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Abstract. Intraspecific classification of cultivated plants is necessary for the conservation of biological diversity,
study of their origin and their phylogeny. The modern cultivated wheat species originated from three wild diploid
ancestors as a result of several rounds of genome doubling and are represented by di-, tetra- and hexaploid species.
The identification of wheat ploidy level is one of the main stages of their taxonomy. Such classification is possible
based on visual analysis of the wheat spike traits. The aim of this study is to investigate the morphological charac-
teristics of spikes for hexa- and tetraploid wheat species based on the method of high-performance phenotyping.
Phenotyping of the quantitative characteristics of the spike of 17 wheat species (595 plants, 3348 images), including
eight tetraploids (Triticum aethiopicum, T. dicoccoides, T. dicoccum, T. durum, T. militinae, T. polonicum, T. timopheevii,
and T. turgidum) and nine hexaploids (T. compactum, T. aestivum, i:ANK-23 (near-isogenic line of T. aestivum cv.
Novosibirskaya 67), T. antiquorum, T. spelta (including cv. Rother Sommer Kolben), T. petropavlovskyi, T. yunnanense,
T. macha, T. sphaerococcum, and T. vavilovii), was performed. Wheat spike morphology was described on the basis
of nine quantitative traits including shape, size and awns area of the spike. The traits were obtained as a result of
image analysis using the WERecognizer program. A cluster analysis of plants according to the characteristics of the
spike shape and comparison of their distributions in tetraploid and hexaploid species showed a higher variability of
traits in hexaploid species compared to tetraploid ones. At the same time, the species themselves form two clusters
in the visual characteristics of the spike. One type is predominantly hexaploid species (with the exception of one
tetraploid, T. dicoccoides). The other group includes tetraploid ones (with the exception of three hexaploid ones,
T. compactum, T. antiquorum, T. sphaerococcum, and i:ANK-23). Thus, it has been shown that the morphological
characteristics of spikes for hexaploid and tetraploid wheat species, obtained on the basis of computer analysis of
images, include differences, which are further used to develop methods for plant classifications by ploidy level and
their species in an automatic mode.

Key words: wheat spike morphology; wheat; phenomics; image processing; computer vision; machine learning;
biotechnology.

For citation: Pronozin A.Yu., Paulish A.A., Zavarzin E.A., Prikhodko A.Yu., Prokhoshin N.M., Kruchinina Yu.V., Gon-
charov N.P,, Komyshev E.G., Genaev M.A. Automatic morphology phenotyping of tetra- and hexaploid wheat spike
using computer vision methods. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding.
2021;25(1):71-81. DOI 10.18699/VJ21.009

ABTOMaTuueckoe (peHOTUNMPOBaHME MOP(OIOTUM KOI0ca
TeTpa- U reKCarJIOUHbIX BUIOB ITII€HUIIbI
MeTOoJdaMl KOMIIbIOTEPHOI'O 3peHUs

A.IO. HpOHOSI/IHl, AA. HayAI/ILLIz, E.A. 3aBap3]/IH2, A.IO. HpMXOAbKOZ, H.M. ]'[poxou.wu-[2, I0.B. pr‘{I/IHI/IHal’ 3

H.IT. rOH‘{apOBl’ 4 E.I. Kompimesl' 2 3, M.A. Tenaesl 2 3@

1 DepepanbHblii NCCNEROBATENbCKUI LEeHTP UHCTUTYT ymutonorum n reHetrkn Cbrpckoro otaeneHns POCCMNCKOl akaeMmnm Hayk,
HoBocnbupck, Poccus

2 HoBocnbrpcKmii HaLMoHanbHbI NCCefoBaTeNbCKUIA FOCYAAPCTBEHHbIN YHUBepcuTeT, HoBOCM6MpPCK, Poccna

3 KypuaToBCKMit FeHOMHbII LeHTP VIHCTUTYTa LTONOrMM 1 reHeTyKin CUBMPCKOro oTaeneHns Poccuiickol akaaemun Hayk, Hoocubunpck, Poccus

4 HoBocuBMpPCKIit rocyaapCTBEHHDIN arpapHbiit yHuBepcuTeT, HoBocnbupck, Poccns

® mag@bionet.nsc.ru

AHHOTauuA. BHYyTpuBMAOBaA KnaccndmKauma KynbTypHbIX pacTeHnin Heobxoarma ana 3$pdeKTMBHOIro coxpaHe-
HKA 6ronornyeckoro pasHoobpasna BUAOB, N3YUYEHUA UX MPOUCXOXAEHNA, onpeaeneHna GunoreHnn nu npose-
[eHUA MeXBMAoBON rmbpuamnsauum npu cenekuyumn. CoBpemeHHble Bo3aenbiBaemble BU/bI MILEHUL, NPOV30LWN

© Pronozin A.Yu,, Paulish A.A., Zavarzin E.A., Prikhodko A.Yu., Prokhoshin N.M., Kruchinina Yu.V., Goncharov N.P, Komyshev E.G., Genaev M.A., 2021

This work is licensed under a Creative Commons Attribution 4.0 License


http://www.bionet.nsc.ru/vogis/

A.Yu. Pronozin, A.A. Paulish, E.A. Zavarzin ...
N.P. Goncharov, E.G. Komyshev, M.A. Genaev

Automatic morphology phenotyping of tetra-
and hexaploid wheat spike using computer vision methods

OT Tpex ANKMX AUMITONAHbIX NPeAKOB B pe3ynbTaTe rmépuan3aumnn 1 HeCKONbKNX payHAOB YABOEHNA FrEHOMOB 1
npencTaBneHbl An-, TeTpa- 1 rekcanionaHbIMu Bugamu. Mostomy ngeHTMdrKauma nnovaHoOCTI NWEHUL 1 onpege-
NeHune NX reHOMHOTO COCTaBa ABMAIOTCA OAHUMM N3 OCHOBHbIX 3TaMnoB VX KnaccudukaLumm Ha OCHOBE Br3yanbHOro
aHanmsa GeHoTUNNYECKNX NPr3HaKoB Konoca. Llenb paboTbl — nccnegoBaHme Mophonormyecknx xapakTepucTuk
KONOCbeB NOMVMIONAHbIX BUAOB MLWEHWULbI METOAAMU BbICOKOMPOU3BOANTENBHOrO GeHOTUNNPOBaHUA. BbinonHe-
HO peHOTUNMPOBaHKE KONTMYECTBEHHbIX XapaKTePUCTMK Konoca 17 BUgoB nieHnubl (595 pacteHunin, 3348 nsobpa-
eHuin), BKNtoYas BoceMb TeTpannoungHbix: Triticum aethiopicum, T. dicoccoides, T. dicoccum, T. durum, T. militinae,
T. polonicum, T. timopheevii, T. turgidum v peBATb rekcannongHbix: T. compactum, T. aestivum (B TOM Yncie U30reH-
Has NMHUA copta HoBocnburpckas 67 AHK-23), T. antiquorum, T. spelta (Bkntovas ctapogasHuii copt T. spelta Rother
Sommer Kolben), T. petropavlovskyi, T. yunnanense, T. macha, T. sphaerococcum, T. vavilovii. Mopdonorus konoca
oncaHa Ha OCHOBe [ieBATY KONTMYECTBEHHbIX NPU3HAKOB, BKoYatoLwyx ¢opmy, pasmep 1 ocTUCTOCTb. MprsHakm
6bIIM MONyYeHbl B pe3ynbTaTe aHanm3a UmdpoBbix 306paxkeHnii ¢ nomolybto nporpammbl WERecognizer. Knactep-
HbI aHanNM3 pacTeHnii Mo XapakTepucTkam GopMbl KOOCa U CPaBHEHME VX pacrnpefeneHun y TeTpa- 1 rekca-
NAOUAHbIX BUAOB NMOKa3anum 6onee BbICOKY0 BapnabenbHOCTb MPU3HAKOB Y reKCanaonaHbIX BUAOB MO CPaBHEHNIO
c TeTpannoungHbiMu. Mpw 3TOM camu BUAbI B MPOCTPAHCTBE XapakTepuCTUK Kosloca GOopMUpYIoT fiBa KnacTepa.
K nepBomy OTHOCATCA NpenMyLLeCTBEHHO rekcannongHble BUbl, 3@ UCKSTIOYEHEM OAHOTO TETPaNIONLHOTO, AVNKO-
pactywero T. dicoccoides, Ko BTOPpOMY — TeTparnionfHble, 3a UCKNIOYEHEM Tpex rekcannoungHblx, I. compactum,
T. antiquorum, T. sphaerococcum, v i:AHK-23. Moka3aHo, YTo Mopdonornyeckme xapakTepucTmkn Konocbes Ass
rekca- v TeTpanionfHbIX BUAOB, MOJTyYeHHble Ha OCHOBE KOMMbIOTEPHOTO aHann3a n3obpakeHnii, BeMOHCTPUPYIOT
pasnunuma, KOTopble B AasibHENLWeM MOTYT 6bITb UCMONb30BaHbI AN1A Pa3paboTKm MeToAMKMN SPEKTUBHON Knaccu-
duKaLmm pacTeHniA Mo NIOUAHOCTU U UX BUAOBOW MPUHAASIEXHOCTI B aBTOMaTUUYECKOM peXnMe.

KnioueBble cnosa: nweHuua; mopdonorna Konoca; GeHoMmnka; 06paboTka N306paxKeHNIN; KOMMbIOTEPHOE 3PEHUE;

MalWnHHOE o6yquV|e; 6UOTEXHONOTUN.

Introduction

A number of important issues, including aspects of the ef-
fective conservation of the biological diversity of cultivated
plant species, the study of their origin, and their phylogeny,
presupposes a detailed development of intraspecific clas-
sifications (Dorofeev et al., 1979; Goncharov, 2011). The
producing of such classifications, reflecting the phylogenesis
and genetic structure of species, should be considered the
main goal of modern taxonomy (Hammer et al., 2011). When
developing the classification of cultivated plants, the most
complete description of all existing large and small forms
(taxons) is assumed (Sinskaya, 1969). On the one hand, this
is determined, by the convenience of using such a division in
experimental work, on the other hand, it is also determened
in the breeding and testing of cultivated plants.

The success and effectiveness of research work is often
associated with the detailing and completeness of the ex-
perimental study, which depends on what the material is and
how much it should be studied. In this regard, it is extremely
important that the natural differentiation of one or another
genus, the relationship between species, are reflected with
high accuracy by a detailed taxonomy (Dorofeev, 1985). It
should be noted, that for most of the plants important for
agriculture, the volumes of the genus and species have not
been unambiguously described yet (Rodionov et al., 2019).

A serious problem in the taxonomy of cultivated plants
is the aspect of taxa agregation vs. fragmentation, and in
cases of cultivation it manifests itself especially in contrast
(Golovnina et al., 2009; Goncharov, 2011). At the same
time, the effective use of taxonomy of cultivated plants in
the work of researchers causes certain difficulties. Both di-
chotomous tables (Dorofeev et al., 1979; Goncharov, 2009)
and ideographic manual book (Zuev et al., 2019) require
certain skills; therefore, the producing of a database and
software that allows the identification of species by digital

images is a very promising direction. The development of
these methods is mainly based on technologies for analyz-
ing digital images of plant organs within the framework of
computer phenomics (Afonnikov et al., 2016; Zhang et al.,
2019; Demidchik et al., 2020; Yang et al., 2020).

Wheat is one of the world’s most important food crops.
The modern cultivated wheat species evolved from three
wild diploid ancestors as a result of their hybridization and
several rounds of genome doubling (polyploidization). Cur-
rently, cultivated wheat is represented by di- (2n =2x = 14,
APAD genome), tetra- (21 = 4x = 28, BBAUAUDD genome)
and hexaploid (2n = 6x = 42, BBAYA'DD genome) spe-
cies (Goncharov, Kondratenko, 2008). The main cultivated
species, bread wheat (7riticum aestivum L.), is a hexaploid
(genomic formula BBAYAYDD). The ploidy level is one of
the main taxonomic and classifying characteristics of wheat
species (Dorofeev et al., 1984; van Slageren, Payne, 2013).
It can be established by cytogenetic (Rodionov et al., 2020),
molecular methods, as well as by comparing the morpho-
logical characteristics of plants (Dorofeev et al., 1984). In
this work, we studied the morphological traits of the plant
spikes of tetraploid and hexaploid wheat species based on
the method of high-throughput phenotyping.

The aim of the research was to study the distribution of
morphological traits of spikes of tetra- and hexaploid wheat
species and compare their distributions.

Material and methods

Biological material. We studied 17 polyploid wheat species,
namely, nine hexaploids (7riticum compactum Host, T. aesti-
vum L., T. antiquorum Heer ex Udacz., T spelta L. (includion
of T_ spelta cv. Rother Sommer Kolben), 7. petropaviovskyi
Udacz. et Migusch., T yunnanense King ex S.L. Chen,
T. macha Dekapr. et Menabde, 7. sphaerococcum Perciv.,
T. vavilovii (Thum.) Jakubz.), the near-isogenic line ANK-23
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Table 1. Characteristics of the studied wheat species
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Species Total Ploidy List of vegetation
phOtos ............. p| ants .......... accessmns ..... ta b|e ............ pm ................

Tcompacmeost .................................... 472 ................... 101 ............... 10 ................... 177 .............. 295 ................ Hexap|0,d ....... |”8|X16 ....................

TaesnvumL .............................................. 456 ................... 80 ................ 8 ..................... 166 .............. 290 ................. ”19|X] . 6 | X18 X 14

Tanthuoru mHeeredeacz .................. 184 ................... 37 ................ 4 ..................... 11 6 .............. 68 ................... ||18)(14 .....................

Tspe/mL ................................................... 164 ................... 49 ................ 5 ..................... 40124 ................. |”8 .............................

Tpetropawo‘/SkyIUd acz et M,gusch ...... 374 ................... 75 ................ 6 ..................... 74 ................ 300 ................. ||17|X1 . 7 | X]g ..........

,ANK23 ..................................................... 50 ..................... 10 ................ 1 ...................... 14 ................ 36 ................... |X1 6 ............................

TyunnanensengeXSLChen .............. 191 .................... 43 ................ 3 ..................... 43148 ................. |X17|X18 ..................

TspelmcvROthersommerKOIben ........ 45 ..................... 9 .................. 1 ...................... 9 .................. 36 ................... |X16||18 ....................

TmaChaDekaprEtMenabde ................. 46 ..................... 10 ................ 1 ...................... 10 ................ 36 ................... |X17|X18 ..................

Tsphaemcoccumpercw .......................... 100 ................... 20 ................ 2 ..................... 20 ................ 80 ................... |X1 7 ............................

Tvav,/ov,,(Thum)Jakubz ....................... 15 ..................... 3 .................. 1 ...................... 312 ................... ”18 .............................

TaethloplcumJaksz .............................. 595 ................... 11 9 .............. 12 ................... 11 9 .............. 476 ................ Tetrap|o,d ....... X14 ............................

lecocco, des (Komex ASChers ............... 40 ..................... 8 .................. 1 ...................... 8 .................. 32 ................... |”6 .............................
et Graebn.) Schweinf.
lecoccum (SChrank)S chueb| ................ 41 ...................... 9 .................. 1 ...................... 9 .................. 32 ................... ”17 .............................

TdurumDesf ............................................ 275 ................... 56 ................ 5 ..................... 55 ................ 220 ................. ||16||17||19|X18

Tm,/,t,n a e Zhu k etM, g usc h .. ................... 40 ..................... 8 .................. 1 ...................... 8 .................. 32 ................... |X1 7 ............................

TpOlon ,Cum . |_ ........................................... 95 ..................... 19 ................ 2 ..................... 19 ................ 76 ................... ”16”19 .....................

Tnmopheev”(ZhUk)ZhUk ...................... 125 ................... 25 ................ 3 ..................... 25 100 ................. ||16|X18 ....................

Ttu ,g,dumL ............................................. 40 ..................... 8 .................. 1 ...................... 8 .................. 32 ................... ”15 .............................

of bread wheat cv. Novosibirskaya 67 and eight tetraploids
(T. aethiopicum Jakubz., T. dicoccoides (Korm. ex Aschers.
et Graebn.) Schweinf., 7. dicoccum (Schrank) Schuebl.,
T durum Desf., T. militinae Zhuk. et Migusch., T. poloni-
cum L., T. timopheevii (Zhuk.) Zhuk., T. turgidum L.); the
sample consists of spikes of 595 individual plants, which was
grown in nine vegetation seasons. The plants were grown in
2014-2019 in a greenhouse at the Shared Center ‘Laboratory
of Artificial Plant Cultivation’ of the Institute of Cytology
and Genetics SB RAS. A description of the material used
is given in Table 1.

It should be noted that none of the large genebanks of the
world have typical sets of wheat accessions (collections),
so them usually reflect either the researchers view on the
methods of selection of such sets (Palmova, 1935) or are
determined by the representativeness of the researchers
available material (Goncharov, Shumny, 2008). Standard
taxonomic descriptions of specimens are given in publicly
available databases on genebank websites (http://db.vir.
nw.ru/virdb/maindb).

Digital images obtaining. In this work we used two
protocols for receiving mature spikes photo. The first is
that the spike is placed on the glass of a light table, which
is located on a table with a blue top (background). The ca-
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mera is fixed on a stand above the glass. With this method,
the front projection of the spike can be captured. Second,
the spike is held vertically in front of the blue background.
The spike is supported by clip that are placed on a tripod.
With this method, by rotating the spike about its axis, four
or more projections of the spike can be captured (Genaev
et al., 2018). According to the protocols, a ColorChecker
must be present in the photographs. It is needed for colour
normalisation and scaling. One plant in our dataset can cor-
respond to up to five pictures of its spike taken with different
protocols and in different projections. Examples of spikes
images (one for each species) are shown in Fig. 1. In total
3348 spike images in different projections were captured by
the two protocols, 2097 of them were of hexaploid species
and 1251 were of tetraploid species. Of these, 915 images
were obtained using the “on the table” protocol and 2433
“on the clip”.

Evaluation of spikes quantitative characteristics.
WERecognizer (Genaev et al., 2019) was used to estimate
spikes quantitative characteristics based on image analysis.
This program describes a wheat spike by geometric model
of two quadrangles based on image analysis (Fig. 2). The
geometry of this model is described by nine independent
parameters. The parameters x|, X0, ¥,1» Yy are for the
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Fig. 1. Spike images of hexaploid (a) and tetraploid (b) wheat species.

Automatic morphology phenotyping of tetra-
and hexaploid wheat spike using computer vision methods

1 - T. compactum; 2 - T. aestivum; 3 - T. antiquorum; 4 — T. spelta; 5 — T. petropavlovskyi; 6 - i:-ANK-23; 7 — T. yunnanense; 8 — T. spelta cv. Rother Sommer Kolben;
9 — T.macha; 10 - T. sphaerococcum; 11 - T. vavilovii; 12 - T. aethiopicum; 13 - T. dicoccoides; 14 - T. dicoccum; 15 - T. durum; 16 - T. militinae; 17 - T. polonicum;

18 - T. timopheevii; 19 - T. turgidum.

Yb2

Fig. 2. Wheat spike shape represents in the form of two quadrangles (Genaev et al., 2019).

The black horizontal line shows the spike centerline. Brown line - spike contour. Green lines — the quadrilaterals that approximate the spike contour. The spike
base - left dotted line. The figure for the upper quadrangle shows the main parameters that characterize spike geometry. Similar parameters are defined for

the lower quadrangle.

upper quadrangle; the parameters Xy, Xy, Yp1> Ypo are for
the lower quadrangle; the common parameter for the two
quadrangles is the ear length. The program additionally
calculates a number of general features of the shape and
size of the spike, as well as the characteristic of its awning.
Details of the feature extraction algorithm are given in
(Genaev et al., 2019).

In the present study, we used the model traits that we
selected as the most informative for predicting spike density

index in our previous study (Genaev et al., 2019), as well as
the general shape and spike trait characteristics. These traits
characterise a complex view of the morphology (phenotype)
of the spike by describing its shape (Circularity, Round-
ness), the physical dimensions of the ear body (Perimeter,
Rachis length) and the area of the awns (Awns area), the
traits obtained by approximating the ear by two quadrangles
are related to the width (x5, yy,,,,) and length (x5, y,,) of
individual segments of the ear (Table 2).
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Table 2. Description of the spike trait characters
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Features Description Dimension
Awns area Awns area mm?
Circularity The roundness index is equal to the ratio of the perimeter of a circle with an area equal to the Dimensionless
contour area to the perimeter of the contour. The index indicates how close the shape of the
contour is to that of a circle. The value varies from 0 to 1
Roundness The roundness index is equal to the ratio of the contour area to the area of a circle with a diameter
equal to the centreline of the spike
Perimeter Perimeter of ear contour without awns mm

Xp2 Quadrangle model parameter related to the length of the right (the bottom one in Fig. 2) centre

part of the spike

Ybm Parameter of the quadrilateral model. Average value of the height of the right (bottom)

quadrilateral

Data analysis. In order to estimate the distribution of
spikes in the feature space under study, we used a non-linear
t-SNE dimensionality reduction algorithm (t-distributed
stochastic neighbor embedding; Maaten, Hinton, 2008).
This method allows to visualize multidimensional data by
mapping objects in multidimensional space to a smaller
(two- or three-dimensional) space. The basic idea behind
t-SNE is to reduce the dimensionality of space while main-
taining the relative pairwise distances between objects. The
advantage of the t-SNE method is its tendency to localize
isolated, dense spatial structures of arbitrary geometry. The
t-SNE method was applied to ordinate images of spikes; the
images of each of the projections of a single ear were treated
as separate objects.

In order to assess the similarity of the quantitative charac-
teristics of spikes for different species, we used hierarchical
clustering (Johnson, 1967) of 17 wheat species according
to the traits obtained by averaging over all spikes of the
same species. Each species was characterized by a feature
vector of length 9. A value of 1— 7 was used as a metric for
the distance between species, where 7 is the value of the
Pearson correlation coefficient between the values of the
traits (Miillner, 2011). The linkage (UGMA algorithm) and
dendrogram functions from the SciPy library (Virtanen et
al., 2020) were used for clustering and dendrogram con-
struction.

To compare the variance of traits in plants belonging
to different ploidy types, we used F statistics (Snedecor,
Cochran, 1989), which evaluates the significance of diffe-
rences in the variance of two distributions. The data were
normalized by the StandardScaler function of the scikit-learn
library (Pedregosa et al., 2011). The test was performed in-
dependently for each of the nine traits described in Table 2.
In this test, one spike image per plant was used, obtained in
the “on the table” projection protocol.

Results and discussions

The mean, median, standard deviation and variance of the
nine features calculated for the 17 wheat species are pre-
sented in the Supplementary 11.

Let’s review the distribution of spikes in our sample of
plants according to the characteristic “area of the spikes”.
The higher this parameter, the more awns were identified
for the spike in the image. According to this characteristic,
spikes of hexaploid wheat can be conditionally divided into
three classes: awned (parameter value above 90), moderately
awned (parameter value from 30 to 90), and awnless (para-
meter value below 30). The species 7. compactum, T. spelta,
T. petropaviovskyi and T. vavilovii are considered awned
according to this criterion. 7. aestivum, T. yunnanense,
T macha are moderately awned. The awnless ones are 7. an-
tiquorum, 1:ANK-23, T. spelta cv. Rother Sommer Kolben,
and 7. sphaerococcum (see Supplementary 1). These data
agree well with the appearance of the spikes (see Fig. 1, a).
Thus, representatives of hexaploid wheat show considerable
diversity in the presence/absence of awns.

If the classification above is applied to tetraploid wheat,
only representatives of 7. militinae (mean value of the pa-
rameter 24.09 mm?) can be assigned to the awnless category.
Four species can be classified as moderately awned: T dicoc-
coides, T. polonicum, T. timopheevii and T. turgidum. Three
species are considered awned: 7. aethiopicum, T. dicoccum,
T durum. In general, the representation of awned species
(specimens) in tetraploid species is significantly higher than
in hexaploid species.

Analysis of such characteristic as spike length shows that
spikes can also be divided into three classes: length less than
60 mm (short), from 60 to 90 mm (medium) and more than
90 mm (long). According to this classification, the hexaploid

1 Supplementary materials 1-4 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/SupplPronozinA_Engl.pdf
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Fig. 3. Length (a) and perimeter (b) distribution of a wheat spike in tetraploid (blue) and hexaploid (orange) wheat species.

wheat species T. spelta, T. petropaviovskyi and T. vavilovii
can be classified as long spikes, T aestivum, T. yunnanense,
T spelta cv. Rother Sommer Kolben and 7. macha to medium
spikes, and T compactum, T. antiquorum, T. sphaerococcum
and the near-isogenic lineage ANK-23 to short spikes. The
boundary between species characterized by long and me-
dium spikes is rather conditional. For tetraploid species we
did not find any species which according to this parameter
would fall into the category of long-boned. The medium-
sized category could include 7. aethiopicum, T. dicoccoides,
T. polonicum, T. turgidum, the short spike category — 7. di-
coccum, T. durum, T. timopheevii and T. militinae.

The spike length distribution of the samples studied
for hexaploid and tetraploid species is shown in Fig. 3, a.
The Fig. 3, b shows the distribution of the parameter also
characterizing the size of the spikes — the perimeter of the
contour of the body of the spike in the image.

Fig. 3 shows that the distributions of both parameters in
hexaploid wheat are more scattered, while the variability of
these traits in hexaploid wheat is higher mainly due to the
higher frequency of occurrence of ears with high values of
these traits.

The distribution of the analyzed ears images in the space
of nine features was visualized using the t-SNE method,
resulting in a two-dimensional parameter space (compo-
nents 1 and 2). The results of the transformation are shown
in Fig. 4. In the resulting diagram, each point represents one
of the analysed images of the spike. In Fig. 4, a the dots are
coloured according to the type of ploidy of the plant (blue
colour corresponds to tetraploid wheat species, orange to
hexaploid ones). In Fig. 4, b the colour and shape of each
dot corresponds to a particular wheat spike image.

The diagram in Fig. 4, a shows that the areas occupied
by hexa- and tetraploid wheat species strongly overlap on
the graph. This means that the spikes of these two groups
are quite similar in their characteristics. This is consistent
with the results presented in the Supplementaries 1 and 2
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as well as in Fig. 3. However, it should be noted that in the
diagram in Fig. 4, a samples of hexaploid species occupy
a larger area, primarily due to the predominance of the
corresponding points in the right part of the diagram. One
can see that orange dots (hexaploid wheat) predominate in
the area with values of component 1 more than —20, this
predominance is even more pronounced in the upper right
corner of the diagram (values of component 1 less than 0
and component 2 more than 20). This means that a number
of spike trait characteristics have some values for hexaploid
species specific only, but not for tetraploid ones. This agrees
well with the result shown in Fig. 3. In particular, such areas
may correspond to large values of the parameters “peri-
meter” and “ear length”.

The diagram in Fig. 4, b shows that the areas occupied by
samples of the different species overlap considerably. For
example, 7 aestivum and T. durum species overlap across the
entire plot area (dotted line). At the same time, it should be
noted that the images of spikes belonging to the same wheat
species occupy mostly compact areas on the graph. At the
same time, there are species for which the spike samples are
divided into several clearly visible clusters according to their
characteristics. Such species include 7. compactum (small
blue circle, component 1 from —60 to 0, component 2 from
—60 to 0) and T. petropavlovskyi (purple triangle, compo-
nent 1 from —20 to 0, component 2 from 40 to 80).

Fig. 1 shows that hexaploids are represented by plants with
two characteristic types of spikes: long and thin (7. aestivum,
T spelta, T. petropavlovskyi, T. yunnanense, T. spelta cv.
Rother Sommer Kolben); short and rounded (7. compactum,
T. antiquorum, i:ANK-23, T. sphaerococcum, T. macha,
T. vavilovii). In Fig. 4. b the group of plants with short and
rounded spikes is located in the component 2 value range
from —80 to 0 (lower part of the graph). Plants with long
and thin spikes have component 2 values between 0 and 80
(upper part of graph). In Fig. 4, a, these two groups of plants
correspond roughly to the two clouds of dots in hexaploid
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Fig. 4. Clustering of spike digital images of individual genotypes by the t-SNE method, obtained on the basis of quantitative traits from Table 2.

a-blue color corresponds to tetraploid wheat species, orange — hexaploid; b - the color and shape of each point corresponds to a specific type. The blue polygon
marks the area occupied by T. aestivum and T. durum species. Clustering is called automatic partitioning into clusters. The automatic arrangement on the plane

and in space is called ordination.

BMONHOOPMATUKA U CUCTEMHAA KOMMNbIOTEPHAA BUOJIOT A / BIOINFORMATICS AND COMPUTATIONAL SYSTEMS BIOLOGY 77



A.Yu. Pronozin, A.A. Paulish, E.A. Zavarzin ...
N.P. Goncharov, E.G. Komyshev, M.A. Genaev

08 r

0.6

Grouping distance

0.4

0.2+t

ﬁ

[ e

Automatic morphology phenotyping of tetra-
and hexaploid wheat spike using computer vision methods

?

T. dicoccoides

T. macha

T. aestivum
T.yunnanense

T. vavilovii

T. petropavlovskyi
T. spelta

T. polonicum

T. aethiopicum

T. spelta Rother Sommer Kolben

ANK-23

T. turgidum

T. timopheevii
T. antiquorum
T. dicoccum
T.durum

T. compactum
T. militinae

T. sphaerococcum

Fig. 5. Results of the hierarchical cluster analysis for nine signs of a wheat spike.

Blue squares correspond to tetraploid.

wheat at the top and bottom of the graph, which overlap
slightly in the central part of the graph. Thus, the diagrams
in Fig. 4 provide a clear indication of the diversity of spikes
in their characteristics within and between species.

To characterize in more detail the similarity of morpho-
metric characteristics of spikes in different wheat species, we
conducted a hierarchical cluster analysis for them based on a
comparison of the mean values of the studied traits. (Fig. 5).

Fig. 5 shows that the wheat species were divided into
two clusters (highlighted in red and green). The first cluster
(red) predominantly includes tetraploid species (shown in
blue rectangles near the terminal tree nodes). However, wild
tetraploid wheat species 7. diccocoides is not included in
this cluster, while among hexaploid species, 7. compactum,
T. antiquorum and T. sphaerococcum differing from all other
species by compact spike shape, i.e. having the shortest
spike of all studied hexaploid wheat species are included
in it. It should be noted that in the work of A. Zatybekov
et al. (2020), using economically important traits, samples
of six tetraploid species were clustered arbitrarily, i.e. ir-
respective of their species identity. It is important to note,
that remaining hexaploid species were clearly divided by
spike length into two clusters of medium (7. macha, T. aes-
tivum, and T. yunnanense) and long spikes (7. vavilovii,
T. petropaviovskyi, and T. spelta).

T spelta and T. spelta cv. Rother Sommer Kolben (a Ger-
man landrace) occur in the same cluster. This allows us to
conclude that the “species” shape of spike during long-term
wheat breeding did not change for a long time (in this case,
more than fifty years) and may be successfully used for
classification of the species.
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It should be noted that the only wild tetraploid loose
spike species in the genus, 7. dicoccoides, has fallen to the
hexaploids. While hexaploid wheat species with compact
ear type — T compactum, T. antiquorum, T. sphaerococcum
and human-made near-isogenic line ANK-23 of spring bread
wheat cv. Novosibirskaya 67 (Koval, 1997) — were included
into tetraploid species. The latter leads to the conclusion that
although near-isogenic lines are produced on a particular
(specific) species, nevertheless, their species identity should
be treated with caution.

Let’s take a look at 7. petropaviovskyi. The species was
founded at the Chinese Pamir — route of the Great silk
road. According to the results of the study of gliadins, all
accessions of this species were very similar to such hybrid
combination obtained from crossing bread wheat with
T. polonicum (Watanabe et al., 2004). The authors of the
“Cultural Flora of the USSR” also considered a possible
hybrid origin of this species (Dorofeev et al., 1979). In ad-
dition, T petropavlovskyi also resembles bread wheat in a
number of taxonomic traits (Goncharov, 2005). Previously,
R.L. Boguslavsky (1982) described hybrids from cross-
ing T. aestivum with T. polonicum produced by CIMMYT
breeders as subspecies of 7. petropavlovskyi ssp. mexicana
Bogusl. Based on the above, we considered it appropriate to
conbided T’ petropavlovskyi as the subspecies of T. aestivum:

Triticum aestivum ssp. petropavlovskyi comb. et stat.

nov. (Udacz. et Migusch.) N.P. Gontsch. — T’ turanicum

Jakubz. convar. montanostepposum Jakubz. f. aristiforme

Jakubz. 1959. Bot. Zhur. 10:1428, nom. illig. — T_ petro-

paviovskyi Udacz. et Migusch. 1970. Vestn. Sel skokhoz.

Nauki. 9:20.
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Table 3. Results of using F statistics to confirm the hypothesis of a significant difference in the variance of two distributions

Features F-statistics p-value Hexaploid Tetraploids Average Average
dispersion dispersion hexaploids tetraploids
Awnsarea0376 ........................ 1000 ........................ 1415376384875 .................... 1 60643 ..................
CIrCUIantymdeX .............. 11880065095908070178 ........................ O 181 ...................
Roundness ....................... 1828 ........................ 1”0e_07 ................ 131207180141 ......................... 0 172 ..................
Penmeter ......................... 157047109_05 ................ 10800688 ....................... 218124 .................... 1 85015 ..................
Rachls|ength3500 ........................ < 1e_15 .................... 132003777413659280 ..................
Xu23928 ........................ < 1e_15 .................... 133603405383736853 ..................
Xb24437 ........................ < 1e_15 .................... 133103005400436726 ..................
yu24275 ......................... < 16_1524910583 ............................. 3 8444171 ...................
me .................................... 10810248069506430225 ........................ 0 246 ..................

Note. Significant dispersion differences are shown in bold.

Typus: described by an accession from China “Origin:
China, Xinjiang Province, village Kurlia, K-48376,
1957. A.M. Gorsky exp[edition]. Reproduction of
Central Asia, Tashkent, Central Asian Station of VIR.
08. VII. 1969, Collected/defined: R.A. Udachin &
E.F. Migushova” in St. Petersburg (WIR!). (The her-
barium specimens of the type and paratype of Triticum
aestivum ssp. petropavlovskyi are given in the Supple-
mentaries 3 and 4).

Note that the results presented in Fig. 3 and 4, a show that
hexaploid species have a greater variability in spike shape,
size and awnness characteristics. Therefore, we hypothesized
that the spike trait characteristics of hexaploid species may
have a higher variation than those of tetraploid species. To
test this assumption, we compared the variance of the esti-
mated parameters using an F-distribution (Table 3).

The results presented in Table 3 show that the variance of
most of the characters for hexaploids and tetraploids have
significant differences (p < 0.05). At the same time, the
significant differences in variance were not found for such
traits as y,,, (quadrangle model parameter), Awns area and
Circularity index. It is interesting to note that for all signifi-
cant differences, we observe a higher variance in hexaploids
than in tetraploids. Thus, the analysis showed that hexaploid
species show higher diversity in spike morphometric trait
characteristics compared to tetraploid species.

The data represent plants of 17 wheat species: 9 hexa-
ploids (T compactum, T. aestivum, T. antiquorum, T. spelta
(including T spelta cv. Rother Sommer Kolben), 7. petro-
paviovskyi, : ANK-23 (near-isogenic line of bread wheat cv.
Novosibirskaya 67), T. yunnanense, T. macha, T. sphaero-
coccum, T. vavilovii) and 8 tetraploids (7. aethiopicum, T. di-
coccoides, T. dicoccum, T. durum, T. militinae, T. polonicum,
T. timopheevii, T. turgidum). The results of their clustering
are presented so that the colour and shape of each dot cor-
responds to a particular species (see Fig. 5).
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It is well known that genome doubling as a result of du-
plications (autopoploidy) or hybridization and subsequent
polyploidization (alloploidy) leads to marked changes in
plant phenotype (Finigan et al., 2012; Romanov, Pimonov,
2018; Rodionov et al., 2019). These changes in plants occur
both at the cellular level (Liu et al., 2018) and at the organ
level (Robinson et al., 2018). In many cases, in plants, an
increase in ploidy leads to an increase in cell and organ
size (Comai, 2005; Williams, Oliveira, 2020), increasing
resistance to stress (Tan et al., 2015). Currently, researchers
suggest that there are four types of molecular mechanisms
of such variability: 1) increased gene/allele dosage, 2) in-
creased genetic diversity, 3) altered genetic regulation, and
4) epigenetic rearrangements of the genome (Chen, 2007;
Finigan et al., 2012).

The analysis of morphological characteristics of spikes
of hexaploid (2n = 6x = 42) and tetraploid (2n = 4x = 28)
wheat has shown, that most of spike characteristics have
significantly higher variation in wheat with higher spike
ploidy. Our results are in agreement with the ideas about the
influence of ploidy on plant phenotype variability.

Conclusion

A large-scale analysis of the spike digital images of
595 plants of 8 tetra- and 9 hexaploid wheat species was
carried out. Nine quantitative traits describing the shape,
size and awnedness of the spike were studied. The variability
among the above genotypes was studied and it was shown
that two clusters are formed in the spike characteristic space.
The first cluster includes mainly hexaploid species (with
the exception of wild tetraploid species 7. dicoccoides).
The second cluster includes tetraploid species (with the
exception of three hexaploid species with compact spike
shape — T. antiquorum, T. sphaerococcum, and near-isogenic
line ANK-23). Analysis of variance of these characters in
hexaploid and tetraploid wheats showed a significant in-
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crease in variance for six of nine characters in the sample of
hexaploids, i.e. greater ploidy level gives more variability
in quantitative characters of spike morphology.

Thus, it is shown that morphological trait characteristics
of spikes of hexa- and tetraploid species, obtained on the
basis of computer image analysis, demonstrate the diffe-
rences, which can be used in the future to develop a method
of classification of plants by ploidy level and their species
affiliation in automatic mode.
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