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Abstract

Wild cherry (Prunus avium L.) is a multi-purpose tree species
with great ecological and economic importance for European
forestry. Evaluating this species phenotypic diversity and
quantitative traits characterization is of great importance to
define its genetic resources conservation and breeding strate-
gies. In this work, variations of physiological, biochemical, ana-
tomical and morphological traits of one-year-old wild cherry
seedlings were evaluated within and among populations to
distinguish and characterize their phenotypic portfolio. We
observed significant differences at the intra- and inter-popula-
tion levels considering both biochemical and physiological leaf
traits, whereas differences in morphological and anatomical
traits were found to be significant only among half-sib lines
within populations (i.e. intra-population level). With a multiva-
riate approach, we explored the inter-population specificity
and found out that the tiered approach spanning from organ
morphology, across physiological scale, to the biochemical
level gave out enough power to discriminate between diffe-
rent populations, and their acquisition and resource-use stra-
tegies. Moreover, stepwise discriminative analysis showed that
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radical scavenger capacity against 2,2'-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) (ABTS-+) and water-use efficiency
contributed to discrimination of studied populations to the lar-
gest extend. Lastly, our study highlights the robustness of cer-
tain functional traits, such as ABTS-+, water-use efficiency, net
photosynthesis, total flavonoid content, width of stomata
guard cell, and stomatal aperture length, which could be con-
sidered as a proxy to discriminate between wild cherry popula-
tions and assess phenotypic diversity.

Keywords: Prunus avium L., functional traits, variability, discrimi-
nation, common garden experiment.

Introduction

Wild cherry (Prunus avium L.) is a broadleaf, self-incompatible
tree species in the Rosaceae family, with multiple ecological
and economic importance (Martinsson, 2001; Ganopoulos et
al., 2011). Due to solid and dense wood, this species has been
particularly valued in wood processing industry, for paneling
and cabinet-making (Ducci et al., 2013). Likewise, due to its
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decorative and medicinal properties, as well as edible fruits,
this species found an important place in urban forestry and
other branches of economy, such as food and pharmaceutical
industry. Lastly, as a pioneer tree species, wild cherry may be
successfully used in land reclamation programs (Stojni¢ et al.,
2021). For these reasons a number of European countries have
developed wild cherry conservation and breeding programs
aimed at protection of the species genetic diversity and its
genetic improvement, respectively (Kobliha, 2002; Vuksanovic¢
etal, 2020).

Intraspecies variability plays an important role for longe-
vous organisms to withstand the climate change and environ-
mental stress factors. It has been noted that high diversity con-
tributes to better adaptation potential of species, which is of
great importance for designing conservation programs (Pos-
sen et al,, 2014; Avramidou et al,, 2015). According to Garzon et
al. (2011), genetic differentiation between populations could
be decisive in prediction of species survival under the impact
of global climate change. Assessment of populations genetic
diversity and phenotypic plasticity might unravel putative
functional traits, thus building and strengthening the core
knowledge for wild cherry conservation programs. Among
others, stomatal phenotype and gas-exchange quantifications
have been proven very effective (Konépkova et al., 2020; Petrik
et al, 2020). Stomata are small water-conserving apparatus
that plays an important role in water and gases transport (Dra-
ke et al.,, 2013; Vastag et al., 2020). Due to this fact, their activity
is closely connected with photosynthesis (Lawson and Vialet-
Chabrand, 2019; Harrison et al., 2020). Typically, stomatal traits
are dependent on genetic background (Gailing et al., 2008;
Vastag et al. 2019), although various factors, including environ-
mental conditions (Lin et al., 2021), extreme events (Petrik et
al., 2022a) and position of the leaf within crown (Kardiman and
Raebild, 2018; Wakefield et al, 2021) may trigger a specific
developmental change in stomatal density and phenotype.
Similarly, due to physiological traits are tightly linked to plant
functions (Ramirez-Valiente et al., 2020; Wang et al., 2021), gas
exchange parameters have often been used as useful bio-indi-
cators of the species’ ability to withstand stressful conditions,
as well as to obtain patterns of tolerance of individual species
across the environmental gradients (PSidova et al., 2018; Petrik
et al,, 2022b). Furthermore, a shift in secondary metabolites
content and/or occurrence follows the changes in environ-
ment and might be considered as a functional trait. The impor-
tance of phenolic and flavonoid compounds in protection
from oxidative stress, which follows after any disturbance in
plant environmental conditions, has been pointed out in litera-
ture (Kebert et al., 2016; Khaleghi et al., 2019; Vuksanovic et al.,
2022).

According to Mataruga et al. (2013) the information on
inter- and intra-population structure and genetic diversity may
provide a valuable basis for further development of forest
management strategies and conservation programs of forest
genetic resources. Indeed, several studies have demonstrated
high genetic diversity of wild cherry populations using nuclear
microsatellite loci (Mariette et al., 1997; Jarni et al., 2012; De
Rogatis et al,, 2013), indicating a great evolutionary potential

of the species for adaptation to changed climatic conditions.
Likewise, recent findings regarding phenotypic variability of
wild cherry led to new insights on the genetic potential of this
species for using in breeding programmes aimed at increased
resistance to various stress factors (Temel, 2018; Miljkovic et al.,
2019; Vuksanovi¢ et al., 2022). However, majority of these stu-
dies were limited to a single group of the phenotypic traits, pri-
marily morphological (Rakonjac et al., 2014; Popovi¢ and Ker-
kez, 2016; Miljkovic¢ et al., 2019), and few statistical methods,
such as univariate statistical procedures and canonical discri-
minant analysis (Ballian et al., 2012; Orlovi¢ et al., 2014), thus
failing to provide a comprehensive overview of the species
diversity and functional traits association. Recent studies
showed that multivariate statistical analyses can be efficiently
used for evaluation of the phenotypic diversity, providing a
valuable information on the species variability patterns and
multi-traits relationships (Ganopoulos et al., 2015). In addition,
these analyses proved particularly useful for characterization
of extensive data sets consisting of large number of parame-
ters (see Petruccelli et al., 2013; Moradi et al., 2020; Poljak et al.,
2021). Hence, our research assessed the variability of popula-
tions and half-sib lines of wild cherry, originating from natural
populations in Bosnia and Herzegovina, using a set of morpho-
logical, anatomical, physiological and biochemical traits. In
addition, using multivariate statistical analyses we further
investigated: (i) the relationship among studied functional
traits, and (ii) the relevance of examined traits in discrimination
of studied populations and half-sib lines, in order to identify
those that mostly contributed to the total diversity (Ganopou-
los et al, 2015). We have hypothesized that significant differen-
ces would be observed both at intra and inter-population
levels, supporting previous results reporting high genetic vari-
ability in wild cherry, as well as that application of multivariate
statistical methods would facilitate identification of functional
traits that achieve the major contribution to differentiation of
examined wild cherry populations.

Material and methods

Plant material and experimental design
The research is conducted on one-year-old seedlings of wild
cherry (Prunus avium L.) cultivated in nursery progeny test and
originating from four natural populations (Kalinovik, Milici,
Prnjavor and Vlasenica) located in Bosnia and Herzegovina
(Table 1). Climate data are derived from the FORESEE database
(Dobor et al., 2014) and averaged for the period 1981-2010.
Seeds used for the establishment of progeny test were
collected from 10 randomly selected vigorous mother trees
per each population (40 dominant mother trees were selected
in total) during July and August 2015. The experimental plot
was founded at the nursery (44°34' N; 18°83' E; 740 m a.s.l.)
managed by the "Center for seeds, nursery, and afforestation”
in Doboj, Bosnia and Herzegovina. After pre-sowing treatment,
the seeds were sown manually at seedbed to the depth of T cm
below the soil surface. Sowing was done in November 2015.
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Geographic and climatic characteristics of studied Wild cherry (Prunus avium L.) populations origin sites.

Population Kalinovik Milici Prnjavor Vlasenica
Latitude (N) 43°31° 44°10° 44°54' 44011
Longitude (E) 18°29" 19°07" 17°39" 18°54'
Altitude (m a.s.l) 1090 498 180 660
T(C) 9.0 10.2 9.6 9.1
T, °C) 14.8 15.0 159 152
P (mm) 1265 1005 1020 984
P, (mm) 537 549 516 532
Legend: T - mean annual air temperature, T, - Mean annual air temperature during growing season (April - September), P — annual sum of precipitations, P g~ SUM
of precipitations during growing season (April - September).
The spacing between sown seeds was approximately 10 x 10  Table 2
cm. The nursery has a temperate-continental climate. The List of studied parameters, their acronyms and units.
mean annual temperature in the nursery is approximately
9.5°C, while the annual sum of precipitation amounts to about
1111 mm. Details of pre-sowing treatment, the chosen natural Para’_“ete'_ Acronym Unit
populations and the description of the environmental condi- -Frysiological : :
tions of the experimental plot were given by Stankovi¢ Nedic¢ lnterce,”mércm concentration ¢ prmol mok1
Transpiration E mmol m-2 s-1
etal. (2018). Stomatal conductance gs mol m-2 s-1
In the present study, 18 physiological, biochemical, anato- photosynthesis A umol m-2s-1
mical, and morphological parameters were studied (Table 2).  water-use efficiency WUE umol mol-1
Measurements of leaf gas exchange and leaf chlorophyll con-  chiorophyll content Chl pg cm-2
tent, as well as the collection of plant material for biochemical,  Biochemical
anatomical, and morphological analyses, were performed bet-  Total phenolic content TPC mg GA g-1
ween the 4" and 8" of August 2016. The height of seedlings (H  Total flavonoid content TFC mg QE g-1
[mm]), and the root collar diameter (d [nm]) were measured at ~ Ferric reducing antioxidant power FRAP umol ASA g-1
the end of the first growing season. H was measured between ~ "2dical scavenger capacity against ABTS-+  ABTS %
the cotyledon scar and the base of the terminal bud with a pre- f:ji';all scavenger capacity against DPPHfree - o, %
cision of 1 mm, using a ruler. The diameter was measured inthe ~ —, —
zone of root collar with a digital caliper with a precision of 0.1 “siomatal density number per
mm (Stankovi¢ Nedi¢ et al,, 2018). b mm2
All analyses were performed on five half-sib lines per  Length of stomata guard cell LS pm
population, on five plants within each half-sib line; i.e,, the  Width of stomata guard cell ws Hm
research was done on 100 plants in total. Stomatal aperture length La um
Stomatal aperture width Wb pm
Physiological analyses r",rim':g'cjl,
Gas-exchange parameters were acquired with CIRAS - 3 Porta- Rzﬁ Ctoi;zeiar;lier p 22

ble Photosynthesis System (PP Systems, Amesbury, MA, USA):
net photosynthesis (A [umol m2s]), transpiration rate (E [umol
m? 5], intercellular CO, concentration (Ci [umol mol”]) and
stomatal conductance (g, [mol m? s]). The saturating photo-
synthetic active radiation (PAR) in the leaf chamber was set to
1000 umol m? s, while CO, concentration, air temperature,
and relative humidity were taken ambient from the atmos-
phere. These parameters were measured on five plants within
each line, with five replications taken per plant. They were
measured on 5 fully developed leaves, oriented in the south-
southwest direction, located in the upper third of the crown.
Measurements were done on sunny days between 09:00 and
11:00 a.m. (Orlovi¢ et al., 2014). Water use efficiency (WUE
[umol mol']) was calculated as a quotient based on measured
photosynthesis parameter and transpiration intensity (A/E)
(Bramley et al., 2013).

Leaf chlorophyll content (Ch/ [ug cm™]) was measured on
fully expanded leaves using a Chl meter SPAD-502Plus (Konica
Minolta Optics, Inc., Osaka, Japan) (Bielinis et al., 2014). To redu-
ce the impact of daily chloroplast movement on SPAD values,
the measurements in each individual sampling time were con-
ducted on the same day from 9:00 to 12:00 (Naus et al., 2010).
Three measurements were taken at the adaxial leaf surface and
averaged per leaf in each seedling. The obtained SPAD values
(Chl a+b) were converted to chlorophyll content (ug cm) fol-
lowing Bielinis et al. (2014):

y =0.0374x? + 0.5345x + 0.5137 (mg m?) (Eq.1)



Biochemical analyses

Harvested leaf samples were immersed in dry ice and transpor-
ted to the laboratories of the Institute of Lowland Forestry and
Environment (Novi Sad, Serbia), where they were stored in the
freezer at -70°C until laboratory testing began. About 200 mg
of frozen leaf material (5 leaves in total) was macerated with
96% ethanol in ratio 1:10. The homogenate was centrifuged 10
minutes at 15.000 rom/minute at 4°C. The extracts obtained
were diluted six times before starting the analysis. The resul-
ting supernatant was used for the determination of the con-
tent of total phenols (TPC [mg GAE g FW]) and total flavonoids
(TFC [mg QE g]), determination of radical scavenger capacity
(RSC) of ABTS [%] and DPPH [%] radicals, and determination of
the ferric reducing antioxidant power (FRAP [umol ASA g™]). All
spectrophotometric measurements were performed on a Mul-
tiskanTM GO Microplate Spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA) according to the Stojnic¢ et al.
(2019).

The determination of TPC was done based on the reaction
of phenol with the Folin-Ciocalteu reagent (Singleton et al.,
1999; Lee et al,, 2015), where TPC was calculated from a calibra-
tion curve obtained by measuring the absorbance of a series of
different concentrations of standard gallic acid solution. TFC
determination was performed spectrophotometrically accor-
ding to the method of Chang et al. (2002). The ability to neutra-
lize 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid;
short ABTS*) radicals were determined according to Arnao et
al. (2001), which is an advanced version of the determination of
the ability to neutralize ABTS* radicals by Miller and Rice-Evans
(1997). The ethanol extract was used for another test to deter-
mine capture activity, the so-called DPPH test (Soler-Rivas et al.,
2000). The method is based on spectrophotometric monito-
ring of the stability assurance, nitrogen-centered DPPH radical
(2,2'-diphenyl-1-picrylhydrazyl) in the reduced, conventional
DPPH-H formula at 515 nm (Kebert, 2014). Lastly, the total anti-
oxidant activity was tested by the Ferric reducing antioxidant
power (FRAP) method, developed by Benzie and Strain (1999).

Leaf anatomical and morphometric analyses

Leaf epidermal peel for determining the stomatal density (SD
[number per mm?]), length of stomata guard cell (LS [um]), a
width of stomata guard cell (WS [um]), stomatal aperture
length (La [um]) and stomatal aperture width (Wb [um]) were
taken between the third and fourth veines from leaf adaxial
surface (n=5). Due to the unequal openness of stomata during
the day, the samples were collected between 09:00 and 11:00,
on sunny and windless days. The imprints were taken from sun
leaf, which was fully formed, located in the upper third of the
canopy (Stojni¢ et al, 2015) and oriented south-southwest.
Determination of the number and size of the stomata was per-
formed in the laboratory of the ILFE, using an "Olympus Vanox"
(Olympus, Tokyo, Japan) light microscope and the "Leica Appli-
cation Suite - LAS EZ 3.1.1" (Leica Microsystems, Wetzlar, Ger-
many) software to determine stomatal parameters. The soft-
ware "tpsDig2.17" (Rohlf, 2013) was used for the determination
of the number of stomata. Stomatal density was determined
by 10x10 magnifications of the eyepieces and lenses, while the
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size of the stomata was determined by 40x10 magnification
and lenses. Five “fields of view” were selected by random sam-
pling method for each imprint. The density of the stomates
was obtained by counting the number of stomata per area of 1
mm? in every selected “fields of view”. In each “field of view”,

size of the stomata were determined on five stomates selected
by random sampling method, which represents 25 stomates
perimprint. The average value of stomata parameters per plant
entered further statistical analysis.

Statistical analysis

Two-way hierarchical analysis of variance (ANOVA) and Tukey's
HSD (honestly significant difference) test were applied to test
differences within and between studied populations of wild
cherry (Eq.2).

Yijk = pe- + ai + Bj(i) + €ijk (Eq.2)

where, 1is the overall mean response, ai is the effect due to the
i-th population, Bj is the effect due to the j-th half-sib line
within the i-th population, while €ijk is residual effect.

Both methods are univariate and performed in order to
present the variability of each used parameter, as well as to
relate these results with performance of examined parameters
in applied multivariate methods. Beforehand ANOVA, the nor-
mality of distribution was assessed using Shapiro-Wilk’s test.
Within the analysis of variance, expected variance components
of populations, half-sib lines within populations and residual
were calculated. The Random model was used, as both “popu-
lations” and “half-sib lines within populations” were treated as
random sources of variation. They were used to calculate coef-
ficients of variation, contribution to the total expected vari-
ance and phenotypic divergence, according to Brommer
(2011):

Py = (Eq.3)
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where g and 6% stand for between and within population
components of variance of the quantitative trait, respectively,
h? for narrow-sense heritability and c is the proportion of the
total variance which is due to additive genetic effects across
populations. Estimates were done under the assumption that
c=hZ i.e. h—cz = 1 (Goméry et al, 2015).

Principal Component Analysis (PCA) was applied to trans-
form original variables into uncorrelated, derived variables in
such a way that a majority of variance of original variables
could be explained by few of derived ones (Rakonjac et al.,
2010, Vastag et al., 2019). The variance of particular principal
components was obtained by the calculation of its eigenvalue.
According to Keiser’s rule (Kaiser, 1960), the first four principal
components that had their eigenvalues higher than 1 were
used to present the relationship among the examined popula-
tions based on physiological, biochemical, anatomical and
morphological parameters. According to that role, those four
principal components that explained 84 % of the total variati-
on (Table S1), are sufficient for the further analysis of relation-
ship between original parameters. For orthogonal rotation, the



varimax method was applied on the first four principal compo-
nents. By this method, selected principal components are rota-
ted in order to maximize the sum of the variances of the
squared loadings within rotated principal component. These
results were used for the analysis of relationship between origi-
nal parameters, as original parameters having their highest
loading with the same principal component could be conside-
red to be more closely related to each other than to other ori-
ginal parameters that have their highest loadings with some of
other principal components. The relationship between popu-
lations, as well as between examined traits, was also described
by canonical discrimination analysis (CDA), while forward step-
wise discriminant analysis (SDA) was used as a way to additio-
nally evaluate the discrimination power of the examined para-
meters. All statistical methods were performed by Statistica for
Windows version 13 (TIBCO Software Inc., 2017).

Results and Discussion

Variability of natural wild cherry populations occur
at both intra and inter-species level

Differences between populations were found to be statistically
significant for the biochemical and morphological traits, as
well as certain physiological characters (A, Eand WUE), which is
also confirmed by the P_, values (Table 3). Considering within-
populations variability, F and Tukey's HSD tests showed that
most of the examined traits significantly varied between half-
sib lines, excluding TFC, SD and gs (Table 3).

Similar variability pattern was noticed at intra- and inter-
population levels in a study obtained by Ballian et al. (2012),
who investigated 16 morphological traits in 22 natural popula-
tions in Bosnia and Herzegovina. Likewise, Orlovic et al. (2014)
reported significant differences of net photosynthesis, transpi-
ration rate and water-use efficiency between wild cherry half-
sib lines originating from Serbia. Due to homogeneity of clima-
tic and edaphic factors in the nursery trial, the observed
variation at the inter- and intra-population levels is probably
the result of populations and half-sibs’ genetic architecture,
which is developed as a consequence of their local adaptation
within the species natural range. Previous studies showed that
high level of genetic variability within and between wild cherry
populations could be influenced by the reproduction system
of this species (e.g.,, gametophytic self-incompatibility, cont-
rolled by the presence of multi-allelic S locus) (Sharma et al.,
2017), as well as by the fact that pollen and seed might be dis-
persed over large distances by the insects and birds/mammals,
respectively (Ballian, 2012; Vekemans and Hardy, 2004).

According to the contribution of examined sources of vari-
ation to the total expected variance, there is a considerable dif-
ference between examined parameters. The contribution of
the factor “Population”is dominant in the examined biochemi-
cal parameters, as well as A, E, gs and WUE, while the contribu-
tion of “Half-sib lines within-population” dominates in anato-
mical and morphological traits. It corresponds to the recent
finding of Miljkovi¢ et al. (2019), who reported larger
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intra-population variability of wild cherry leaf shape and size in
comparison to inter-population variation. Similarly, studying
the preference of Myzus cerasi (Fabricius 1775) to populations
and half-sib lines of wild cherry, Poljakovi¢-Pajnik et al. (2019)
found that the contribution of half-sib lines (i.e. intra-populati-
on variability) was significantly higher than population in the
total expected variance of the damaged leaves percentage.
Finally, the contribution of “Residual” variation lower than 50%
was observed in TPC, ABTS, DPPH, FRAP, E, and WUE, sugges-
ting these traits as a considerable basis for selection between
population and half-sib lines (i.e., parent trees) (Figure 1). These
results are in agreement with Kebert et al. (2016) who noticed
that biochemical parameters could serve as one of the main
criteria for selecting species, clones and individuals having a
higher ability to survive in drought conditions. Furthermore,
Shahidi and Chandrasekara (2010) reported that biochemical
parameters could be crucial for assessing the tolerance, plasti-
city and adaptability of species to changing environmental
conditions.

Multivariate patterns support the genetic variabili-
ty of wild cherry

According to the contribution of the examined sources, there
were four components with eigenvalues higher than 1 (Kaiser,
1960), which accounted for 84.4 % of the total variance (Table
S1).The highest contribution on PC1 corresponded to parame-
ters of stomatal aperture size (LS, WS, La and Wb), and physio-
logical traits indicative for photosynthetic capacity (Chl, A and
Ci) (Table 4), indicating a key role of stomata in the CO, uptake
for photosynthesis and its volume control in the intercellular
air spaces (Lawson and Blatt, 2014; Yin et al., 2020).

The traits contributing differentiation along PC2 were tho-
se related to plants antioxidant capacity (TPC, ABTS, DPPH and
FRAP). PCA plot shows that the half-sib lines originating from
Vlasenica population are distributed close to the origin of coor-
dinate system, while half-sib lines of other populations are dis-
tributed around this group (Figure 2). Also, cluster of half-sib
lines from Prnjavor population is distinct from populations
from Vlasenica, Kalinovik, and Mili¢i, particularly by second
principal component.

Indeed, population Prnjavor is characterized by the high-
est values of TPC, ABTS, DPPH and FRAP, as well as the lowest
transpiration rate, which might be the consequence of local
adaptation to more xeric conditions in this region. Namely, this
population is geographically the most distinct population and
originates from the lowest altitude (see Table 1). Likewise, the
locality is characterized by the lowest precipitation sums and
the highest mean air temperatures during growing season.
Therefore, higher content of antioxidants and secondary meta-
bolites in the seedlings of populations Prnjavor probably
represents the drought-tolerance mechanism aimed at neutra-
lization of reactive oxygen species, and, consequently, avoi-
dance of the oxidative damages caused by water stress (Mech-
ri et al., 2020; Poljak et al., 2021). For example, Visi-Rajczi et al.
(2021) reported that European beech provenances originating
from warmer climate were characterized by higher enzyme
activity. Likewise, Varela et al. (2016) found that production of
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Variability of physiological, biochemical, morphological and anatomical traits in studied wild cherry populations, assessed by
two-way hierarchical analysis of variance (F test) and phenotypic divergence index (P,). For each trait, mean (+ standard devi-
ation) values are presented. The letter codes denote homogeneous groups (Tukey’s HSD test, p<0.05) among populations. The
confidence interval for SD (in parentheses) was calculated by retransforming the confidence interval obtained from transfor-
med data. The parameter acronyms are defined in Material and Methods.

Half-sib line
. o Coefficient of Mean values of populations with 95 % confidence intervals and
para- Population  within popu- L B
X variation pPST Tukey’s HSD test
meter lation
Fp pp  Fhsl(p) phsl(p) CVp CVhsl(p) CVr Kalinovik Milici Prnjavor Vlasenica

TPC  11.10 0.000 2.54 0.003 22.01 12.03 2145 0.626 2.26+0.36 ¢ 2.87+0.64 b 3.71+0.41 a 2474031 bc
TFC 575 0.007 0.89 0.582 7.03 0.00 16.92 1.000 2.96+0.28 ab 2.63+0.12 b 2.78+0.23 ab 3.14+0.19 a
ABTS 14.88 0.000 246 0.005 18.85 8.70 15.94 0702 49.23+5.9 b 5541+9.73 b 7535+4.85 a 55.04%5.13 b
DPPH 11.57 0.000 2.87 0.001 29.25 1620 2624 0.620 30.13%£7.35 b 36.57+10.5 b 56.71+8.77 a 33.88+4.31 b
FRAP 979 0.001 2.79 0.001 29.81 1798 29.69 0.579 4.78+1.01 b 5.69+1.99 b 9.12+1.66 a 5.44+0.63 b
Chl 3.66 0.035 3.65 0.000 1830 2132 2894 0.269 79+24.48 a 48.98+10.08 b 56.74+10.99 b 577877 b
LS 0.71 0.558 5.07 0.000 0.00 5.75 6.19 0.000 21.69+2.12 a 2048+1.24 b 21.05+0.85 ab 21.23+0.69 ab
WS 297 0.064 217 0.013 338 394 7.92 0269 1491+1.26 a 13731046 b 14.44+0.31 ab 15.07+0.63 a
La 1.07 0389 436 0.000 0.86 6.24 741  0.009 14.68+1.53 a 13.89+0.61 b 13.57+0.8 b 14.02+0.68 ab
Wb 1.07 0389 436 0.000 1.82 3.52 409 0.117 5.21+0.81 a 4411032 b 4.55+0.49 b 4.86+0.46 ab

*251.810 a  262.226 a 293938 a 250.982 a
SD 149 0256 1.65 0.075 222 4.46 12.07 0.110

(214.143-292.527) (208.642-321.928) (265.026-324.347) (237.117-265.241)
A 6.02 0.006 2.89 0.001 19.45 15.66 25.19 0436 16.52+3.47 a 9.77+1.15 c 1237+3.51 b 13.63x1.41 b
Ci 217 0.132 203 0.021 194 286 6.24 0.187 288.1+18.74 b 306.82+7.55 a 298.89+9.77 ab 294.98+7.47 ab
E 8.01 0.002 268 0.002 15.19 10.14 17.29 0.529 7.46+1.13 a 6.14+0.72 b 5.11+0.74 ¢ 5.54+0.46 bc
gs 3.14 0.055 1.64 0.078 13.90 13.27 36.68 0.354 0.51+0.09 a 0.37%0.11 b 0.34+0.09 b 0.39+0.06 b
WUE 820 0.002 280 0.001 16.73 11.16 1838 0.529 2.22+0.3 b 1.6+0.23 a 2351044 a 244107 a
H 129 0311 420 0.000 7.00 2529 31.64 0.037 292+24.5 ab 244.2+34.55 b 350.8+139.56 a 29749037 ab
d 0.21 0.892 2.91 0.001 0.00 13.14 21.26 0.000 5.11+0.49 a 4.83z0.61 a 5.02+1.11 a 4.77+0.84 a

phenolic compounds was the main strategy of Patagonian
native shrubs to adapt to extreme environments.

Furthermore, morphological properties (d and H) were
included in third component and closely related to SD and gs,
suggesting significant influence of regulation of water status
to growth and development of wild cherry seedlings. It corres-
ponds to the previous studies that demonstrated tight relati-
onship between increased SD and elevated stomatal conduc-
tance (Schliter et al.,, 2003; Franks et al., 2015; Yin et al., 2020),
as well as beneficial influence of higher SD to the plant bio-
mass production (Sakoda et al., 2020). Lastly, the fourth com-
ponent is represented with higher contribution of TFC and
WUE, thus confirming positive effect of flavonoids on gas
exchange, and therefore, overall plant drought-tolerance (Li et
al., 2021).

According to the results of the CDA, there were three
canonical variables (roots) extracted, where eigenvalue of the
first canonical variable was the highest and described most of
the total variance (98.1%), while the contribution of other two
canonical variables were around 1% (Table S2). According to
the first two canonical variables, the examined populations are

clearly discriminated (Figure 3). Although the considerable
discrimination provided the first canonical variable, the second
one also clearly discriminated populations Prnjavor and Kali-
novik from Mili¢i and Vlasenica.

Loadings of examined traits with the first canonical varia-
ble, which described the most of total variance (98.1%) were
considerably small,and amounted less than 0.1 for all the traits,
except d (Table S3). This fact suggested that none of the exami-
ned parameters had considerable discrimination ability alone.
In order to select the group of parameters that dominantly
contribute to the discrimination between half-sib lines, the for-
ward SDA was applied (Table S4). According to SDA, eight traits
have been selected to contribute to discrimination of populati-
ons to the largest extend. The first three traits were ABTS, WUE,
and A, representing different groups defined by loadings from
rotated components. This finding suggests that besides high
contribution of “Population” and “Half-sibs” to the total vari-
ance, the selection of a parameter depends on its correlation
with previously selected parameters, thus emphasizing the
importance of coping with multicollinearity within the pro-
cess. The further evaluations of the discriminative power of



122

100
80 t
q
[}
Q
c
8 60}
9
>
°
O
0
8 40t
x
[0}
g
e
20 t
0 O O »® I o T O w ®© 2 A < 5 W 9 w T ©
i L Fa< o -2 2 2 0 O o 3
F F O Ao @ 2
< O
0
Q3
X
Traits
I Population
[ Half-sib line (Population)
I Residual
Figure 1

Contribution of examined sources of variation to the total variance for measured parameters within wild cheery populations.

selected traits were performed according to the correct alloca-
tion of successive models formed by forward stepwise discri-
minant analysis (Figure 4). According to these results, the
second model with just two traits (ABTS and WUE) was able to
achieve 90% of correct allocation, while the model with six
selected traits (ABTS, WUE, A, TFC, WS and La) was sufficient to
achieve a correct allocation of all half-sib lines.

Conclusions

As it is already presented and discussed throughout the paper,
our aim was to explore in-depth the variability of wild cherry at
intra- and inter-population levels, as well as to unravel the
traits (variables) contributing mostly to differentiation of popu-
lations. Our study provides evidence on high genetic variation
both within and among studied wild cherry populations. We

showed that, according to investigated functional traits, there
was a substantial difference between four analyzed populati-
ons, since both PCA and CDA approaches were able to resolve
distinct groups based on the input dataset. Further exploratory
analysis using SDA profiled ABTS, WUE, A, TFC, WS and La as a
“core functional traits” group having enough discriminative
power to resolve different populations by their half-sibs. Gat-
hering all valuable information from applied multivariate ana-
lyses, we showed that a tiered approach in analysis from sto-
matal anatomy to the gas-exchange and biochemical traits
might boost selection and breeding programs of this tree spe-
cies. Moreover, such approach enabled the identification of
populations (e.g. population Prnjavor) showing capacity to
face drought, which is particularly important in the light of cli-
mate change impact on forest in the region of Southern Euro-
pe, and selection of site-adapted reproductive material for
future reforestation programs, accordingly.
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Loadings of the first four principal components rotated by Varimax method. The bolded values represent the highest loading of

particular examined trait.

Original parameter

Rotated principal components

RC1 RC2 RC3 RC4
TPC -0.288 -0.921 0.002 -0.141
TFC 0.191 0.190 0.019 0.807
ABTS -0.147 -0.961 -0.106 0.047
DPPH -0.252 -0.945 0.053 -0.034
FRAP -0.193 -0.951 0.006 -0.026
Chl 0.731 0.275 0.162 0.389
LS 0.889 0.171 -0.024 0.202
WS 0.830 0.146 0.010 0.334
La 0.856 0.354 0.219 0.041
Wb 0.837 0.249 0.212 0.108
SD -0.351 -0.351 0.562 -0.392
A 0.596 0.190 0.452 0.558
Ci -0.672 -0.146 -0.067 -0.618
E 0.479 0.536 0.500 -0.069
as 0.456 0.367 0.666 0.054
WUE 0.314 -0.223 0.198 0.801
H -0.021 -0.297 0.643 0.603
d 0.220 0.040 0.757 0.316
Eigenvalue 5.206 4.658 2.378 2.951
Proportion of total variance 0.289 0.259 0.132 0.164
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Relationship between examined populations based on the first two components (PCA).
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