBieHHOE mpuiokeHue SeedCounter pacmupser BO3MOXKHOCTH JUIS
oTpeJieNieHNs IBETOBBIX M TEKCTYPHBIX XapaKTEPHCTHK 3€pEH 31aKOBBIX. L[BeToBBIC
NPU3HAKW MOTYT OBITh MOJIE3HBI UISI HCCIENOBAaHUS CONEPXKAHUS IUIMEHTOB U
METa0OJUTOB B 00OJIOYKE 3€pPHA, TAKUX KaK KapOTHHOWJIbI, aHTOLWAHBI, MEJIAHHHBI.
TekcTypHBIE IPU3HAKKA MOTYT OBITH MTOJIE3HBI IS OLEHKH XapaKTEPUCTHK MOBEPXHOCTH
3€peH, TAKUX KaK LIEPIIaBOCTb.

Peanm3oBaHHBIE IBETOBBIE XaPAKTEPUCTUKHU TO3BOJISIOT ONPEAEIISTh TOHKHE Pa3Inyius
OTTEHKOB 3€pHa JaKke MKy oOpa3liamu, UMCIOIIUMH OJWUH THUIl OKpacku. Takoi
MOJAXOJX TO3BOJIIET BBISBISATH JIOKYCHI, CBSI3aHHBIE C IIBETOBBIMHM IPU3HAKaMH.
[Tpunoxenue SeedCounter MO3BONMIIO BBISIBUTH HOBBIE JIOKYCHI KOHTPOJIS LIBETOBBIX
XapakTepUCTUK 3E€PeH BHE 3aBUCUMOCTH OT TMpHU3HAKa YCTOHYMBOCTH K
npeayoopOYHOMY MTPOPACTAHUIO.

IIpoBeneHHBII aHATTN3 TEKCTYPHBIX IPU3HAKOB MPOJEMOHCTPUPOBAIL, YTO B MOMYJISLIUH
msrkor mmeHuIsl ITMI cymiectByer pasHooOpasue 3epeH MO CTETEeHH HIepIIaBOCTH
000JIOYKH 3€peH, KOTOpOe MOKHO BBISBIATh M aHAJIM3HPOBAaTh HAa OCHOBE
MPEUIOKEHHBIX aJITOPUTMOB OLICHKH TEKCTYPHI 3€PEH.

Qunancuposanue. Paborta noanepxana rpantoM Poccuiickoro Hayunoro ¢onma (Ne 22-
74-00122) u KypuatoBckum renomubM eHTpomM WIulT CO PAH, HoocuOupck,
Poccusi.
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Motivation and Aim: The grain coat is the main barrier between the grain and the external
environment, so a number of important biological functions are associated with its
characteristics: moisture absorption, grain viability, resistance to pre-harvest
germination [1]. The color of cereal grain coat is an important trait, it characterizes the
pigments and metabolites contained in it, such as carotenoids, anthocyanins, melanins.
In addition to color, the texture of the grain is also of interest. For example, the roughness
of the grain coat in wheat is a trait that is related to the susceptibility of grains to pest
damage [2], technological properties of grain [3], and moisture content [4]. When
studying the mechanisms of genetic control of certain grain traits, breeders and
geneticists face the need to evaluate the color and textural characteristics of their shells.
Mobile devices are increasingly being used in various fields of scientific observation,
including agro-biotechnology. Thanks to the improvement of digital technology, the
quality of color reproduction on modern camera models is becoming more and more
accurate. This makes it possible to assess the color characteristics of plant organs with
high quality. The previously developed SeedCounter application has shown its practical
usefulness in morphometry of wheat and barley grains. Expanding the functionality to
include the ability to assess the color and texture characteristics of the grain coat could
be a significant improvement in practical applications.

Methods and Algorithms: In the updated version of the SeedCounter application, support
for different imaging protocols was implemented: with scaling based on a standard-size
sheet of paper with perspective correction; on a solid background with scaling based on
the ColorChecker Mini Classic target (https://calibrite.com/us/product/colorchecker-
classic-mini); on a sheet of paper with a color scale.

In addition, the calculation of color and texture characteristics of grains was
implemented in the new version of the application [5]. Color characteristics include:
average intensity values of color channels, global color histogram, descriptor of
dominant colors, descriptor of color layout. Texture characteristics include: mean,
variance, inertia, homogeneity, uniformity, energy, correlation, entropy, maximum
probability, cluster shade, cluster prominance, calculated based on the Gray Level Co-
occurrence Matrix (GLCM, Grey Level Co-occurrence Matrix), and short run, long run,
gray level on-uniformity, run length non-uniformity, run ratio, entropy, calculated based
on the Gray Level Run-length Matrix (GLRM, Gray Level Run-length Matrix).

Both color and texture features are computed by considering grain image masks, which
is important because when computing features on a rectangular region, background
pixels can introduce significant distortions in the computed features due to the small size
of grains and their ellipsoidal shape.
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Results: The updated version of the SeedCounter application was used to analyze red-
grained winter soft wheat accessions. The evaluations made it possible to compare
genetic variations of the studied accessions, color characteristics of grains and their
resistance to preharvest germination. Based on our method, it was shown that variations
in color shades (blueness and lightness) exist in red-grain varieties. As a result of this
work, 26 loci associated with grain color traits (including new ones) were identified
along with twelve loci associated with preharvest germination resistance traits.

In addition, wheat grain images of the International Triticeae Mapping Initiative (ITMI)
population including 116 genotypes (1,740 images) were analyzed.

Analysis of the textural characteristics of the collection showed significant differences
between individual genotypes (Synthetik_R93, Opata, ITMI_11, ITMI_103, ITMI_115,
ITMI_42, ITMI_62, ITMI_82, ITMI_88) in terms of such characteristics as mean,
homogeneity, uniformity, and correlation.

Conclusion: The updated SeedCounter application expands the possibilities for
determining color and textural characteristics of cereal grains. Color traits can be useful
to investigate the content of pigments and metabolites in the grain coat, such as
carotenoids, anthocyanins, melanins. Textural attributes may be useful for evaluating
grain surface characteristics such as roughness.

Realized color features allow the detection of subtle differences in grain hues even
between samples having the same color type. This approach allows the identification of
loci associated with color traits. The SeedCounter application allowed the identification
of new loci controlling grain color traits independent of the preharvest germination
resistance trait.

The analysis of textural traits demonstrated that in the ITMI soft wheat population there
is grain diversity in terms of grain coat roughness, which can be detected and analyzed
based on the proposed algorithms for grain texture evaluation.

Funding: The work was supported by RSF (project No. 22-74-00122) and Kurchatov
Genomic Center, Institute of Cytology and Genetics, Siberian Branch of the Russian
Academy of Sciences.
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