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14Abstract

15Hybridization in Aconitum is a widespread phenomenon. However, the introgression between
16the diploid and tetraploid species is rare. We studied species of different ploidy in a mountain
17hybrid zone in the Tatra Mts (West Carpathians). In this paper, we aimed to identify the
18extent of introgressive hybridization using PCR-ISSR fingerprinting and chloroplast DNA
19(cpDNA) sequencing. The diploid and tetraploid species had different cpDNA haplotypes,
20and the triploid hybrid was stabilized on the tetraploid level. ISSR markers showed the locally
21pervasive introgression, but genetic introgressants were not morphologically changed.
22Principal Coordinates Analysis, NeighborNet clustering, and Bayesian inference showed
23close genetic links between individuals in the same population but populations were
24significantly genetically differentiated (FST = 0.129, p < 0.001). A genetic model of
25introgression via the triploid bridge was proposed. Genetic introgression does not seemingly
26pose a threat to species taxonomic identity. The genetic differences between the same species
27in different populations advocate for a web-of-life than a biological species concept. Genetic
28introgressants in the isolated mountain populations make each of them genetically unique.
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38Introduction

39 The genus monkshood Aconitum belongs to the evolutionary old family
40Ranunculaceae, order Ranunculales that emerged c. 115 million years ago (Magallon et al.
412015). Its phylogenetic history in Europe could be dated to the Late Tertiary (Boron et al.
422020).

43 Hybridization is a phenomenon common in plants that plays an important role as a
44creative evolutionary stimulus (Anderson and Stebbins 1954; Soltis and Soltis 2009, von
45Holdt et al. 2017), especially in phylogenetically young taxa (Baack and Rieseberg 2007). In
46this context, Aconitum breaks the rule because hybridization in this ancient genus is very
47often. It concerns both present hybrid zones (Sutkowska et al. 2013a; Ilnicki 2014), and
48historical reticulate evolution (Mitka et al. 2007) in effect of secondary contacts during
49Quaternary glaciations (Stebbins 1984; Durand et al. 2000; Adams 2015).

50 A special case of hybridization is the gene introgression from the species with a lower
51ploidy to the species with a higher ploidy level (Maceira et al. 1993; Petit et al. 1999; Henry
52et al. 2005) via the so-called triploid bridge (Buerkle et al. 2000; Husband 2004; Rieseberg
53and Willis 2007; Mallet 2007). It seems that a female tetraploid bridge via unreduced egg
S54cells is the major pathway to the formation of polyploids, as in Ranununculus
55kuepferi (Schinkel et al. 2017), and other species (Mallet 2007; Rieseberg and Willis 2007;
56Nemorin et al. 2013). The unreduced gametes may have had a major rule in the evolution of
57polyploids (Tayalé and Parisod 2013).

58 The other consequence of the process could be gene introgression from tetraploid to
59the diploid line (reverse triploid bridge). It was described in Aconitum (Sutkowska et al.
602017a) and in other species (Thorsson et al. 2001; Stdhlberg 2009; Bendiksby et al. 2011;
61Naczk et al. 2015). Hybrids between species of Aconitum species have combinations of
62morphological features of the parental species (Luo et al. 2005; Mitka and Starmiihler 2000,
63Sutkowska et al. 2013a). In the Carpathians, the hybrids between diploids (e.g., 4.
64 xpawlowskii, 1.e., A. variegatum x A. lasiocarpum), tetraploids (e.g., A. xnanum (A. fissurae
65 % A. bucovinense)), and between diploids and tetraploids (e.g., A. xberdaui, (A. firmum * A.
66variegatum)) were described, see www.ipni.org and Mitka (2003).

67 The genetic diversity of natural hybrids does not demonstrate any uniform pattern. For
68some of the hybrids, the variability is lower than for their parental forms, while for others it is
69much higher (Nielsen 2000; Sutkowska et al. 2013b). For example, the decreased diversity in
70natural hybrids formed in northern France between the allotetraploid Bromus benekenii and

71the allohexaploid B. ramosus was noted (Sutkowska et al. 2015a).


http://www.ipni.org/

72 Genetic introgression among diploid Aconitum species seems a widespread
73phenomenon. An example is a natural hybrid zone in the Beskid Niski Mts (Western
74Carpathians), where diploids A. lasiocarpum and A. variegatum reach the limits of the
75geographical distribution (Sutkowska et al. 2013b). In the sympatric zone, a spontaneous
76hybrid A. Xpawlowskii originates (Mitka and Starmiihler 2000). The parental species had
77distinct genetic ISSR profiles in allopatric populations. In the taxonomically mixed
78populations, many introgressive individuals of Aconitum were found. This process did not
79pose a substantial risk of extinction via genetic erosion, as in local endemics (Certner et al.
802015).
81 The introgression between diploid and tetraploid species in nature occurs rather
82sporadically. However, it is a relatively common process for Aconitum in the Tatra’s valleys,
83detected in hypervariable ISSR fingerprinting and cytogenetic analysis (Zielinski 1982,
84Sutkowska et al. 2017a, present study). In a previous study (Sutkowska et al. 2017a), we
85found that the cpDNA gene was transferred between tetraploid and diploids, the case we did
86not find in the present paper. Instead, we noted massive gene introgression based on nuclear
87DNA markers. The ISSR markers surprisingly revealed the greater genetic distance between
88two valleys than between particular taxa. One should expect that the representatives of the
89same taxon sampled at two different sites should be phylogenetically (genetically) closer to
90each other than the representatives belonging to different taxa. In our opinion, the result is a
91consequence of the various histories of the population at the ecological time and the spatial
92gene flow barriers. ISSR fingerprinting is a useful tool in resolving intra- and inter-population
93diversity of Aconitum species.
94 Some Aconitum species can be ancient hybrids originated in the Quaternary (Mitka et
95al. 2007) or even in the Neogene (Boron et al. 2020).
96 In this paper, we present the results of the molecular analysis of two isolated
97populations formed by three species of Aconitum: A. variegatum, A. lasiocarpum, A. firmum,
98and hybrids: A. xberdaui and A. Xpawlowskii. They are localized in the Tatra Mountains
99(Western Carpathians). The study aimed to check the extent of gene flow between isolated
100populations located in adjacent mountain valleys. We expect that the gene flow was hampered
101between the valleys due to a topographic barrier. An attempt was also made to determine the
102potential introgression and identification of cryptic hybrids in the mountain populations
103of Aconitum.
104 The monkshoods are mainly pollinated by bumblebees. For example, Klepacz-Baniak

105(2011) has shown that bumblebees in the mountains move only over short distances (200 -



106300 m from the nest). The plants are self-compatible and pollinated by geitonogamous pollen
107(Utelli and Roy 2000). All of these may prevent the transfer of alleles between even closely
108located populations. In the mountains, species of Aconitum usually occur along streams in
109deep valleys where populations are additionally isolated by ridges and mountain peaks. In
110effect, we expected that the two populations could have been characterized by different
111genetic profiles. The other question was to reveal the genetic identity of the particular species
112using two markers: microsatellite ISSR and plastid cpDNA #rnL"*9—ndhF. The knowledge of
113the population structure is essential to rare and endangered species and aids their protection
114measures.

115 The nomenclature and taxonomy of Aconitum follow: http://www.ipni.org; Starmiihler
116and Mitka 2001; Mitka 2003; Novikoff and Mitka 2011.

117

118Materials and Methods

119 Study species

120 Species of Aconitum are self-compatible, perennial plants pollinated by bumblebees
121(Utelli et al. 2000). Aconitum subgen. Aconitum in the Tatras consists of the diploids (2n =
12216): A. variegatum L., A. lasiocarpum Gayer subsp. kotulae (Pawl.) Starm. & Mitka, and the
123tetraploid (2n = 32) A. firmum Rchb. The crossings A4. firmum and A. variegatum form a
124partially sterile hybrid 4. xberdaui Zapat. (2n = 24, see Zielinski 1982, Wactawska-
125Cwiertnia, Mitka 2016), and 4. lasiocarpum and A. variegatum form a fertile hybrid A.
126 xpawlowskii Mitka & Starmiihl. (Mitka and Starmiihler 2000, Mitka 2003). Both diploids and
127their hybrids are forest - lower montane zone species, the tetraploid Aconitum firmum is a
128high-mountain species that occurs in the subalpine and alpine zones. A. firmum occasionally
129descends to forest montane zones along torrents (Mitka 2003). Here it inhabits man-made
130glades and tall-grass communities mostly linked to historical pastoral husbandry.

131

132 Study area

133 The ML valley is one of the valleys in the Western Tatra Mts (Western Carpathians),
134located in Poland (coordinates: N49.258889/E19.905) (Fig. 1). It is the only valley in Tatra
135Mts, which as a whole has been grooved in sedimentary rocks. Only a few ridges are covered
136with crystalline rocks (Radwanska-Paryska and Paryski 2004). This valley, except the lower
137part, has been shaped by glaciers. The stream appears only in the lower part of the valley

138(Matolacki stream). In the middle and upper valleys, no surface runoff exists. The central part



1390of the ML valley was formed on the site of a former glacial lake, which filled the recess
140caused by the terminal moraine. The lake was then buried by debris cones (Nyka 2003).

141 The northern part of the valley is covered by forests, and the middle part by spruce trees
142and meadows, which form subalpine forest vegetation. The southern part of the valley is
143mostly overgrown with dwarf pine Pinus mugo L.

144 The DM valley (coordinates: N49.255833/E19.893889) is located near the ML valley
145(Fig. 1) and consists of segments: Kobylarz (coordinates: N49.245833/E19.904167),
146Kobylarzowy Zleb (coordinates: N49.243056/E 19.909444) and Niznia Migtusia Rowien
147(coordinates: N49.258056/E19.893611). Almost the entire DM valley is made of sedimentary
148rocks - dolomite and limestone. In such a bedrock, typical karst phenomena develop,
149including underground water flow slots, the disappearance of water, and numerous caves. The
150lowest part is a typical river valley. Starting from the Niznia Migtusia Roéwien (subalpine
151forest glade), it forms a typical glacial valley (Cywinski 1996).

152 Kobylarz is a meadow at an altitude of about 1430 m. a.s.l. (above sea level), located on
153the eastern slopes of the DM valley. It is in a limestone area covered with rich calciphilous
154flora (Mirek and Pieko$-Mirkowa 2008; Radwanska-Paryska and Paryski 2004).

155 The Kobylarzowy Zleb couloir is a deep gorge with steep walls built of limestone rocks,
156cut in the past by the glacier. There are numerous typical mountain plants here, some of which
157grow only in the Tatra Mts (Mirek and Pigkos-Mirkowa 2008; Radwanska-Paryska and
158Paryski 2004) (Fig. 1).

159
160 Sample collection
161 Random samples of Aconitum (fresh leaves stored in silica gel) were collected from

1621010 m to 1400 m above sea level from individuals scattered along the ML and DM valleys
163(Fig. 1) in August of 2014. Altogether, 27 samples from the Dolina Matej Laki valley and 23
164samples from the Dolina Migtusia valley were collected (Tab. 1, Fig. 1). They represented the

1650verall number of species in the studied valleys.

166
167 DNA isolation and ISSR analyses
168 The ISSR (Inter Simple Sequence Repeats) method is applied in studies of

169phylogenetic, inter- and intra-population variation and phylogeographic research because the
170primers allow for the identification of numerous polymorphic loci in a single PCR reaction
171(Hansen et al. 2000; Li and Ge 2001; Ilnicki et al. 2011; Sutkowska et al. 2013a). ISSR
172methodology is based on highly polymorphic sequences of satellite DNA, consisting of



173nucleotide sequences tandemly repeated in thousands of copies (microsatellites) (Parker et al.,
1741998). PCR reaction products are segments of DNA that are located between regions
175including microsatellite sequences (Stepansky et al. 1999).

176 DNA was isolated from fully developed leaves without damage symptoms caused by
177insects and mold. DNA was extracted using Genomic Mini AX Plant (A and A
178Biotechnology). Six ISSR primers were used. The sequence of primers was taken from
179Stepansky et al. (1999; Sutkowska et al. 2013b) and are shown in Table 2. Amplification
180reactions were conducted on a 2720 thermal cycler (Applied Biosystems). Amplification was
181carried out with a 25 pl reaction mixture: 2.5ul 10-fold concentrated reaction buffer supplied
182by the Tag DNA polymerase manufacturer (Fermentas), 1.5 mM MgCl,, 0.19 mM of each
183dNTPs (Fermentas), 27 pmol primer, 100ng template DNA and 1.4 units of Taq polymerase.
184The annealing temperature for primers ISSR2, ISSR4, ISSR7 was 44°C, and for ISSRI,
185ISSR3, ISSRS, ISSR6 was 47°C. Optimal conditions for the reaction were as follows: initial
186denaturation: 94°C — 5 min., 42 amplification cycles: denaturation 94°C — 59 s., annealing
18744°C (47°C) — 59 s., polymerization 72°C — 59 s., final polymerization 72°C — 7 min. A
188negative control reaction without DNA template was included in each amplification. To
189confirm the results, 50% of the samples were amplified twice.

190 Products were subjected to electrophoresis in 1.5% agarose gel stained with ethidium
191bromide (50ul/100ml) at 100V about 1.5 h. Bands were observed and archived with
192Imagemaster VDS (Pharmacia — Amersham). Original software Liscap Capture ver. 1.0 was
193also applied.

194 For analysis of band patterns, GelScan ver. 1.45 (Kucharczyk TE) software was used.
195The creation of a calibration curve based on the band pattern of markers’ length (GeneRuler
196TM 100 bp - Fermentas) made it possible to determine the molecular weight of the resulting
197amplification products. ISSR reproducibility tests (Bonin et al. 2004) included within-plate (n
198= 12) and between-plate (n = 9) replicates independently analyzed from the DNA extracts.
199

200DNA sequencing
201 The undiluted DNA extracts were used as templates in the amplification of the
202trnL"Y*9-ndhF  region of chloroplast DNA with primers #nL(UAG) - 5’-

203CTGCTTCCTAAGAGCAGCGT-3" and ndhF — 5’-GAAAGGTATKATCCAYGMATATT-
2043’ (Shaw et al. 2007). The reaction was carried out in a total volume of 50 pl containing: 1%
205DreamTaq Green buffer (ThermoFisher Scientific); 3.5 mM MgCI2; 0.08mM of dNTPs;
2060.08uM of both primers; and 1u of DreamTaq DNA polymerase (ThermoFisher Scientific).



207 Amplifications were run on a T100 Thermal Cycler (Bio-Rad) with the following temperature
208profile: 5 min. of initial denaturation at 94°C; 25 touchdown cycles composed of 30 s at 94°C;
20930 s of decreasing annealing temperature (0.5°/cycle from 67.5°C in the 1% to 55°C in the 25
210cycle); 1 min at 72°C; and 20 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C; and 10
211min at 72°C for the final extension step. The amplification efficiency was verified by agarose
212gel electrophoresis and positive PCR products were purified with the Clean-Up DNA
213purification kit (A&A Biotechnology, Poland). For purified PCR products, the fragment of
214the trnLY"9-ndhF amplicon was sequenced with the internal primer V2 F — 5°-
215GTTCGCAAAGAACTGAAGTGAC-3’ (Boron et al., unpubl.). Sequencing was performed
216with a BigDye Terminator v3.1 Cycle Sequencing Kit (Life technologies, USA) on a T100
217thermal cycler (Bio-Rad) and a 3500 Series Genetic Analyzer (Life Technologies, USA)
218using standard protocols. The obtained sequences were processed and aligned with MEGA 6
219software (Tamura et al. 2013), followed by manual adjustment.

220 The sequences we deposited in GenBank with accession numbers KU314873 and
221KU314868.

222

223Data analysis

224 A total of 216 amplified DNA fragments were scored as a presence-absence allele
225matrix of binary data, 108 in the DM valley and 118 in the ML valley. The dominant ISSR
226data were analyzed by treating each class of genotypes as being effectively haploid alleles.
227Hardy-Weinberg equilibrium was assumed in the calculations of the indices of genetic
228diversity. STRUCTURE (Pritchard et al. 2000) was used to identify the genetically
229homogeneous groups of individuals. The software places individuals in K clusters
230characterized by a distinct set of allele frequencies at each locus. An admixture ancestry
231model was used and allele frequencies were correlated; 3 x 10° replicates of Markov chain
232Monte Carlo (MCMC) with a burn-in of 5 x 10* iterations gave a minimum number of
233interpretable genetic clusters for K = 3.

234 The matrix of samples and ISSR products, coded as binary (0-1) data, was used to
235calculate Nei and Li (1979) distances and the Neighbour Net (NN) ordination with SplitsTree
2364.12 software (Huson and Bryant 2006). Bootstrap values (BS) for clusters were determined
237in 1000 random runs. Additionally, Nei and Li distances were used for Principal Coordinates
238Analysis (PCoA) ordination with a Minimum Spanning Tree MST (Gower and Ross 1969)
239superimposed on the PCoA ordination to detect local distortions (Rohlf 1975). Calculations



240were performed with the use of the NTSYSpc ver. 2.11 multivariate analysis package (Rohlf
2412002).

242 An AFLP-SURV program (Vekemans et al. 2002) enabled an estimation of the
243frequency of null alleles based on a Bayesian method with a non-uniform prior distribution of
244allele frequencies, which reduces the bias of the square method (Zhivotovsky 1999). Statistics
2450f genetic diversity and population genetic structure were then computed strictly following
246the treatment of Lynch and Milligan (1994): genetic diversity within taxonomic groups was
247measured by the percentage of polymorphic bands (PLP), Nei’s (1973) gene diversity, or
248expected heterozygosity (4).

249 We estimated the number of private bands, defined as markers found only in one taxon.
250We calculate a genetic divergence index DW by computing ‘frequency-down-weighted
251marker values’ (Schonswetter and Tribsch 2005). For it, one-way ANOVA and post-hoc
252contrast (Tukey’s HSD test) were calculated with STATISTICA ver. 10 (StatSoft, Inc.) and
253Shannon’s index (/). The indices excluding Shannon’s / were calculated with AFLP-SURV,
254and index / with POPGENE ver. 1.32 (Yeh et al. 1999).

255

256Results

257 PCR-ISSR analysis resulted in 161 polymorphic loci. Data quality tests indicated high
258repeatability across the ISSR bands, above 97%. The total number of PCR-ISSR products
259generated by the primers varied from 23 to 28 in ML and from 14 to 30 in DM. The number
2600f bands generated by particular primers per individual varied from (1) 5-6 to 9-11 in ML and
261from 3-6 to 7-9 in DM. In the ML valley, the median of PCR products generated in
262individuals across particular primers varied between 6 and 9, and in the DM valley between 5
263and 8 (Table 2).

264 In the ML valley, A4. firmum (9 specimens), A. Xpawlowskii (7), A. variegatum (8), and
2650ne A. xberdaui occur. In the DM valley, 4. firmum (1), A. lasiocarpum (12), A. Xpawlowskii
266(12), and A. variegatum (3) were found (Fig. 1, Table 1). 4. Xpawlowskii in ML is an orphan
267hybrid (lack of 4. lasiocarpum).

268 The sequencing of the #rnLV*9—ndhF region of cpDNA revealed the presence of two
269types of cpDNA haplotypes of Aconitum in Europe, described in our previous papers (Mitka
270et al. 2016, Sutkowska et al. 2017a, Boron et al. 2020). They are distinguished by two unique
271indels. cpDNA type I is typical for tetraploids, and cpDNA type II for diploids. The triploid A.
272 xberdaui possesses, alternatively, both haplotypes. In this study, it had a tetraploid type of
273cpDNA haplotype.



274 The populations in the two valleys were genetically differentiated (Figs. 2 and 3,
275Table 3) - Fsrindex equaled 0.129 (p < 0.001). In ML valley, the genetic diversity indices
276were higher in comparison to DM valley, including Nei’s / (p < 0.001) and DW (p = 0.05)
277indices.

278 The first three Axes of PCO 1 - 3 explained 32.79% of the total ISSR genetic
279variability. In the ordination diagram, the two valleys DM and ML were separated along the
280PCoA 1 (Fig. 2). PCoA 2 discriminated A. lasiocarpum, and PCoA 3 A. firmum. In ML hybrid
281A4. xberdaui (BK1) was placed in an intermediate position between the tetraploid A. firmum
282and the diploid A. variegatum along PCO 3. The MST showed the connectivity between A.
283 xberdaui BK1 and a specimen of 4. xpawlowskii PK7 (Fig. 2).

284 The different genetic stocks in the two valleys were also confirmed by a main split
285(BS 70.2%) in the NN ordination (Fig. 3). In ML valley, hybrid A. xberdaui BK1 was
286genetically close to 4. xpawlowskii PK7 (BS 50.3%). Aconitum lasiocarpum and A.
287 xpawlowskii formed separate genetic groups in both mountain valleys.

288 STRUCTURE analysis was conducted separately for the valleys under study (Fig. 4A,
289B). In DM (Fig. 4A) genetic hybrids were: A. Xberdaui, A. firmum, and A. variegatum at
2901450-1800 m. A. xpawlowskii and A. variegatum formed distinct genetic groups. Aconitum
291variegatum VK6 shared the genetic group of A. xpawlowskii, and A. variegatum VK7 shared
292A4. firmum. A. firmum FK7 and FK8 were genetically introgressed with 4. Xpawlowskii.

293 In ML (Fig. 4B), three genetic populations were distributed among four taxa. The
294specimen of A. firmum FM1 was introgressed with 4. lasiocarpum genetic group, and three
295specimens of A. variegatum VM1-VM3 with A. firmum, similarly as 4. lasiocarpum LM1 and
296L.M3. Aconitum variegatum VM3 seems introgressed both with A. firmum and A.
297 xpawlowskii.

298 Ten specific PCR-ISSR products were found only in 4. lasiocarpum.

299

300Discussion

301General remarks

302 Genetic ISSR fingerprinting and its statistical analyses showed a clear difference
303between the examined populations in two adjacent mountain valleys. It could be seen both on
304the NN clustering dendrogram, where the distinction is supported by a high BS (70.2%), and
305in the PCoA ordination analysis along axis 1. A restricted or no gene flow between the valleys
306is the effect of the topographical barrier. Additionally, the bumblebees could not carry

307 Aconitum pollen in the mountains for longer distances (see Introduction). In mountain valleys,



308extrinsic dynamic processes, such as fluctuations in size including bottlenecks, invasions or
309founding events, ecological succession (Gray 1996), and today tourism and climate global
310change affect species’ populations. In the mountains, spatial barriers to gene flow have also
31l1great importance. For example, while studying the genetic structure of the marginal
312populations of Aconitum bucovinense in the W Bieszczady Mts (Polish Eastern Carpathians),
313two relict populations of the species, lying seven kilometers each of the others were
314genetically differentiated (p=0.024, AMOVA). It has practical significance in the formulation
3150f protection guidelines for rare and endangered Aconitum species (Boron et al. 2011).

316 In both populations, besides the pure species, hybrid specimens existed: A.
317 Xpawlowskii and A. Xberdaui. Their hybridogenous status is proved by their key
318morphological characters (Mitka and Starmiihler 2000, Mitka 2003), as well as ISSR markers.
319However, some of the taxonomically pure specimens seem to be cryptic (with the genetic
320admixture of alien ISSR /oci) introgressants (Labate and Robertson 2012; MclIntosh et al.
3212014; Beatty et al. 2015).

322 In our previous study on two endemic Aconitum species and their hybrids carried out
323in the whole Carpathians (Sutkowska et al. 2017b), an Analysis of Molecular Variance
324(AMOVA) revealed the highest percentage of variation attributed to the ISSR genetic group
325(22.6%), than to the three taxa (15.6%, all p < 0.001). In that case, ancient reticulations may
326conceal species’ genetic boundaries. Interestingly, the hybrid species (4. xnanum) had a
327distinct genetic profile, similarly as 4. xpawlowskii in the present study. Among the
328examined species of Aconitum in another valley of the Tatra Mts, the highest variability was
329found in 4. Xpawlowskii (Sutkowska et al. 2017a).

330

331Genetic introgressions

332 As was shown in our previous studies, 4. Xpawlowskii originates in the contact zone
333of the parental species (Sutkowska et al. 2013b). The hybrid nature of 4. Xpawlowskii in DM
334valley could be indicated by its close position to A. variegatum in the PCO and NN analyses.
335STRUCTURE analysis showed genetically specific groups of 4. variegatum, A. firmum, A.
336 xpawlowskii, and cryptic genetic hybrids. These cryptic hybrids in DM did not differ
337morphologically from the pure species. The degree of introgression in populations could be
338not reflected in the species morphology (Certner et al. 2020).

339 The individuals FK7 and FK8 of 4. firmum have fragments of the nuclear genome of
3404. *pawlowskii. Moreover, FK7, in addition to the genomes of A. firmum and A.

10 10



341 xpawlowskii, has part of the nuclear genome of A. variegatum. Similarly, A. variegatum
342(VKT7) has ISSR fragments common to A. firmum and A. xpawlowskii.

343 This result suggests that there were mixing of genomes, and one of the individuals has
344a genome composed of fragments from different ploidy levels.

345 At the molecular level (PCO and NN), A. xberdaui BK1 is a hybrid between A.
346firmum and A. Xpawlowskii, with the PCR-ISSR introgression directed to the latter
347taxon. According to the Linnaean taxonomy, Aconitum *berdaui was described as the hybrid
348between the tetraploid A. firmum and diploid 4. variegatum (Wactawska-Cwiertnia and Mitka
3492016). The present result shows that not only 4. variegatum, but other diploid species, such
350as 4. xpawlowskii, when crossed with 4. firmum, can produce a morphological form of A4.
351 xberdaui. Both NN and PCO analyses showed that 4. xberdaui BK1 and A.
352 xpawlowskii PK7 had similar nuclear genome composition. Seemingly, PK7 could have been
353one of the parental species to the hybridogenous A. xberdaui (see Figs. 2 and 3).

354 Likely, A. variegatum VK7, A. firmum FK7 and FKS8, are backrossed introgressants.
355The diploid 4. variegatum VK7 individual was introgressed mainly from A. firmum (similarly
356as VM1-VM3, LM1, and LM3). The tetraploid A. firmum FK7 and FK8 was introgressed
357from A. xpawlowskii, similarly as FM1 probably was introgressed by A4. lasiocarpum. In both
358cases, an intermediate triploid form must have been created that allows transferring alleles
359between various ploidy levels. In VK7, and also in VM1 — VM3 LM1, LM3 in ML, the gene
360flow was from the tetraploid to diploid species via the triploid (scenario “c”, Fig. 5).

361 Genetic introgression in Aconitum between various ploidies (diploid and tetraploid) in
362mountain hybrid zones was previously detected. For example, in another study carried out in
363the Tatra Mts we found a tetraploid cpDNA marker among diploids pointing to the reverse
364triploid bridge, i.e. introgression from tetraploid to diploids (Sutkowska et al. 2017a). The
365initial donor of the maternally inherited plastid DNA in a hybrid triploid was tetraploid A.
366firmum. The subsequent backcrossing involved monoploid (n = x) maternal gametes from a
367triploid (3x) line and normal paternal pollen of a diploid (2x) line (4. lasiocarpum, A.
368variegatum or A. x pawlowskii). In the second step, maternally inherited cpDNA was

369introgressed from the tetraploid to diploid species following recurrent backcrossing of the

370triploid (1x @ gamete) with the parental diploid (1xJ'gamete). In this way, the tetraploid
371specific cpDNA gene could be introgressed from the tetraploid to diploid species. This is a
372mechanism of the reverse triploid bridge (Sutkowska et al. 2017a).

11 11



373 Similarly, in this study we adopt the hypothesis that at first a triploid is formed
374through the union of gametes of a diploid and tetraploid species, using unreduced gametes of
375the diploid. Triploids produce an array of gametes with variable ploidy. In this respect, it is
376important that gamete ploidy (diploid or tetraploid) drives the subsequent origin and
377introgression of the diploid or tetraploid line. The subsequent backcrossing involved
378monoploid (n = 1x) gametes from a triploid line and regular gametes (n = 1x) of a diploid
379(scenario “c”, Fig. 5). In this respect, the introgressed specimens are represented by A.
380variegatum: VM1, VM2, VM3, and A. lasiocarpum: LM1, LM3 (see also Fig. 4B).-

381 We did not find, as in the previous study (Sutkowska et al. 2017a), the introgression of
382cpDNA, maternally inherited. Thus, probably the triploid was only a donor of pollen. It was
383postulated in a study carried out in the Tatra Mts by Zielinski (1982). According to the author
384triploid A. xberdaui can produce in 13% viable pollen. Such the triploid pollen could
385backcross both to diploid and tetraploid lines (Ramsey and Schemske 1998).

386 In the present study, the introgression was found among A. firmum/A. lasiocarpum/A.
387variegatum, or A. firmum/variegatum/A. xpawlowskii, in dependence on the local species

388pool. Because the tetraploid cpDNA marker was found in the triploid A. xberdaui, we infer
389that the hybrid formed probably a female triploid bridge with a triploid (3x @ gamete). In the

390second step, it could be backcrossed with diploid pollen (1x G gamete) (Schinkel et al. 2017).
391In this way, introgression via the triploid bridge was from diploid to tetraploid (scenario “b”
392in Fig. 5). Similarly, also in ML valley “a cryptic” triploid bridge could be postulated: cpDNA
393was transferred from a tetraploid individual to another tetraploid individual (Fig. 4 B) along
394with a part of the nuclear DNA from a diploid species (scenario “b”, Fig. 5)

395 The interesting is 4. variegatum VM3 possessed three genetic groups. It could be
396later-generation hybrid.

397

398Genetic diversity in populations

399 The ML valley population was genetically richer than the neighboring population DM.
4001t was probably affected by the presence of the genetically distinct 4. lasiocarpum. It was the
401only species that had private loci and thus the best genetically discriminated. A hybrid A.
402 xpawlowskii had not additive ISSR loci. They were found, for example, in natural hybrids
403between the forest grass species Bromus benekenii and B. ramosus (Sutkowska et al. 2015a)
4040t Phoenix canarienis and Ph. dactylifera (Gonzalez-Perez et al. 2004). The lack of additive

405genetic effects could be the result of the asymmetric introgression between the parental
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406species, and such an explanation has been postulated in a study on the hybrid zone of A4.
407lasiocarpum and A. variegatum in the Western Carpathians (Sutkowska et al. 2013b).
408Additionally, STRUCTURE outcomes formed separated genetic groups of 4.
409/asiocarpum and A. Xpawlowskii. Its distinct genetic profile and lack of ISSR genetic
410additivity suggests the existence of a mechanism that stabilizes the genetic constitution of the
411hybrid species. The similar result we found while studying the populations of Aconitum in
412another mountain valley in the Tatra Mts (Sutkowska et al. 2017a), and a natural hybrid zone
413in the Niski Beskids (Polish Western Carpathians, Sutkowska et al 2013b). This could be a
414result of the rearrangement of the hybrid genomes associated with their stabilization (Feldman
415et al. 1997; Warzecha et al. 2014). According to Hamilton and Miller (2018), recombinant
416introgressed genotypes may have direct implications in terms of species’ evolutionary
417potential and provide additional adaptive capacity.

418 Among the examined populations, the ML valley had the highest genetic diversity. The
419high within-population variability (PLP) and the high values of the genetic disparity index
420DW in ML could point to the presence of genetically distinct A. lasiocarpum due to its relic
421status or origin from different sources. Relatively low variability is characteristic of the DM
422population could be a result of the founder effect or genetic bottleneck. Some theoretical and
423empirical studies seem to suggest that the founder effects and bottlenecks can be both strong
424and frequent (Avise and Hamrick 1996) and can consequently determine the fate of species
425colonization in a new habitat (Barton and Charlesworth 1984; Carson and Templeton 1984,
426Sutkowska et al. 2015b). Furthermore, the occurrence on the edge of the geographical
427distribution could affect the population’s genetic structure. For example, two marginal
428populations of an endemic to the Eastern-Southern Carpathians 4. bucovinense Zapat. in the
429Western Bieszczady Mts. (Polish Eastern Carpathians), showed high genetic taxonomic
430divergence (p = 0.024), accompanied by the loss of genetic diversity indices (Shannon
431diversity index / and genetic divergence index DW), in comparison to the core population
432(Boron et al. 2011).

433

434Conclusion

435The crossing between species possessing different ploidy levels and, additionally, occurring
436in different mountain zones, is rarely observed (Sutkowska et al. 2017a). Crucial is the origin
4370f the triploid species 4. xberdaui. This and previous (Sutkowska 2017a) studies showed that
438the hybrid triploid could be both a donor of male and female gametes, however the latter

439seems rather a rare phenomenon. Taxonomically pure individuals in both Tatra’s valleys were
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4400ften genetic chimeras. More importantly, the populations differed significantly in adjacent
441valleys. It could be probably a compound effect of various genetic mechanisms including the
442founder effect, bottlenecks, and within-population gene transfer. As the amount of genetic
443information and species’ genetic profiles vary between valleys, we need a proper schedule for
444species conservation. In this case, it seems that species management and protection plans
445should be relayed rather within a web-of-life than a biological species concept (vonHoldt et
446al. 2017) and consider the extant genetic structure of the populations (Gray 1996).

447 Mosaic ancestry seems to be a pathway provides genetic variation for rapid adaptive
448evolution of a species in response to rapidly changing environments (Thomson et al. 2010,
449Hamilton and Miller 2016, Hiraschiki et al. 2021).

450 We found that in the triploid formation 4. Xpawlowskii was involved, extending in this
451way the array of putative parental diploids (4. variegatum), and supplementing the
452nothospecies taxonomic diagnosis (Mitka and Starmiihler 2000).
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Species Altitude above sea level Population Number of specimens Sample
A. firmum 1180 ML4 1 FM1
A. variegatum 1100 -1150 ML3 3 VMI - VM3
A. lasiocarpum 850 — 1050 ML1 11 LM1 - LMI11
A. xpawlowskii 950 - 1150 ML2 12 PM1-PM12
Total ML 27
A. firmum 1450 — 1800 DM3 4 FKS5 — FK8
A. firmum 1430 DM2 4 FK1 -FK4
A. xberdaui 1430 DM2 BK1
21 21
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A. variegatum 1430 DM2 5 VK1 - VK5
A. xpawlowskii 1430 DM2 5 PK1 - PK5
A. variegatum 1140 —-1200 DMI1 2 VK6 — VK7
A. xpawlowskii 1140 - 1200 DMI1 2 PK6 — PK7
Total DM 23
Grand Total 50

695

696Table 1. Aconitum specimens sampled in the Dolina Malej Laki valley ML and Dolina
697Migtusia valley DM in the Tatra Mts.
698

ML DM

Prime Primer

Number of PCR Rang Media Number of PCR Rang Media
T sequence

products e n products e n
ISSR1  (TC)sC 28 1-15 8.0 22 2-15 6.5
ISSR2  (AG)sT 26 1-20 7.5 27 2-23 40
issr3 (G99TO) 23 1-24 60 30 1-18 50
ISSR4  (ATG)s 25 1-19 4.0 18 1-23 20
ISSR7  (AC)T 23 1-22 6.0 14 1-23 9.0

699

700Table 2. The primers used in PCR, total number of reaction products generated by each
701primer, range, and median of PCR products per Aconitum individual in Tatra’s valley. ML —
702Mala Laka valley, DM — Migtusia valley.

703

704
Population n PLP h h(SD) DW  DW(SD) Fsr
A 23 52.2 0.165 0.012 3.21 0.67 0.129
B 24 62.1 0.201 0.012 3.63 0.74 ’
I-type error <0.001 0.05 < 0,001

705

706Table 3. Genetic diversity of Aconitum in the Dolina Mig¢tusia (A) valley and Dolina Mate;j
707Laki (B) valley (Tatra Mts) based on 161 ISSR loci. n — sample size, PLP — percentage of
708polymorphic loci, 2 — Nei’s gene diversity, 4(SD) — standard deviation of 4, DW — genetic
709disparity index, DW(SD) — standard deviation of DW. Statistical significance for DWW based
7100n one-way ANOVA and Tukey’s HDS post-hoc tests (p < 0.05) and for Hj on pairwise
711Student-¢ test with Bonferroni correction for the I-type error.

712

713
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