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* A 24 bp deletion was found in the chloroplast DNA region of two populations in the south-
eastern part of Lithuania.

*  Morphometric differences in hornbeam involucre between the study populations were sig-
nificant.

»  The existence of two haplotypes of the chloroplast DNA region supports the hypothesis of
two migration refugia in Carpinus betulus populations.

The European hornbeam (Carpinus betulus L.) is a medium-sized deciduous tree that spreads
northeast of the middle of Lithuania. Carpinus betulus L. is a native tree in Poland, and its branch
is migrated by two Pleistocene refugia. We hypothesised that its branches had spread to Lithuania.
In this study, we selected 10 populations of hornbeam that were chosen from their distribution
location. We sequenced the chloroplast intergenic spacer pshA-trnH of 70 individuals. We found
24 bp deletion in chloroplast DNA (cpDNA) individuals of two populations in the southeastern
part of Lithuania. In the seven forest populations, we examined the morphological variability of
hornbeam seed involucres and nuts variations of 30 morphometric characteristics. Initial genetic
population studies were conducted over a wider area; when differences were detected, morpho-
logical studies were conducted in the contact zone. Morphometric differences between the study
populations were significant. The existence of two haplotypes of cpDNA supports the hypothesis
of two migration refugia in C. betulus populations. This study contributes to significant novel
knowledge about the morphological and cpDNA variability of European hornbeam populations
in Lithuania and Europe.
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1 Introduction

The European hornbeam (Carpinus betulus L.) (hereinafter “hornbeam’) extends from the Iberian
West to the Caucasus and Northern Eastern Iran. This species is also widespread in the Balkans and
the Carpathian Mountains, reaching southern Sweden in the north (Jalas and Suominen 1988, p. 62;
Sikkema et al. 2016). Hornbeam has been marked as a successful tree in the north-eastern boundary
through the middle of Lithuania (Navasaitis et al. 2003; Sikkema et al. 2016). Most of the late ice age
and early Holocene hornbeam sediments (before 9000 BP) have been found in Italy and the eastern
and south-eastern regions of the European continent (Huntley and Birks 1983). In the later periods,
hornbeam spread and recolonised to northern Europe from Spain to southern Sweden (Grivet and
Petit 2003) and from westwards to southern Bulgaria (Diaconeasa and Farcas 2002), Romanian
Carpathians (Tantau et al. 2009), and Poland (Ralska-Jasiewiczowa et al. 2004; Granoszewski and
Nalepka 2013). Isopollen maps showed that these species migrated to Poland from two different
directions — southeast and west (Ralska-Jasiewiczowa et al. 2004). Boratynski et al. (2007) confirmed
two different directions of hornbeam migration in Poland, based on a variation of the morphologi-
cal characteristics of the nut involucres. A similar study (Legay 1989) conducted in France showed
that several different refugia were identified (Legay 1989). In Lithuania, the hornbeam spread from
the west and southeast in the Late Atlantic, although a small peak was observed only in the Early
Subatlantic. Hornbeam was the most common in southwestern Lithuania (Kabailiené 2006).

Another study, exploring the morphological characteristics of nuts involucres and nuts, con-
firmed that these traits could divide hornbeam into different phenotypes (Akhondnezhad et al. 2010).
However, other morphological studies on hornbeam leaves have shown that differences among
hornbeam leaf characteristics depend on ecological conditions and are not taxonomically significant
among the genus species (Chaplagh Paredary et al. 2012). These ecological conditions are related to
ambient temperature, precipitation and altitude (Chapolagh Paridari et al. 2012). Akhondnezhad et
al. (2010) concluded that environmental factors did not influence leaf length and nut weight. These
leaf lengths and nut weights may be suitable for taxonomic identification of hornbeam species.
However, other studies on hornbeam leaves and seeds have suggested that the physical parameters
of nuts depended on the local habitat (Biatobrzeska 1966; Kaliniewicz et al. 2015).

Chloroplast DNA (cpDNA) is also used to study tree demographic history and migration
directions (Abbott et al. 2000; Ito et al. 2000; Mummenhoff et al. 2004; Dzialuk et al. 2009, 2017;
Xiang et al. 2015; Danusevicius et al. 2021). The chloroplast intergenic spacer psbA-trnH is one
of the most important variables in the genome of gymnosperm and angiosperm chloroplasts. It is
also used for plant barcodes and widely used in population genetics for revealing phylogeographi-
cal patterns and population dynamics (Storchovéa and Olson 2007; Hao et al. 2010; Anabat et al.
2020; Intharuksa et al. 2020; Kholina et al. 2020, 2022; Feng et al. 2022; Olsson et al. 2022). Non-
coding DNA changes more rapidly than coding DNA, and mutations accumulate in it because it is
not affected by selection. This property is used to study intraspecific polymorphism in plants and
plant populations (Storchova and Olson 2007; Abeysinghe 2009; Hao et al. 2010; Scarcelli et al.
2011; Luo et al. 2021). The size of the spacer pshA-trnH in various plant taxa ranges from 200 bp
to 1077 bp, usually from 200 bp to 500 bp.

The study began as a part of the National Science Program “Ecosystems in Lithuania: Cli-
mate Change and Human Impact”. The aim of the project was to determine the vulnerability of the
main tree species, the change in their natural ranges and the impact on biodiversity, the structure
and functioning of forest ecosystems and to make forecasts (models) of change in the conditions of
global changes. Therefore, the aim of this study was to investigate the polymorphism of the psbA-
trnH region in hornbeam populations in Lithuania and examine whether the separated populations
differ genetically and morphologically. We hypothesised that hornbeam in Lithuania comes from
two migration refugia as in neighbouring Poland.
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2 Materials and methods
2.1 Study population description

Lithuania is located in the northern part of the temperate zone, with a mean annual precipitation
of 695 mm and a mean annual temperature of —1.1 °C in January, the coldest month. The warmest
month recorded a temperature of 18.3 °C in July (LHMT 2021). Hornbeam trees are widespread
in mesoeutrophic and eutrophic soils with normal moisture. They also grow on mesoeutrophic
and eutrophic gleyic soils of temporarily overmoisture (Vaicys 2006). Generally, higher annual
temperatures and more precipitation are recorded in the western part of Lithuania. Hornbeams are
grown from the western to the southeastern part of Lithuania. The hornbeams boundary extends
through the middle of the country. In the study populations, hornbeams are grown in the second
forest layer with dominant species, including silver birch (Betula pendula Roth) (2, 5,7, 8, 15 popu-
lations, Table 1; Supplementary file S1, available at https://doi.org/10.14214/sf.10765), common
oak (Quercus robur L.) (3 population), common aspen (Populus tremula L.) (14 population),
Scots pine (Pinus sylvestris L.) (11 population), small-leaved linden (7ilia cordata Mill.) (9, 12
populations), black alder (4/nus glutinosa (L.) Gaertn.) (1 population), or pure stand species (4,
6, 10, 13 populations).

2.2 DNA extraction and cpDNA analysis

For the DNA study, we selected 10 populations of hornbeam evenly distributed in the hornbeam
area in different regions of Lithuania (Table 1; Suppl. file S1). Genomic DNA was extracted from
the fresh leaves of 70 individuals through the modified CTAB DNA extraction method (Doyle
and Doyle 1990). Amplification of the psbA-trnH region was performed as described by Shaw
et al. (2005) with some modifications (Vysniauskiené et al. 2015). The Polymerase Chain Reac-
tions (PCR) analysis of the psbA-trnH cpDNA region was conducted in 50-ul volumes with the
following reaction components: 50 ng genomic DNA, 1x Taq buffer with (NH)4SO4 (Thermo

Table 1. Descriptive data of Carpinus betulus L. collection populations in Lithuania.

No Regional Subdivision (RS), Geographic coordinates WGS-84  Altitude Material Number of Number of samples

Enterprise X Y (m) (L —leaves, samplesused used in the mor-
I —involucres, incpDNA phometric analysis

N — nuts) analysis (ILN)

1 Kretinga RS, Mikoliskés 2.1744353 69.3761656 70 L 6

2 Raseiniai RS Kraziai 2.6685059 69.1799559 169 L 8

3 Tauragé RS, Pagramantis 2.4468469 69.0764535 70 L 6

4 Radviliskis RS, Pasusvys 3.0131742 69.1258463 107 L 8

5 Ukmergé RS, Taujénai 3.4118826 69.1347784 82 L 8

6  Prienai RS, Dusnionys 3.3560720 68.4042971 191 L,ILN 6 20, 20

7  Salgininkai RS, Poskonys 3.9409301 68.3890851 243 L 6

8  Prienai RS, N. Uta 3.1257050 68.5163168 104 L,ILN 6 20, 20

9  Kazly Ruda RS, Vilkaviskis  2.7348419 68.5435229 86 L 6

10 Trakai RS Ziezmariai 3.4003595 68.6523443 164 L 8

11 Dubrava RS, Vilkija 2.9995270 68.8654302 30 LN 20, 20

12 Trakai RS Buda 3.3519082 68.7721338 86 ILN 20, 20

13 Trakai RS, Aukstadvaris 4.8355819 24.5672035 165 LN 20, 20

14 Varéna RS, Zygmantiékés 3.6536445 68.3495198 150 ILN 20, 20

15 Varéna RS, Eisiskes 3.6448808 68.3294573 156 LN 20, 20
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Fisher Scientific Baltics), 3 mM MgCl2, 0.2 mM each dNTP, 1.0 U Taq DNA polymerase (Thermo
Fisher Scientific Baltics) and 0.2 uM each amplification primer. The PCR analysis followed these
procedures: initial denaturation of 5 min at 80 °C, followed by 35 cycles of 30 s denaturation at
94 °C, 30 s annealing at 56 °C and 60 s extension at 72 °C; the final extension step was at 72 °C
for 10 min. The results of the DNA fragments for the psbA-trnH region were purified from 0.8%
agarose gel using a GeneJET (TM) (Enzyme Thermo Fisher Scientific) gel extraction kit. The
purified DNA fragments were sequenced at the Sequencing Center of Vilnius University Life
Sciences Center (Lithuania) using a 3130x1 Genetic Analyzer (Applied Biosystems, USA) and
a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA). Amplified DNA
fragments were sequenced from both ends. Sequence results were analysed using Chromas Lite
2.0 (Informer Technologies, Inc. 2008) and Mega 11 software (Tamura et al. 2021). The computer
program DnaSP Version 6.12 (Rozas et al. 2017) was used to estimate InDel haplotype diversity,
nucleotide diversity (Pi) and InDel diversity per site.

2.3 Morphometric measurements

Based on Boratynski et al. (2007) and our DNA analysis, we collected hornbeams involucres with
nuts in locations corresponding to two possible directions of C. betulus Holocene migration from
the south-east to the south-west (Table 1; Suppl. file S1). In 7 populations, nuts with involucres
were cut from trees in autumn, 2021. Five trees were selected randomly, and four infructescences
were collected from each tree in each population. For morphometric analysis, one involucre and one
nut were taken from the middle of the infructescence. A total of 140 involucres and 140 nuts were
used for the analysis. First, we measured 15 characteristics of involucres with WinFolia (Regent
instrument Canada Inc. 2016) and 4 nut parameters with the calliper tool (Table 2), comprising
4 counted and 8 calculated characteristics. Nut parameters were analysed as shown in Table 2,
and all involucres were analysed following the procedures developed by Boratynski et al. (2007,
p. 105) (Table 2).

2.4 Statistical analysis of morphometric data

Based on the DNA analysis, we divided the populations into three sites: the western site (No 8§,
11, 12 in Table 1), the south-eastern site (No 6, 14, 15 in Table 1), and the intermediate site (No
13 in Table 1). We used the average of the involucres measurements and nuts of each tree, which
was 35 for the calculation. We used the SAS 9.4 program (20022012 by SAS Institute Inc.,
Cary, NC, USA), using the PROC CANDISC procedure for the analysis of morphometric data
(class — sites of hornbeam, variables morphometric characteristics of involucres and nuts). The
CANDISC procedure derives canonical variables, which are linear combinations of quantitative
variables that summarize class differences in the same way that principal components summa-
rize total variation. In this procedure MANOVA tests the equality of the mean vector between
hornbeam sites. Canonical discriminant analysis determines linear combinations of quantitative
variables (involucres and nuts morphometric characteristics) that maximally discriminated the
distinct refugia of hornbeam.
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Table 2. Average values and standard deviation (Mean + SD) of characteristics, MANOVA test and F statistics of
Carpinus betulus of morphometric measurements involucres and nuts in Lithuania. Numbers in bold and different let-
ters in the same row indicate significant differences at p < 0.05.

Morphometric traits Abbre- Units Mean+SD F value p

No viations Site 1 Site 2 Site 3

Measured parameters with WinFolia (2016)
Involucres

1 Length L cm  3.820+0.63  3.90+4.67 3.96+0.41  0.15 0.8577

2 Distance between top and outer DO cm 2.71+0.46 2.87+0.31 2.98+0.30  1.07 0.3555
base of the central lobe

3 Distance between top and inner DI cocm 299+0.53 3.17+0.35 3.26+0.35 1.03  0.3698
base of the central lobe

4 Width of the central lobe at the WC cm 1.02+0.11 1.03+0.13 1.06+0.11 0.26 0.7734
base

5 Angle of top of the central lobe AC ° 102.01+15.23 97.46+16.61 112.15+16.05 1.6 0.2167

6 Angle between central and outer ~ACO  ° 48.56+5.35 51.02+6.37 55.09+9.46 2 0.1522
lobes

7 Length of outer lobe LO ocm 1.98+0.42 1.85+0.26 1.76+0.28  0.95 0.3958

8 Distance between top and base DO om 0.75+0.19 0.71+0.09 0.70+0.18  0.43 0.6539
of outer lobe

9 Width of the outer lobe at the base WO cm  0.60+0.08 0.58+0.08 0.58+0.05 0.3 0.7427

10 Angle of top of outer lobe AO °  77.39+15.09 76.50+11.08 78.61+13.44 0.05 0.9503

11 Angle between central and inner ACI ° 49.27+£7.49 54.64+6.48 57.38+12.47 2.74 0.0794
lobes

12 Length of the inner lobe LI ecm 1.82+0.41 1.73+0.27 1.69+0.17  0.43 0.6523

13 Distance between top and base DI om 0.85+0.25 0.81+0.16 0.81+0.10  0.17 0.841
of the inner lobe

14 Width of the inner lobe at base WI  cm  0.53+0.06 0.53+0.06 0.53+£0.08 0.07 0.928

15 Angle of top of the inner lobe Al °  68.43+10.52 73.19+11.20 76.02+12.95 1.15 0.3291

Other measurements
Involucres

16 ~ Number of teeth of the central lobe  NC  psc. 1.92+1.24b 5.20+4.31a 2.10+0.86b 5.07 0.0122

17 Number of teeth of outer lobe NO psc. 040+£046b 1.17+0.84a 0.35+0.29b 6.35 0.0048

18  Number of teeth of the inner lobe ~ NI~ psc. 0.02+0.06b 0.45+0.48a 0.20+0.21ab 6.44 0.0044

Nuts

19  Length SL mm 7.02+0.72 7.30+0.50 7.02+0.68  0.88 0.4255

20  Width SW mm 5.53+1.64 5.78+0.57 6.07+0.46  0.45 0.6415

21 Thickness ST mm 3.09+0.22 3.25+0.37 3.29+0.40  1.23 0.3066

22 Number of edges SE  psc. 821+1.34 8.87+2.02 9.15£1.73  0.692 0.768

Counted characteristics

23 Involucre shape of central lobe L/WC 3.77+0.39 3.82+0.46 3.79+0.67  0.05 0.9558
(1/4)

24 Involucre shape of outer lobe LO/ 3.32+0.48 3.40+0.98 321+£0.60 0.14 0.8711
(7/9) wO

25  Involucre shape of inner lobe LI/WI 3.45+0.62 3.32+0.38 3.30+0.66 0.3 0.7453
(12/14)

26  Involucre outer lobe proportion L/LO 1.96+0.24b 2.12+0.16 ab 2.29+0.30a 4.78 0.0153
1/7)

27  Involucre inner lobe proportion L/LI 2.15+0.27 2.2940.20 2374029  2.07 0.1432
(1/12)

28  Involucre side lobe asymmetry LO/LI 1.10+0.08 1.09+0.11 1.04+0.09  0.61 0.552
(712)

29  Involucre asymmetry of side lobe DO/DI 0.91+0.03 0.91+0.02 0.91+0.03  0.18 0.8391
position (2/3)

30  Ratio of nut length and width SL/SW 1.194+0.12 1.28+0.13 1.16+£0.05  2.87 0.0715

(19/20)
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3 Results
3.1 cpDNA analysis

From 70 samples, the outcomes of the sequenced DNA fragments revealed only two haplotypes.
All populations were monomorphic with only one haplotype. The length of the lager and most
frequent haplotype was 492 bp. We found the second haplotype in populations 6 and 7 (Table 1)
from the Dugnionys forest district of Prienai RS and Poskonys forest district of Sal¢ininkai RS,
respectively. This haplotype has 24 bp deletion in positions 296-319 (Fig. 1). The total number
of nucleotide sites (excluding sites with gaps) was 468. From the outcomes of analysis using the
computer program DnaSP v.6.12, InDel haplotype diversity was 0,288+0,059 (SD), nucleotide
diversity (Pi) — 0,00308, InDel diversity per site, Pi(i) was 0,00059.
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3.2 Morphometric analysis

In the sampled populations, the average values of the measured characteristics are shown in Table 1.
Most of the 15 involucres measured characteristics (L, DO, DI, WC, AC, ACO, AO, ACI and AI)
are 2%—14% bigger at Site 3 than at Site 1 and Site 2. Five characteristics (LO, DTO, WO, LI, DTI)
were 2%—-20% bigger in Site 1. Nut characteristics SW, ST and SE were 1%—-10% bigger in Site 3.
Counted characteristics between all three sites varied from 1% to 14%. For most characteristics of
involucres and nuts, MANOVA tests showed that all mean vectors were equal (p>0.05). Despite
this, we identified statistical differences in four variables: NC, NO, NI, L/LO (p<0.05) (No 16, 17,
18, 26, Table 1). The canonical correlation was 0.904 (p=0.903), which was equivalent to Wilks’
lambda multivariate test. Fig. 2 displayed a plot of the first two canonical variables, showing that
Canl did not discriminate among sites. Can2 discriminates between Site 3 and the other sites.
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Fig. 2. A plot of the first two canonical variables of involucres and nuts morphometric traits of Carpinus betulus: 1 —
western site, 2 — south-eastern site, and 3 — intermediate site. A plot of canonical variables reveals their discriminant
power (in this case it is similar).
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4 Discussion

This study focuses on the hornbeam, widespread in the southern part of Lithuania and occupying
the northeastern edge of the hornbeam’s range. We used the psbA-trnH region to assess poly-
morphism in the hornbeam population. Although psbA-trnH is used to study species divergence
and distinguish different species of one genus (Sang et al. 1997; Kress et al. 2005; Yoo and Wen
2007; Techaprasan et al. 2010; Yuan et al. 2010), sometimes, the cpDNA region is also used to
detect intraspecific polymorphism. According to Yoo and Wen (2007), the length of the psbA-trnH
intergenic spacer in Coprinus and subfamily Coryloideae ranged from 374 bp to 466 bp. Yao et
al. (2009) found that the intraspecific variation among study Dendrobium species ranged from 0%
to 0.1%. Jiang et al. (2017) have found that this region is suitable for intraspecific polymorphism
studies. A recent study (Luo et al. 2021) has revealed the impact of environmental heterogeneity on
the Acer caudatifolium Hayata population genetic diversity and demographic structure in Taiwan
based on the analysis of two cpDNA regions (psbA-trnH and rpl16). Luo et al. (2021) have also
found a high diversity of chlorotypes in northern Taiwan and almost monomorphic in the southern
populations. Conversely, the psbA-trnH region was fixed based on the study of different cultivars
of Phoenix dactylifera L. (Al-Qurainy et al. 2011) and populations of blue honeysuckle (Lonicera
caerulea L.) (Naugzemys et al. 2022).

In our results, two different haplotypes were obtained in the Lithuanian hornbeam population.
The 6th and 7th populations (Dusnionys and Poskonys, Suppl. file S1) were in the southeastern part
of Lithuania and formed separate refugia. In Lithuania, we can distinguish two migration refugia
similar to that of Poland. Jentys-Szaferova (1958, 1960) mentions fossil species of hornbeam —
ancient species that appeared in Europe in morphologically differentiated form at the border of
the Oligocene and Miocene. The dominant type of hornbeam in the European Tertiary period, as
it is now, was a group of C. betulus. So far, all findings of this type are consistent with the current
European distribution of the hornbeam. Boratynski et al. (2007) confirmed this finding after con-
ducting research on the morphological characteristics of the nut involucres. A similar study was
conducted in France, where several different refugia were identified (Legay 1989), which confirmed
these two different refugia (south-eastern and western). Postolache et al. (2017) used polymerase
chain reaction-restriction fragment length polymorphism and fossil pollen data for hornbeam in
the Balkan Peninsula and Carpathian region, which identified three refugia: 1) the Dinaric Alps, 2)
the Rhodope and Pirin Mountains and 3) the Strandzha Mountains. Through the isopollen maps,
Ralska-Jasiewiczowa et al. (2004) found that the species migrated to Poland from the southeast
and west. Grivet and Petit (2003) found that one major haplotype occupied western and central
Europe (from Spain to southern Sweden) with all diversity restricted to south-eastern Europe.

We compared our morphometric data with the data provided by Boratynski et al. (2007),
but we did not obtain significant statistical differences between the morphometric characteristics,
except for No 1618 and 26 of involucres in obtained populations. The mean values of involucres
morphological characteristics of particular samples were slightly larger (No 1-4, 7-10, 12-15)
than those of Boratynski et al. (2007). Three characteristics (No 5, 6 and 11) were below average.
The number of teeth for two populations (1, 3) was smaller than the average, and one population
(2) was larger than the maximum means. In this study, involucres with many teeth were only in the
south-eastern population (Site 2), where there were differences in DNA sequence (Suppl. file S2).
By the study of Jentys-Szaferova (1958) the number of teeth is a character, which is variable not
only within a forest but also within an individual. Another interesting discovery by this author was
that the involucres of the fossil-type hornbeam are significantly smaller than those of the present. At
present, the hornbeam involucres are 3—5 ¢cm long, and the most common length found is 3.5 cm,
in our case it is 3.8-3.9 cm. The nuts of hornbeam in Miocene-Pleistocene period were smaller in
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1-2 mm than in novadays (Jentys-Szaferova 1960) and the length of nuts was average in 1 mm
longer in Lithuania sites than in Poland.

5 Conclusion

This study found two haplotypes of the psbA-trnH region in Lithuanian hornbeam populations,
which likely indicate a different migratory history of the study populations and makes this marker
potentially useful to assess the spread of hornbeam lineages. Hornbeam involucre showed significant
differences in four variables (NC, NO, NI, L/LO) between study populations. The findings about
the existence of polymorphism will be interesting for future research. Future studies should include
DNA samples from Poland and increase the number of samples by examining the morphological
characteristics of the hornbeam involucres in each population. The scientific information provides
new data for illuminating the natural history of European hornbeam populations and migration
in Europe.
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