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Abstract. The endocarp or stone is the most stable morphological feature of the genus Prunus. However, the identifica-
tion of plum types, groups and/or genotypes based on endocarp is complicated because of a wide range of variation
and morphological transitional states. From this point of view, knowledge on the degree of variability within and
between plum species or cultivars is a sine qua non for taxonomists and also for pomologists. In this study, different
endocarp morphological traits, such as SW, linear dimensions (L, W and T), D,, Dg, S, V and shape indexes (¢, SI, E, RS,
RO, DE and PI) were determined using analysis of variance and multivariate analysis (correlations and PCA). Results
showed significant differences among accessions for all properties evaluated but with high overlaps in values. In most
cases, the examined parameters were positively or negatively correlated with each other, indicating developmental
relationships between them. Indeed, positive correlations were recorded for most variables, especially related to SW
and endocarp linear dimensions. These results showed that the above properties could be a powerful indicator for
selecting adequate endocarp size and shape in accessions, which may be used in taxonomic analysis. With an account
of these correlations, PCA was employed to correctly estimate the endocarp size and shape and distribution, segre-
gation and dispersion of accessions. All linear measurements and index values showed a normal or low variability at
the individual level in most cases, with the exception of SW, V and Pl in both European and Damson plums and S in
Damson plums. Of the 15 examined parameters, European plum had significantly higher SW, L, T, D,, D, S, E, RO and
Pl values than Damson plum. In contrast, Damson plum had higher SI, RS and DE values, while W,V and ¢ were similar.
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AHaus CXOJICTB U pa3anuunii o6pasuoB Prunus domestica L.
u P. insititia L. 110 pa3MepaM 3HIO0KapIIvs U Bapuaumusam (OpPMbI
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" Kadenpa canoBoacTea v BuHorpagapcTaa, GakynbTeT arpoHomun B 1. Yauak, Kparyesavukui yHnsepcutet, Yauak, Pecry6nuka Cep6us
2 Kadbeapa NOMOSOrvn 1 cenekumin ppyKTos, HayuHo-nccnepoBatenbckunin UHCTUTYT GpyKTOB, Yauak, Pecnybnuka Cepbus

@ tomomilosevic@kg.ac.rs

AHHOTaLMA. DHAOKAPMUIA, UM KOCTOUKA, ABAETCA Hanbonee cTabunbHON Mopdoornyeckort 0Co6eHHOCTbIO poaa
Prunus. OpHako naeHTudrKaLma TUNOB, FPYNM U/WAN FeHOTUMNOB C/IMBbI HA OCHOBE SHAOKAPMMNA OCNOXKHEHA U3-3a WK-
POKOro cnekTpa Bapuaumin 1 MOPPONOrMyecknx nepexofHbliX COCTOAHMA. C STON TOUKM 3pEHNA 3HAHME CTEMEHM U3-
MEHUYMBOCTY BHYTPY 1 MEXAY BUAAMUN U COPTaMU C/IUBbI ABAAECTCA HEMPEMEHHbIM YCI0BMEM ANA TaKCOHOMUCTOB U
NMoMosIoroB. B Halem nccnefoBaHUy pasnuuHblie Mopdonormyeckrie Npu3Hakm sHAoKapnusa, Takme Kak SW, nmHeiHble
pasmepsl (L, W1 T), D, Dy, S,V v nhaekcol popmbi (@, SI, E, RS, RO, DE 1 PI), 6binn onpefeneHbl ¢ NomoLbio Aucnepcu-
OHHOIO aHasIM3a 1 MHOTOMepPHOro aHanu3a (koppenaunn n PCA). B pesynbrate o6Hapy»KeHbl 3HaUUTeNbHbIE Pa3nnuns
Mexxay ob6pasLamm No BCeM OLIEHEHHbIM CBONCTBaM, HO C BbICOKUM NepeKpbiTUeM 3HaueHui. B 6onblIMHCTBE CllyyaeB
nccnefoBaHHble NapameTpbl MOIOKUTENBHO AW OTPULIATENBHO KOPPENMPOoBanu Apyr C APYroM, YTO yKa3biBano Ha
CBA3UN Pa3BUTUA MeXAy HUMW. [JefCTBUTENbHO, MONOXKUTENbHbIE Koppenauuy Obinv 3aperncTprpoBaHbl Ansa 60nb-
LUVHCTBA NepeMeHHbIX, 0COBEHHO CBA3aHHbIX C SW 1 IMHeHbIMU pa3mepamiu SHAOKapnuA. ITW pe3ynbTaThl NoKasa-
NN, YTO BblLENEPEUNCIIEHHbIE CBOMCTBA MOTYT CNYKUTb MOLLHBIM MHAMKATOPOM ANA Bbibopa aieKBaTHOro pasmepa
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AHanms cxofAcTs 1 pasnmumin ob6pasuos Prunus domestica L.
1 P.insititia L. no pa3mepam aHAoKapnua 1 Bapraumsm ¢popmbl

1 GopMbl SHAOKapPNMA 06pa3LIOB, KOTOPble MOTYT ObiTb NCMONb30BaHbl B TAKCOHOMMYECKOM aHanu3e. BbiaBneHHble
Koppenauuy 6binn NCNonb3oBaHbl AN NPOBeAeHWA aHann3a METOLOM rMaBHbIX KOMNOHeHT (PCA), 4To No3BONMNIO
NPaBWUIbHO OLIEHUTb He TOIbKO pa3mMepbl 1 OpMy SHAOKapPMKWA, HO 1 Mana3oHbl BapbMPOBaHWA NPU3HAKOB, BKIIO-
Yaa AncCnepcuio, a TakKe pacnpepeneHne o6pasLos no rpynnam. Bce nuHeliHble N3MEpPeHUs 1 3HaUYeHUA MHAEKCa
MoKasasiv HOpMaJibHYIO UV HU3KYIO N3MEHUYMBOCTb Ha MHAMBUAYaSbHOM YPOBHE B OOJIbLUMHCTBE C/TyYaes, 3a NCKIIIo-
yeHnem SW, V n Pl y eBponerickon ciivebl 1 cnvebl Damson n S 'y cnvebl Damson. M3 15 nccnepgoBaHHbIX NapameTpos
AN eBPOMeNcKoi cnvebl 6bin NomyyeHbl 3HauUTenbHO 6onee Bbicokue 3HaueHus SW, L, T, D, Dy, S, E, RO v Pl no
cpaBHeHuto co cnmBori Damson. Hanpotus, cnuea Damson oTnvyanack 6onee BbICOKMMM 3HadeHuamm Sl, RS n DE,

Torga Kak 3HaueHua W,V un (0] ObIIN CXOXKUMM.

KnioueBble cnosa: 3H,q0|<apnvn7|; cainBa eBpOI'IeIﬁCKaH N YepHOCnBa; MOp(bOJ'IOFI/ILIeCKI/Ie CBOWCTBa; pa3mMmep; NHOEeKCbI

dopmbl.

Introduction

Prunus spp. has been grown throughout the world for centu-
ries. Among commercial species, the plum is the most com-
monly cultivated for its fruits (Milosevi¢ T., MiloSevi¢ N.,
2018). The genus originates from five centers in general:
Europe for Prunus domestica L. (European plum), Western
Asia for P. insititia L. (Damson plum), Western and Central
Asia for P. cerasifera Ehrh. (cherry plum), North America for
P. americana Marsh. (American plum) and China for P. sali-
cina Lindl. (Japanese plum) (Watkins, 1976). Among them,
genotypes belonging to P. domestica L. and P. salicina Lindl.
are the most important. The evaluation of plum diversity may
be essential; for example, for on-farm conservation schemes,
utilization of genetic resources for sustainable agriculture and
future breeding programs (Ropelewska, 2022). Also, cultivar
differentiation is important for farming due to adaptation to
climatic conditions and disease resistance, especially under
global warming conditions (Milosevi¢ T., Milosevi¢ N., 2018).

Serbia is a small country on the Balkan Peninsula, but a
major world producer of plums, as it ranks third or fourth in
the world behind China, USA or Romania (FAOSTAT, 2024,
https://www.fao.org/faostat/en/#data/QCL). Apart from a large
number of commercial cultivars, Serbia is known for growing
autochthonous (primitive, folk) genotypes mostly originat-
ing from P. domestica L. (European plum) and P. insititia L.
(Damson plum) (Milosevi¢ T., Milosevi¢ N., 2012). Their
fruits are mainly used for the production of a traditional Ser-
bian alcoholic drink known as “Sljivovica” or “Prepedenica”,
which is included in the UNESCO representative list of the
intangible cultural heritage of humanity as an element of
the intangible cultural heritage of Serbia (Source: UNESCO
Bulletin, 2022) (Milosevi¢ T. et al., 2023). We have earlier
described the properties of their trees and fruits (Milosevic T.,
Milosevi¢ N., 2012; MiloSevi¢ N. et al., 2017). Also, a great
diversity of types belong to P. cerasifera Ehrh. (cherry plum),
and P. spinosa L. (sloe) can be found in this country. Along
this line, it can be said that Serbia is a very rich source of the
biological diversity of plums.

The fruit of representatives of the Prunus genus consists of
an epicarp (outer layer), a mesocarp (flesh), and an endocarp
(stone). The stone of a plum consists of the seed covered with
a hull. When used fresh or during processing, the flesh and
skin of plums are the main raw materials, and the stones are
generated as by-products. The plum seed or kernel may be a
source of useful substances for food, cosmetics (e. g. personal
care products), pharmaceutical industries (Gonzalez-Garcia
et al., 2014; Plainfossé et al., 2019). Also, the seeds can be
used to obtain generative rootstocks in horticultural practice

Abbreviations

SW, stone (endocarp) weight
L, stone length

T, stone thickness

W, stone width

D,, arithmetic mean diameter
Dg, geometric mean diameter
S, surface area

V, stone volume

@, sphericity

Sl, shape index

E, elongation

RS, relative slenderness

RO, roundness

DE, Behre’s index

Pl, Pollmann’s index

PCA, principal component analysis

and in breeding programs (MiloSevi¢ T., MiloSevi¢ N., 2018).
The endocarp is the innermost layer of the pericarp, which
directly surrounds the seeds. It may be very hard and non-
edible as in drupes (also called stone fruits) such as members
of the Prunus genus, i.e. plums, peaches, apricots and cherries
(Carrillo-L6pez, Yahia, 2019).

In pomological research, the stone of the Prunus genus
represents a very stable feature of plum genotypes and serves
for the determination and classification of cultivars (Behre,
1978; Woldring, 2000; Milosevi¢ T., MiloSevi¢ N., 2018).
However, during the last 50 years, with a few exceptions, in
very complex botanical studies, stone dimensions, size and
shape in the plum and other members are a crucial component
for classification of systematic categories due to taxonomic
complexity of the Prunus taxa within the Rosaceae family
(Depypere et al., 2007, 2009; Burger et al., 2012; Bawari
et al., 2022; Ropelewska, 2022). Behre (1978) reported that
endocarp dimensions are very useful for the identification of
P. domestica L., P. insititia L. and P. spinosa L. In general,
reliable discriminating characters for species and subspecies of
Prunus taxa identification are missing (Nielsen, Olrik, 2001).

The aim of this study was to characterize and evaluate the
diversity of endocarps (stones) within and among traditional
European and Damson autochthonous plums that are culti-
vated in Serbia and other western Balkan countries using es-
sential morphological data (weight, dimensions, size, shape) in
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order to provide experimental evidence for the implementation
of measures to safeguard this agricultural biodiversity. The
secondary goal of this work was to reliably determine the
degree of the possibility of identifying plum genotypes using
the stone (endocarp) through multivariate statistical analysis.

Material and methods

Study area, plant material and measurements. Analysis
was performed using a combination of weight, dimension and
shape parameters of 5,500 endocarps (stones) belonging to
two closely related Eurasian plum taxa (P. domestica L. and
P. insititia L.). The analysis involved 55 genotypes i. e. acces-
sions [43 accessions (78.18 %) belonging to P. domestica and
12 accessions (21.82 %) belonging to P. insititia]. Their name,
series number and code were presented in Table 1.

Ripe fruit and stone samples (25 fruits or stones in 4 rep-
licates, n = 100 per one accession) were taken from a private
orchard in the Prislonica village (43°33' N, 16°21" E) near
Cacak city (western Serbia) established in 1998. Whole ripe
fruits of each accession were harvested individually, manually
and randomly in 2007. After this, the fruits were cut in half
to extract the stones (endocarps). The removed stones were
washed and cleaned of their flesh. After air-drying for 40 days

Table 1. Name and code of autochthonous plum accessions

Endocarp size and shape variations
in Prunus domestica L. and P. insititia L. accessions

at room temperature (20 °C in the shade), the undamaged and
dry stones were placed in glass jars with hermetic closures
and stored in a refrigerator at +4 °C. Stones (endocarps) were
subjected to measuring in 2024.

The SW (g) was measured using MAULsteel 5000 G digital
balance (Jakob Maul GmbH, Bad Konig, Germany). In order
to determine the endocarp size, three major perpendicular di-
mensions i.e. L (mm), W (mm) and T (mm) were determined
using a digital caliper Starrett 727 (Athol, NE, USA) with the
accuracy of £0.01 mm. The position of the measurements
for L, T and W proposed by Van Zeist, Woldring (2000) was
illustrated in Figure 1.

Arithmetic mean diameter (D,, mm) and geometric mean
diameter (Dg, mm) were computed from geometrical dimen-
sions by Eq. (1) and Eq. (2) (Mohsenin, 1986):

D,=(L+T+W)/3, @)
D, = VLWT. @)

The S (cm?) is a measure of the total area that the surface
of the object occupies and was determined by approximating
its shape to a sphere with the same geometric mean diameter
by using Eq. (3) (Mohsenin, 1986):

S=nD3. (3)

Accession (local name) Accession code

1. Arapka ARP
2.Bela Pozegaca BPZ
3. Belosljiva BEL
4. Cerovacki Piskavac CPI
5. Crnosljiva CRN
6.Crvena Ranka® CRB
7. Crvena Ranka** CRD
8. Cokesinka COK
9. Kapavac KAP
10. Maricevka MAR
11. Metlas MET
12. Mudara MUD
13. Obicni Piskavac OPI
14. Petrovaca PET
15. Pozegaca POz
16.Trnovaca TRN
17.Turgulja TUR
18. Moravka MOR
19. Crnica CRI
20. Plavoaca PLA
21.Volujevaca voL
22. Gorka Bula GBU
23. Bjelica BJL
24. Bjelosljiva BJS
25. Car Dusan Cbu
26. Durgulja DUR
27. Mednica MED
28. Mudovalj MUV

Accession (local name) Accession code

29. Piskavica PIS
30. Sarica SAR
31.Trnosljiva TRS
32.Turgonja TURa
33.Dronga DRO
34. Magareska Crna Sljiva MCS
35.Beluvra BEV
36. Trnosljiva- M TRA
37. Magareska MAG
38. Crna Petrovka CPT
39. Panadjurka PAN
40. Zimna ZIM
41. Modra Sljiva MSI
42. Gurgutka GUR
43.Banska Sljiva BAS
44. Korajka KOR
45.Bosanka BOS
46. Bilska Rana BIR
47.Julka JUL
48. Dobojska Rana DRA
49. Banjalucka Bjelica BAB
50. Sitnica SIT
51. Slatkulja SLA
52. Miskovacka Rana MIR
53. Kaurka KAU
54.Ruzica RUZ
55. Podsedlinka POD

Note. Accessions belonging to P insititia L. are marked in bold-italic. * ‘Crvena Ranka’ var. ‘Bardaklija’ (P. domestica L.). ** ‘Crvena Ranka’ var. ‘Derosavka’

(P. domestica L.).
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Fig. 1. Overview of basic linear endocarp measurements.

Left: lateral view; right: ventral view (Van Zeist, Woldring, 2000).

The volume (V, mm?3) of the endocarp was calculated by
Eq. (4) (Mansouri et al., 2017), which is based on the assump-
tion that plum endocarps are similar to a scalene ellipsoid
where L > T > W (Munder et al., 2017):

V =LWTy. (4)

Sphericity (@) is defined as the ratio of the surface area
of the sphere having an equivalent volume to that of the en-
docarp and the surface area of the endocarp. It is a measure
of how spherical an object is. It was estimated based on the
isoperimetric property of a sphere by Eq. (5) (de Figueiredo
etal., 2011):

¢ =Dy/L. ®)

Shape index (SI) and elongation ratio (E) were calculated
using Egs. (6) (Mohsenin, 1986) and (7) (Firathigil-Durmus
etal., 2010):

SI=(W+T)/2L, (6)
E=L/W. (7

Other indexes of endocarp shape were also calculated
according to Behre (1978), Van Zeist, Woldring (2000) and
Schmidt-Tauscher et al. (1996, cited in Pollmann et al., 2005).
In order to have a more pronounced relationship between
individual dimensions, the numbered values were multiplied
by 100.

They can be represented as relative slenderness (RS)
(Eq. (8)), roundness index (RO) (Eq. (9)) and Behre’s in-
dex (DE) (Eq. (10)) proposed by Behre (1978) and modified
by Van Zeist, Woldring (2000):

RS =100xT/L, (8)
RO = 100xT/W, 9)
DE = 100 xW/L. (10)

Schmidt-Tauscher et al. (1996, cited in Pollmann et al.,
2005) introduced a fourth index value which is calculated
using Eq. (11). It was named Pollmann’s index (PI) because
Pollmann et al. (2005) demonstrated its usefulness in differ-
entiating the stones of modern plum cultivars:

Pl = L2/(T + W). (11)
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Variation at different taxonomic levels was studied
by analyzing the coefficients of variation (CV, %), which
were interpreted following Rasch (1988, cited in Hubner
and Wissemann, 2004), i.e. CV < 10 %, low variability;
10 % < CV < 20 %, normal variability; CV > 25 %, high
variability of the character studied.

Statistical analysis. Data were subjected to analysis of
variance (ANOVA) using the Microsoft Office Excel software
(Microsoft Corporation, Redmond, WA, USA) procedure
followed by least significant difference (LSD) Fisher’s test at
p <0.05 significance level. Pearson’s rank correlation matrix
(o = 0.05) was performed using the R corrplot package ver-
sion 4.0.2 (R Core Team, 2021). Principal components analy-
sis (PCA) was performed and a biplot was designed using the
XLSTAT v. 7.5 software package (Addinsoft, Paris, France).

Results and discussion

Evaluation of endocarp dimensions and shapes

Data in Table 2 showed that SW significantly varied among
accessions. High intra- and inter-variability between plum
types was observed. The highest and statistically similar
values were observed in ‘MUD’” and ‘CPT’ (both belonging
to P. domestica), and the lowest, in ‘TRN’ and ‘CRI’ (both
belonging to P. insititia). Twelve accessions (21.82 % of the
total number) had SW >1 g, whereas only four accessions
(7.27 % of the total number) had SW < 0.5 g. The most numer-
ous (70.91 %) were the accessions, the SW of which ranged
between 0.5and 1 g.

It is known that the former Yugoslavia, i. e. the Western Bal-
kan region, is a very rich source of plum germplasm, especially
that of European and Damson plums, cherry plums and sloes
(Milosevi¢ T., Milosevi¢ N., 2012). Considering this, a large
number of researchers highlight data related to their biological,
agronomic and pomological characteristics (Milosevi¢ T. et al.,
2023). Thus, Milosevi¢ N. et al. (2017) and Glisi¢ et al. (2023)
reported SW between 0.57 and 1.49 g or 0.57 and 2.39 g,
respectively, for local genotypes belonging to European plum
in the Cacak area (western Serbia). Drkenda, Kurtovi¢ (2012)
reported values between 0.84 and 1.21 g for six local cultivars
from Bosnia and Herzegovina. For accessions belonging to
European and Damson plums from Montenegro, Jacimovic et
al. (2011) and Sebek (2013) reported that SW varied from 0.46
to 2.20 g and 0.16 to 2.20 g, respectively. For nine domestic
and local plums grown in Turkey, Gunes (2003) noted SW
from 0.26 to 0.99 g. Our data for SW are within the limits of
the results of the mentioned authors. However, in taxonomic
description and morphometric analysis, SW is not a reliable
indicator for the determination, systematization and segrega-
tion of members of the Prunus genus (Depypere et al., 2007,
Mijnsbrugge et al., 2013; Sarigu et al., 2017; Heidari et al.,
2022; Kosina, 2023) due to the negative “effect of controlled
moisture” (Sheikh et al., 2021) and state of the seed (embryo
or kernel) inside the endocarp (das Gragas Souza et al., 2016;
Sheikh et al., 2021). All of the above authors favored dimen-
sional measurements of the endocarps.

The ANOVA showed signifant differences among the
ascessions for endocarp L, T and W (Table 2). These data
are in agreement with the results of Woldring (2000), Van
Zeist, Woldring (2000), Depypere et al. (2007) and Heidari
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et al. (2022) who reported that all three linear dimensions of
endocarps significantly varied among plum genotypes. The
highest endocarp L was observed in ‘CPT’, ‘KOR’, ‘CRB’
(all belonging to European plum), ‘“TUR” and ‘TURa’ (both
Damson plums) with no significant differences among them,
whereas the lowest L was found in ‘“TRA’ (Damson plum). Out
of the total number of accessions, 50.91 % had L > 20 mm.

Regarding endocarp T, ‘MUV’ had the highest value,
whereas the lowest was found in *‘MSI’. In the case of endo-
carp W, a very high number of the largest and/or smallest
values overlapped. The highest values were observed in the set
of'accessions such as ‘MUV’, ‘MUD’, ‘BAB’ and ‘CPT’ with
no significant differences among them. In contrast, the lowest
and similar values were found in 17 accessions (30.91 %) i.e.
‘ARP’, ‘CPI’, ‘CRN’, ‘COK’, ‘MET’, ‘TRN’, ‘CRI’, “VOL’,
‘GBU’, ‘BIL, ‘PIS’, ‘MCS’, “TRA’, ‘PAN’, ‘ZIM’, ‘MSI’
and ‘BAS’. Some of them, such as ‘ARP’, ‘CPI’, ‘CRN’ and
‘MET’, had identical mean W values.

Taking into account the absolute values of the three linear
dimensions, the descending order was L>T>W, which is
in accordance with the recommendations of morphometric
analysis of plum endocarp proposed by Behre (1978) and
Woldring (2000). Also, the values of endocarp dimensions
obtained in our study were within the limits described by Van
Zeist, Woldring (2000).

Following the procedure proposed by Caillavet and Souty
(1950), values of all three dimensions (L, T and W) were
transformed into the parameter denominated “size” or D,
and/or Dy. In the present study (Table 2), both D, and Dy
values significantly varied among accessions.

A similar finding applies to endocarp S and V, respec-
tively. The lowest value for all four parameters was found at
‘TRA’ belonging to P. insititia. The highest endocarp “size”,
calculated as D, and Dy, S and V, was observed in ‘CPT’ be-
longing to European plum. ANOVA results showed that the
differences among accessions for these properties were clear
and significant. Only two accessions (3.64 %) had endocarp S
between 6 and 7 cm?, whereas nine accessions (16.36 %) had S
between 5 and 6 cm?. Other accessions (80 %) had S <5 cm?.
Otherwise, the knowledge of a specific surface area (S) could
be a relevant tool to determine the shape. Other authors also
report large variations in the endocarp size, S and V in plums
(Sheikh et al., 2021), cherries (Pérez-Sanchez et al., 2010;
Ganopoulos et al., 2015; Khadivi et al., 2022), peaches (das
Gragas Souza et al., 2016) and apricots (Gezer et al., 2002).

The fruit or stone (endocarp) shape is determined in terms
of its ¢. Moreover, ¢ is an expression of the shape of a solid
related to that of a sphere of the same volume. In the current
study, ‘MUD’ and ‘MED’ had similar and the highest ¢ values,
whereas the lowest was observed in ‘PAN’ (Table 2).

In general, ¢ is used for determining the similarity of a
fruit or a stone to a sphere. Hence, higher values of ¢ indicate
the tendency of endocarps towards sphericity (Sheikh et al.,
2021). The ¢ value more than 0.7 i.e. 70 % is assumed to be
spherical (Garnayak et al., 2008). However, average ¢ values
for accessions were much lower than 0.7 or 70 % with the
exception of ‘MUD’, ‘MED’ and ‘BEV"’.

The shape parameters such as SI and E indicate the shape
tendency of the endocarps. Both indexes in the present study
showed high variability among accessions (Table 2). ‘MUV’

Endocarp size and shape variations
in Prunus domestica L. and P. insititia L. accessions

and ‘MUD’ had the highest and similar SI values whereas
the lowest were observed in ‘MET’. The highest E value was
in ‘CRB’, and the lowest, in ‘BAB’. Lower values of these
shape parameters indicate the tendency of endocarps to being
flat and oblong in shape as previously reported by Sheikh et
al. (2021) for plum kernels. Based on the values of the above
endocarp shape indexes in this study and their comparison
with the IBPGR recommendations on stone shapes (lateral
view) (Cobianchi, Watkins, 1984), it can be said that elongated
and ovate shapes dominate, and sporadically, rounded ones
appear.

Endocarp shape indexes proposed by Behre (1978), Van
Zeist, Woldring (2000) and Pollmann et al. (2005) of the
evaluated plum accessions were presented in Table 2.

The ANOVA showed significant differences among acces-
sions for all four indexes. The highest RS index (endocarps in
lateral view) denominated as relative slenderness was found
in ‘MUD’, ‘MUV”’ and ‘TRN’ with no significant differences
between them. The lowest and statistically similar values of
this index were discovered in ‘ZIM’ and ‘MSI’, both belong-
ing to P. domestica. Our values of this index for 45 accessions
(81.82 %) were within the limits described previously (Van
Zeist, Woldring, 2000; Pollmann et al., 2005), while 10 acces-
sions (18.18 %) had slightly lower values than the minimum
described by the above authors. Otherwise, the more slender
the stone, the lower the index value (Depypere et al., 2007).
The high variability of this index was previously described
by Van Zeist, Woldring (2000).

With regard to RO index, which expresses the roundness of
the endocarp in apical view, the highest value was observed
in ‘COK’, and the lowest, in ‘BAB’, with 2.27-fold difference
between them. The minimum and maximum values according
to the descriptors proposed by Van Zeist, Woldring (2000) and
Pollmann et al. (2005) for this index are 112.15 and 225.45,
respectively, which was the case in our study with the excep-
tion of ‘BAB’ that had a much lower value than the minimum
limit. In general, endocarps with strongly domed sides show a
low RO value, while in rather flat stones, this value is relatively
high and always more than 100 (Van Zeist, Woldring, 2000).

Similarly to previous indexes, DE index, which represents
endocarps in ventral view, varied among and within acces-
sions. It was the highest in ‘BAB’, and the lowest and sta-
tistically similar one was observed in ‘ZIM” and ‘CRB’, all
belonging to P. domestica. Our values were generally closer to
the minimum values proposed by Van Zeist, Woldring (2000),
which varied from 26.30 to 106.32.

Pl significantly varied among and within accessions,
‘ZIM’ being the accession with the highest value, whereas
the smallest value was found in ‘MUD’ with 3.38-fold dif-
ference between them. According to Pollmann et al. (2005),
minimal and maximal values of this index ranged between
1.27 and 7.68, which was confirmed by our data. Depypere et
al. (2007) reported that the PI index value was highly variable
for P. domestica and P. insititia.

Evaluation of variability and mean values

of properties between plum types

With regard to the variability of mean values of properties
evaluated by means of the coefficients of variability (CV, %),
the results showed that L, D,, Dy and somewhat ¢ had a low

50 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025+ 29 - 1



T. Munowesny
H. Munowesuny

2025
291

AHanms cxofAcTs 1 pasnmumin ob6pasuos Prunus domestica L.
1 P.insititia L. no pa3mepam aHAoKapnua 1 Bapraumsm ¢popmbl

Table 3. Intraspecific variability for P. domestica and P. insititia expressed by means of the coefficients of variability (CV, %)

and mean values for each property evaluated

Parameter P. domestica L.
CV, % Mean +SE

SW 36.61 0.84+0.15a

L 9.88 20.48+1.00 a

T 12.88 11.49+0.74 a

W 13.80 6.92+0.44a

D, 8.04 13.01+£0.52a

Dy 8.88 11.71£0.51a

S 18.77 432+041a

\Y 29.37 0.86+0.13a

¢ 10.15 0.577+0.03a
S| 13.64 0.45+0.03 b

E 16.18 3.03+0.24a

RS 13.04 56.35+3.67 b

RO 13.14 167.87+11.03 a
DE 17.33 34.08+2.95b

Pl 25.99 556+0.72a

P.insititia L.
CV, % Mean +SE
55.90 0.78+0.22b
18.57 19.28+1.79b
17.22 11.20£0.96 b
17.92 6.80+0.50 a
15.83 12.42+0.98 b
15.79 11.31+£0.89b
30.53 4.14+0.63b
45.43 0.82+0.19a
9.22 0.571+0.03a
17.84 0.47+0.04a
15.47 297+0.23 b
16.82 59.09+4.97 a
7.19 165.91+5.96 b
20.20 35.88+3.62a
29.09 4.84+0.70b

Note.CV>25 % indicates high variability; 10 % < CV < 20 % indicates normal variability; CV < 10 % indicates low variability (following Rasch, 1988; cited in Hiibner,
Wissemann, 2004). Mean values with different letters in a row differ significantly at p < 0.05 by LSD test.

variability (CV < 10 %) in P. domestica, and only ¢ and RO,
in P. insititia (Table 3).

Parameters T, W, S, SI, E, RS, RO and DE in P. domestica
and L, T, W, D,, Dg, SI, E, RS and DE in P. insititia had a low-
to-normal variability (10 % < CV <20 %). Parameters SW, V
and Pl in both European and Damson plums, and S and DE
in P. insititia were moderate to highly variable (CV > 25 %).
It appears that the mean value of the coefficients of variation
of all morphological levels for accessions belonging to P. do-
mestica was significantly smaller (CV = 16.51 %) compared
to the accessions belonging to P. insititia (CV = 22.20 %)
(data not shown). Our results were in good agreement with
the results found by Depypere et al. (2007) for several indexes
such as W, T, DE, RS and PI.

Regarding mean values of properties evaluated for both
European and Damson plums, the results from Table 2 showed
that there were significant differences between them with the
exception of W, V and ¢. These three values were statisti-
cally similar for both plum types. Accessions belonging to
P. domestica had higher mean values for SW, L, T, D,, Dy, S,
E, RO and PI than accessions belonging P. insititia. On the
contrary, accessions belonging to P. insititia had higher SI,
RS and DE mean values than representatives of European
plum.

Correlations among variables

and principal component analysis (PCA)

Relationships among 15 endocarp parameters were studied
and Pearson’s correlations were calculated and were presented
graphically (Fig. 2). Significant correlations were found
among most of the studied traits, but high values were noted
only in some cases.

SW was significantly correlated with all parameters and
indexes with the exception of RS and RO, indicating that
accessions with a big stone tend to have greater endocarp
dimensions and higher indexes values in general and vice
versa. Hence, all parameters can be used to predict each other.
Similar tendencies were observed in cherry plum (Heidari
et al., 2022). However, the intensity of correlations between
some parameters differed. Namely, strong positive correla-
tions were observed between SW and T, W, D, Dy, S and V,
whereas other correlations were weak, which shows that
endocarps have some very similar properties and that their
values are not greatly influenced by genotype. In addition,
SW was negatively correlated with E and PI. These findings
are in good agreement with the results obtained on hazelnut
(Milosevi¢ T., Milosevi¢ N., 2017).

L, W and T were significantly correlated with endocarp
indexes with the exception of L vs W, T vs E and/or DE. The
absence of significant correlation between L and W is in agree-
ment with the results of Kosina (2023 ) for P. spinosa. So, these
traits were considered to be independent. Strong correlations
were observed between L and D, and between T and D, Dy,
S and V, indicating that endocarps with higher L and T tend
to have a greater endocarp size. Both D, and Dy showed very
strong mutual correlation, and also with endocarp S and V.
However, relationships of D, and Dy with other indexes were
small and not significant. ¢ was strongly positively correlated
with SI, RS and DE, but strongly negatively correlated with E
and PI. Both S and V were significantly correlated with SW,
endocarp dimensions and size parameters, whereas correla-
tions with all indexes were minor and not significant.

There was an extremely strong mutual correlation between
S and V indicating that an endocarp with higher S values tends
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T w2 L s L 228 5 oM to have higher V values and vice versa. On
o 1.0 the other hand, there were no significant cor-
relations between V and all shape indexes.
E 091 08 Sl was strongly negatively correlated with
E and PI, and positively with RS and DE.
RO 021 058 os  Similar trends have been reported for Euro-
L 054 060 031 ’ pean plum kernels (Sheikh etal., 2021). E vs
RS and DE were negatively correlated, and
D, 005 016 025 085 04 positively correlated with RO and PI. RS
D, ~020-0.10 013 069 096 showed negative correlations with PI, and
02 positive with DE, whereas both RO and PI
S -0.23-0.10 0.18 067 093 097 were negatively correlated with DE.
V. -024-011 016 065 092 096 1.00 0 Prlnc!pgl component analysis (PCA),
as a statistical tool, is performed to reduce
T -036-0.11 044 050 0.84 089 088 0.87 the number of effective traits and to iden-
-0.2 - .
SW-0.31-0.28 -0.07 042 0.72 0.80 0.77 078 0.70 tify groups. In the current study, using t.he
15 analyzed parameters, the first three prin-
W -0.56 -0.64 -0.45 0.18 0.58 075 071 071 055 0.74 -04  cipal components accounted for 96.67 % of
RS -0.87 -0.64 0.23 -0.46 0.00 0.20 0.26 0.27 052 0.27 0.32 the total variance. PCI explained 47.71 %
SR e AR T T A T e e 0 Of the total variation, while PC2 explained
Sl -0.97 -0.87 -0.14 -0.58-0.08 0.16 0.20 0.2 036 030 051 093 37.57 % and PC3 explained 11.39 % (Fig. 3).
According to the correspondence between
@ -096-0.91-0.26-0.58-0.08 0.18 0.19 020 034 032 058 087 0.98 08 1o PCA and the original properties and
DE -0.87 -0.98 ~-0.60 -0.61-0.18 0.07 008 0.10 0.07 027 065 0.62 087 091 eigenvectors, SW, T, Dy, ¢, S, V, and SI
-1.0

Fig. 2. Correlation matrix of Pearson’s correlation coefficients (r) between the mean values of
the endocarp parameters evaluated.

Biplot (axes PC1 and PC2: 85.28 %)
10

-4

-8 36 A ]

-10

-6 -4 -2 0 2 4 6 8
PC1 (47.71 %)

Fig. 3. Segregation of European and Damson plum accessions according to endocarp proper-
ties (linear dimensions, size and shapes) and their projections on the first (PC1) and second
factors (PC2) of the component analysis.

See Table 1 for accession series numbers and accession codes; the series number in red represents
accessions belonging to Damson plum.

made the largest contributions to PC1 with
positive values, while Pl had a negative
contribution. As a result, genotypes such as
‘MUD’, ‘PLA’, ‘CDU’, ‘MUV”’, ‘TURa’,
‘DRO’, ‘MAG’, ‘CPT’ and ‘RUZ’ tended
to exhibit higher SW, T, Dy, ¢, S, V, and SI
values but lower PI values. In contrast, ac-
cessions like ‘ARP’, ‘CPI’, ‘CRN’, ‘CRD’,
‘MET’, ‘MOR’, ‘CRI’, ‘GBU’, ‘PIS’,
‘MCS’, ‘PAN’, ‘ZIM’ and ‘MSI’ displayed
the opposite trend.

For PC2, positive values were associated
with L, D,, and E, whereas DE contributed
negatively. This suggests that genotypes
like ‘BPZ’, ‘CRB’, ‘COK’, ‘MAR’, ‘POZ’,
‘TUR’, ‘DUR’, ‘/KOR’, ‘BOS’, and ‘SLA’
exhibited higher L, D,, and E values, while
accessions such as ‘BEL’, ‘KAP’, ‘OPI’,
‘PET’, “TRN”, ‘VOL’, ‘BJS’, ‘TRS’, ‘TRA’,
‘GUR’, ‘BIR’, ‘SIT’ and ‘MIR’ showed
lower values of these parameters.

Finally, RS and RO contributed to the
positive values of PC3, whereas W contri-
buted negatively, indicating that genotypes
such as ‘BJL’, ‘MED’, ‘BAS’, and ‘DRA’
were predisposed to higher RS and RO
values, while accessions like ‘SAR’, ‘BEV”,
‘JUL’, ‘BAB’, ‘KAU’, and ‘POD’ tended to
have lower W values.

Conclusions

The stones of accessions belonging to
P. domestica L. and P. insititia L. showed
characteristic differences in size and shape
features, which greatly facilitate the identi-
fication of genotypes or accessions. Each of
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them could be identified by means of dimensions and morpho-
logical features of the endocarps. In the present study, most
endocarp parameters were found to be very useful for further
taxonomic research, based on their low variability in both
P. domestica and P. insititia. However, some parameters such
as SW, V and PI exhibited a high variability and we suggest
omitting their use for taxonomic purposes in some cases or
for them to be used in a limited way. In general, the examined
parameters varied less in accessions belonging to European
plum compared to Damson plum genotypes. In addition, the
mean values of SW, L, T, D, Dy, S, E, RO and Pl were higher
in P. domestica type compared to P. insititia, while the mean
values of W, V and ¢ were similar. Others, such as SI, RS and
DE were higher in Damson plum. However, due to overlap-
ping ranges in most cases within and between plum types and
accessions, the use of one or two endocarp parameters is not
satisfactory for discrimination between Eurasian plum taxa.
The multivariate analysis as a statistical tool can be useful
for higher quality dispersion, segregation and determination
of plum accessions, but in these analyses, the overlapping of
values of endocarp morphological parameters also occurs.
Finally, based on our results obtained on dry endocarps and
the results of other researchers who experimented with fresh
stones, we recommend full hydration of dried endocarps, as
this restores the original dimensions and shape of the sampled
endocarps.
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