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A strongly modified habitat can be treated as “research field”, where microevolutionary
processes in plants take place and can be traced. One of such areas are railway tracks.
Difficult conditions for plant growth prevail there, including: insolation, water shortage and
pollutions. This leads to natural selection, which favors microevolutionary processes.
Geranium robertianum L. plants were tested, which occur on railway tracks (“track
populations”) and in forests (“forest populations”), of north-eastern Poland. Totally, the
phenotypic and genotypic diversity was checked in 20 track populations and 18 forest
populations. The aim of the research was to check what was the taxonomic rank of a
different biotype of G. robertianum, which is growing on the railway tracks in the village of
Waliły-Station. The plants from this population in comparison to other studied populations
were: smaller, had much smaller (about twice) and darker leaves with an increased level of
anthocyanins (higher by a few – over a dozen % from plants from other track populations
and about 50% from plants from forest populations). These features were preserved in the
next generation (F1). However, molecular studies (AFLP) showed that the population from
Waliły was not genetically distinct from other studied populations. The taxonomic rank of
G. robertianum plants from the track population of Waliły-Station should be described as
“form”. It is possible that this new form of G. robertianum plants could have arisen as a
result of the occurrence of epigenetic processes, which could increase the phenotypic
variability in G. robertianum and accelerate the adaptation of these plants to adverse
conditions. The obtained results are an example of the initial stage of the process of
microevolution in plants in anthropogenically transformed areas.
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11 ABSTRACT
12 A strongly modified habitat can be treated as “research field”, where microevolutionary 

13 processes in plants take place and can be traced. One of such areas are railway tracks. Difficult 

14 conditions for plant growth prevail there, including: insolation, water shortage and pollutions. 

15 This leads to natural selection, which favors microevolutionary processes. Geranium 

16 robertianum L. plants were tested, which occur on railway tracks (“track populations”) and in 

17 forests (“forest populations”), of north-eastern Poland. Totally, the phenotypic and genotypic 

18 diversity was checked in 20 track populations and 18 forest populations. The aim of the research 

19 was to check what was the taxonomic rank of a different biotype of G. robertianum, which is 

20 growing on the railway tracks in the village of Waliły-Station. The plants from this population in 

21 comparison to other studied populations were: smaller, had much smaller (about twice) and 

22 darker leaves with an increased level of anthocyanins (higher by a few – over a dozen % from 

23 plants from other track populations and about 50% from plants from forest populations). These 

24 features were preserved in the next generation (F1). However, molecular studies (AFLP) showed 

25 that the population from Waliły was not genetically distinct from other studied populations. The 

26 taxonomic rank of G. robertianum plants from the track population of Waliły-Station should be 

27 described as “form”. It is possible that this new form of G. robertianum plants could have arisen 

28 as a result of the occurrence of epigenetic processes, which could increase the phenotypic 

29 variability in G. robertianum and accelerate the adaptation of these plants to adverse conditions. 

30 The obtained results are an example of the initial stage of the process of microevolution in plants 

31 in anthropogenically transformed areas.
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35 INTRODUCTION
36 In the era of progressing environmental pollution, the processes of microevolution in 

37 plants inhabiting anthropogenic areas play a crucial role, as they may eventually lead to the 

38 emergence of new forms of plants. By microevolution we mean evolution at the population level, 

39 which concerns changes in time in the frequency of alleles in a given population. These changes 

40 appear as a result of mutation, natural selection, genetic drift or gene flow. It leads to 
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41 intrapopulation variability of the taxon. New adaptations are hereditary and increase the 

42 likelihood of survival and reproduction in a specific environment (Ernst, 2006; Hendry & 

43 Kinnison, 2001; Wierzbicka & Rostański, 2002).

44 The area where the microevolutionary processes can take place are railroad tracks. 

45 Threats caused by the functioning of the railway infrastructure are related practically with all 

46 components of the environment. Harmful substances polluting the ground in the vicinity of 

47 railway areas may pass from soils to plants found in surroundings of tracks and to other groups 

48 of organisms (Burkhardt et al., 2008; Wierzbicka et al., 2015; Wiłkomirski et al., 2011, 2012). 

49 The various use of railway areas is associated with a large diversity of contaminants of soil and 

50 plants in the vicinity of railway routes. These substances include: herbicides, heavy metals, 

51 PAHs, PCBs, and oil-derived substances. These contaminants can be associated with various 

52 types of activities carried out on the railway (Liu et al., 2009; Mętrak et al., 2015; Moret et al., 

53 2007; Schweinsberg et al., 1999; Thierfelder & Sandström, 2008; Torstensson et al., 2005; 

54 Zhang et al., 2012). Therefore, railway embankments can be considered as an extremely difficult 

55 environment for the occurrence of plants there. No less, this extremality and some isolation of 

56 railway embankments make that railway tracks seem to be an ideal place where, over time, 

57 microrevolutionary processes may occur in plants found in this anthropogenic habitat.

58 As a part of earlier research carried out in north-eastern Poland, the floristic composition 

59 of the vegetation occurring in the railway areas was analyzed and described  (Galera et al., 2011, 

60 2012, 2014). Among the species found in the railway tracks of north-eastern Poland, there was 

61 plenty of Geranium robertianum L plants. This is a herbaceous plant species with annual or 

62 biennal life cycle, although some authors suggest that this species can also be perennial (Tofts, 

63 2004). G. robertianum it is classified by Raunkiaer system as a hemicryptophyte or less 

64 frequently by some as a therophyte. It blooms and fruits simultaneously from May to October. 

65 Plovers of this plant appear several times a year. This species occurs almost all over the world. 

66 G. robertianum occurs mainly in deciduous forests, however, it can be found also in the areas 

67 such as: railway areas, slits in buildings or on agricultural wasteland (Bertin, 2001; Falinska & 

68 Piroznikov, 1983; Grime et al., 1988; Tofts, 2004; Vandelook & Van Assche, 2010).

69 This work describes studies conducted on G. robertianum plants from railway tracks and 

70 forests in north-eastern Poland. The aim of the research was to check what is the taxonomic rank 

71 of a different biotype of G. robertianum, which is growing on the railway tracks in the village of 

72 Waliły-Station. Thanks to these studies, a new knowledge was gained about the initial stages of 

73 plant microevolution in anthropogenic habitats.

74 MATERIALS & METHODS

75 Object and place of research

76 Geranium robertianum L. plants (Geraniaceae Juss.) were tested. During the field and 

77 laboratory studies, the phenotypic and genotypic diversity of 20 track populations and 18 forest 

78 populations was studied. The location of the G. robertianum populations studied was the railway 

79 line No. 37 Białystok – Zubki Białostockie (“track populations”) and direct vicinity of this line 

80 (“forest populations”), located in north-eastern Poland. For research three forest comparative 

81 populations were also used, from: Kampinoski National Park (Poland), from forest in western 

82 part of the city Lyon in France, and from forest between the villages Bodružal and Prikra in 

83 Slovakia (Fig. 1; Table 1).
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84 Seed germination tests and plant cultivation

85 The seeds of G. robertianum plants grown on railway tracks and in forests were 

86 colleceted in the years: 2008, and 2013–2015 from the studied areas. Before starting the 

87 cultivation, seed germination tests on Petri dishes were carried out for seeds from the studied 

88 populations. G. robertianum plants were first grown on Petri dishes in plant growth chamber for 

89 20–30 days (day: 22ºC for 16h and night: 20ºC for 8h). Then, seedlings were transferred to 

90 flowerpots with horticultural soil (Universal substrate of SUBSTRAL company). Then, the 

91 plants were grown for 6 months in the greenhouse, with a natural photoperiod (in the winter 

92 months, artificial lighting was used for 8h during the day), in temperature +25±5°C and at 

93 humidity 50±15%. Plants were regularly watered and fertilized with the Florovit preparation.

94 Biometric research of plants in the field

95 In the field, biometric studies of G. robertianum plants from selected 16 track populations 

96 and 13 forest populations were carried out (Table 1). The light intensity measurements were 

97 carried out in five selected locations of G. robertianum track population from the railway line 

98 No. 37 and in four locations of forest populations, with using a Digital Lux Meter LX1010B. 

99 Biometric measurements were used on adult individuals of G. robertianum. Morphological traits 

100 from randomly selected about 20 individuals from a given population were examined (a total of 

101 315 individuals from track populations and 250 from forest populations). The number of rosette 

102 leaves was counted and the size of rosettes of G. robertianum plants from the track and forest 

103 population was estimated. During the field studies, 10 leaves from three representative 

104 individuals from a given population were collected (a total of 30 leaves). In total, 480 plant 

105 leaves from track populations and 390 from forest populations were measured. The leaf area 

106 measurement was carried out in the program WinFOLIA Pro V 2007b (WINFOLIA 2007).

107 Biometric research of plants from greenhouse cultivations

108 Biometric studies of G. robertianum plants from selected track and forest populations, 

109 grown simultaneously in the greenhouse, were also carried out (Table 1). Morphological traits 

110 from randomly selected, about 35 individuals from each population were examined. Biometric 

111 measurements were carried out twice – when the plants were 3 (measurement I) and 6 months 

112 old (measurement II). Biometrics research has been divided into two stages. G. robertianum 

113 plants from the track populations from Waliły-Station and forest populations from Zajezierce 

114 were selected for the first stage of the research, grown from seeds harvested in different years: 

115 2008, 2013-2015 (total number of tested individuals – measurement I: track populations n=150 

116 and forest n=120, measurement II: track populations n=150 and forest n=119). In the second 

117 stage of research, G. robertianum plants were compared from selected 13 track populations and 6 

118 forest populations, whose seeds were collected in year 2013 (total number of tested individuals – 

119 measurement I: track populations n=409 and forest n=96, measurement II: track populations 

120 n=408 and forest n=93).

121 The appearance of plants was evaluated, the number of rosette leaves was counted in 

122 individuals in a given population and length of petioles was measured – 5 (I measurement) and 

123 10 (II measurement) petioles of the largest leaves per individual. In the case of plants from 

124 Waliły and Zajezierce grown from seeds collected in various years, a total number of examined 

125 plant leaves was as follows – measurement I: from track populations n=750 and forest n=600, 

126 measurement II: from track populations n=1500 and forest n=1190. For population studies from 

127 year 2013, total number of examined plant leaves was as follows – measurement I: from track 
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128 populations n=2045 and forest n=480, measurement II: from track populations n=4080 and forest 

129 n=930. 

130 The leaf area measurement was also carried out in the program WinFOLIA Pro V 2007b 

131 (WINFOLIA 2007). The 5 leaves were collected from 10 six months old individuals (a total of 

132 50 leaves) from each population. For the study of the population from Waliły and Zajezierce 

133 from various years, 250 plants leaves from track populations and 200 plants leaves from forest 

134 populations were taken. For the study of the populations from year 2013, the 600 plants leaves 

135 from track populations and 250 plants leaves from forest populations were taken.

136 Measurement of anthocyanin content in plants

137 The analysis of anthocyanins content in the leaves of plants G. robertianum from the 

138 track and forest populations was performed with use of the method described by Mancinelli et al. 

139 (1988), Bieza & Lois (2001) and Lei et al. (2011). Ten plants from each selected populations 

140 were chosen for the analysis. Each sample consisted of 50 mg of fresh plant material from 

141 selected populations. The material was homogenized by immersing the tubes with samples in 

142 liquid nitrogen and then fragmentation with a glass baguette. The samples were extracted with 

143 500 µl 1% (v:v) HCl in methanol and incubated overnight. The next day, 500 µl of distilled 

144 water and 1 ml of chloroform were added to the samples for removal of the chlorophyll. After 

145 centrifugation for 5 minutes at 13 000 g, the upper aqueous phase (“FW”) was used for 

146 spectrophotometric quantification at λ=530 nm (Shimadzu). A blank test was prepared 

147 analogously. The relative anthocyanin contents were expressed as A530·g-1 FW.

148 Statistical analysis

149 Statistical analyzes were performed using the STATISTICA program, version  13.1. 

150 (StatSoft, Inc.). For comparison of plants in many groups a non-parametric Kruskal-Wallis test 

151 was used, while comparing two groups the U Mann-Whitney test was used for two independent 

152 samples (α=0.05 or α=0.01). In order to check the similarity of plants in the studied populations 

153 of G. robertianum in terms of anthocyanin content in leaf blades and petioles, principal 

154 components analysis (PCA) were done, in two-dimensional space.

155 Genetic research

156 In the field, samples (leaves) from 10 individuals were collected from each of the studied 

157 G. robertianum populations. Samples were collected in a linear transect with a meter distance 

158 between each individuals. Also, after completion of glasshouse cultures, samples for molecular 

159 research were taken from each plant. The leaves were then dried and stored in silica gel (Table 

160 1).

161 For genomic DNA isolation samples of dried leaf tissue were used (20–25 mg). Ten 

162 individuals from every population of G. robertianum were taken for testing. DNA isolation was 

163 carried out using the NucleoSpin® Plant II kit, Machery-Nagel company, according to the 

164 protocol (Machery-Nagel, 2014). Before DNA isolation, plant tissues were homogenized with 

165 using liquid nitrogen. Samples stored in the freezer (temperature –20°C). The concentration of 

166 isolated DNA was measured in the samples at λ=260 nm (ng/µl), absorbances (A260) and the 

167 purity factor was determined (A260/A280) with using NanoDrop Lite (Thermo Scientific), 

168 according to the protocol. The quality of the isolated DNA was also checked electrophoretically 

169 using gel electrophoresis in 1% agarose gel.
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170 The study of genetic structure of G. robertianum track and forest populations and spatial 

171 patterns of genetic diversity between analyzed populations were made using the AFLP technique 

172 (Amplified fragment length polymorphism). The AFLP procedure was performed based on the 

173 methodology presented in the works Ernst et al. (2013), Vos et al. (1995) and Hayashi et al. 

174 (2005). The primers were chosen based on work Ernst et al. (2013). A combination of 4 selective 

175 primers was used: EcoRI-AAC/MseI-CAG, EcoRI-AAG/MseI-CTA, EcoRI-ATC/MseI-CTC and 

176 EcoRI-ATG/MseI-CGG (Thermo Scientific). The sequences of all adapters and primers are 

177 shown in Table 2. The selective amplification products were separated by capillary 

178 electrophoresis (Applied Biosystems, HITACHI 3500 Genetic Analyzer) with fluorescent dyes 

179 WellRED detection (FAM or HEX). They were compared against the internal size marker 

180 GeneScan-500 ROX (Thermo Scientific). For the performance of capillary electrophoresis, a 

181 mixture was prepared with the composition as follows (volume per 1 sample): 8.85 µl HiDi 

182 (formamide) (Thermo Scientific), 0.15 µl internal size marker GeneScan-500 ROX (Thermo 

183 Scientific) and 1 µl diluted earlier (twenty times) selective amplification product. The data 

184 obtained was presented using a binary matrix (265 loci), compiled in table in the program 

185 GeneMapper. During the tests, NTC (no template controle) was always carried out. The quality 

186 of amplified DNA fragments after PCR reactions, for randomly selected samples were checked 

187 using horizontal electrophoresis in a 1% agarose gel. To verify that the obtained results are 

188 reliable, the entire AFLP procedure was repeated for randomly selected 10% of the samples 

189 (along with repetition of DNA isolation). The obtained results were repeatable.

190 Molecular data analysis

191 The matrix obtained from the GeneMapper program has been divided in such a way that 

192 two matrices are created, consistent with the division of the studied populations used in 

193 morphological studies (Table 1). The matrix 1 included selected track and forest populations 

194 from the studied area and forest comparative populations from Poland (KPN) and France. The 

195 matrix 2 contained separately track populations from Waliły-Station and forest populations from 

196 Zajezierce, for which individuals for test were grown in a greenhouse from seed collected in 

197 different years. In both matrices there was a track population from Waliły and forest from 

198 Zajezierce described by Wierzbicka et al. (2014).

199 To estimate the level of genetic variability in the studied populations of G. robertianum 

200 the program AFLP-SURV 1.0 (Vekemans, 2002) was used. The basic parameters of genetic 

201 diversity of all studied populations were calculated, such as: number and share of polymorphic 

202 loci, genetic diversity factor (Nei & Li, 1979). An additional measure of divergence was also 

203 calculated – DW parameter – frequency-down-weighted marker values (Schönswetter & Tribsch, 

204 2005). To calculate the Nei’s genetic distance program AFLP-SURV 1.0 was used.

205 To establish the genetic structure patterns in the studied populations, Bayesian grouping 

206 methods were applied. Each of the individuals was probabilistically classified into one of the K 

207 subpopulations. Data analysis was performed in the STRUCTURE 2.3. program (Falush et al., 

208 2003, 2007; Hubisz et al., 2009; Pritchard et al., 2000). Output files for individual matrices were 

209 prepared in the AFLP-SURV 1.0. program. For analyzes in the STRUCTURE program no 

210 admixture model and uncorrelated allele frequencies was used. The most probable model of the 

211 genetic structure for the studied populations was estimated ad hoc. The maximum value of the 

212 ΔK/K function was calculated based on the LnP(D) function, which was plotted based on the 

213 results obtained after the simulation. The K levels were considered significant, for which the 

214 ΔK/K function assumed values significantly different from zero. Simulations were carried out for 
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215 the tested matrices individually. The likelihood of occurrence from 1 to 15 (matrix 1) or from 1 

216 to 7 (matrix 2) of possible values of the K function was tested, making 10 iterations for each K. 

217 The Monte Carlo method based on MCMC (Monte Carlo Markov Chain) was applied, using the 

218 following parameters: the length of the period burn-in of Markov chain 50 000 and number of 

219 MCMC generations 500 000 (Evanno et al., 2005; Kuta et al., 2014; Wąsowicz et al., 2014).

220 The SplitsTree4 program, version 4.14.4, was used to examine general genetic 

221 relationships between G. robertianum populations (Huson & Bryant, 2006). Unrooted trees were 

222 constructed using the Neighbor-Joining algorithm (NJ) (Saitou & Nei, 1987), based on the test 

223 matrices. The output files for analysis in the SplitsTree program were obtained using the FAMD 

224 program, version 1.31. (Schlüter & Harris, 2006). A consensus NJ tree was created, where clades 

225 occurring in more than 50% of generated dendrograms were taken into account. Reliability of 

226 clades received dendrograms was estimated using the bootstrap method using 1000 repetitions 

227 (Felsenstein, 1993). Distribution of genetic variation within population and between population 

228 groups of forest and track G. robertianum populations was tested using molecular analysis of 

229 variance. The AMOVA analysis was carried out in the Arlequin 3.5. program (Excoffier & 

230 Lischer, 2010). The statistical significance of the respective fixation indices was tested with 10 

231 000 permutations (Excoffier et al., 1992). The output files for the Arlequin program were made 

232 in the FAMD program.

233 RESULTS

234 Habitat conditions prevailing on the railway tracks and in the forests nearby

235 Habitat conditions prevailing on railway tracks were completely different from those 

236 found in forests. An important factor distinguishing both types of habitats was the intensity of 

237 light. In track locations it was 8 times higher (80 000 lx) than in forest locations (10 000 lx), 

238 where G. robertianum plants were found.

239 On the railway tracks near Białystok (the beginning of the railway line No. 37) and in the 

240 vicinity of Waliły-Station (middle of line No. 37) were a lot of large populations (several 

241 hundred individuals) of G. robertianum plants. Whereas on the other sections of line No. 37, in 

242 areas where there are no major towns, the occurrence of G. robertianum plants was limited to a 

243 few populations – mostly large (several hundred individuals) or medium size (up to ~ 100 

244 individuals). On the railway tracks, larger populations of G. robertianum occurred both in well-

245 sunlit places (e.g. Białystok Fabryczny and Waliły-Station), as well as in positions that were 

246 partly shaded by the immediate vicinity of the deciduous forest. G. robertianum plants on the 

247 tracks usually did not occur when there were only coniferous forest in the vicinity of the tracks. 

248 G. robertianum was also not observed when grassy vegetation occurred on tracks and trees 

249 entered on the tracks.

250 In proximity of railway line No. 37, the coniferous forests were a dominant type of 

251 vegetation, consisting mostly of Pinus sylvestris and Picea abies planted by human. No G. 

252 robertianum plants were observed there. In rare cases, the occurrence of G. robertianum was 

253 observed (usually very small populations – up to ~ 50 individuals or single individuals) in forests 

254 next to the studied railway line, but only where there were deciduous trees near the tracks. Larger 

255 populations (from 50 to several hundred individuals) of G. robertianum were observed in forests, 

256 at some distance from the tracks (often along forest roads and glades). These were places where 
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257 in a forest stand deciduous trees prevailed – most often hornbeam forest species, rarely other 

258 habitats, e.g. alder woods.

259 Comparison of G. robertianum plants found in the field, on railway tracks and 

260 in forests (F0 generation)

261 Leaf colour

262 Plants occurring on railway tracks had much more reddened leaves than plants from 

263 forest populations. The sunnier railway tracks habitat, the redder the leaves were. Most of the 

264 plants from the track population present in well-sunlit sites – about 70% – had intensely red leaf 

265 blades, and about 20% of the plants had reddish leaves at the ends of the leaf blades. Also leaf 

266 petioles in plants from the track population were intensely red (Fig. 2a). In the case of plants 

267 from the forest population, almost 100% of the individuals had intensely green leaf blades and 

268 petioles (Fig. 2b).

269 Number of leaves

270 The number of rosette leaves in G. robertianum plants occurring on tracks was usually 

271 between 15 and 20 leaves. Taking into account all G. robertianum plants from the track 

272 population in rosettes of these plants an average of about 14 leaves was observed. In forest 

273 populations an average of about 6 leaves were observed in rosettes. In track populations, there 

274 were individuals with twice as much  leaves in rosettes, when compared to forest populations, 

275 and the difference was statistically significant (Fig. 3).

276 Size of plants

277 Rosettes of G. robertianum plants from the population found on railway tracks were 

278 smaller compared to rosette plants from forests – both in terms of plant height and leaf spans in 

279 rosettes. In G. robertianum populations from railway tracks, medium-sized individuals (plant 

280 height: ~ 15 cm, leaf span: ~ 20 cm), small (plant height: ~ 10 cm, leaf span: ~ 15 cm) and very 

281 small individuals (plant height: ~ 5 cm, leaf span: ~ 10 cm) were the most common – in total 

282 they were usually over 50–60% of individuals in a given population. Most individuals with very 

283 small rosettes were observed in the population from the village Waliły-Station, from the point 

284 near the railway station (Wal3). In G. robertianum populations from forests few individuals were 

285 observed with small and very small rosettes. The vast majority were here medium and large 

286 individuals (plant height: ~ 20 cm, leaf span: ~ 25 cm) – a total of about 60% of individuals in a 

287 given population. In forest populations were also observed very large individuals (plant height: ~ 

288 25–30 cm, leaf span: ~ 30–40 cm) (Fig. 4).

289 Area of leaf blades

290 The leaf blades of G. robertianum plants from the track population were significantly 

291 smaller than plants from forest populations (Fig. 5). The plants from Waliły-Station (Wal3)  had 

292 the smallest leaf blades among the track populations.

293 Comparison of track populations from Waliły-Station with forest populations 

294 from Zajezierce, grown from seeds collected in different years (F1 generation)

295 As part of the next stage of the research, it was checked whether the differences observed 

296 during field studies between the track and forest populations of G. robertianum would also occur 

297 in the next generation (F1). Track populations from Waliły-Station were used: Wal-St (2008), 

298 Wal3 (2013), Wal3 (2014), Wal-St-r (2015), Wal-St-n (2015), and forest populations from the 
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299 forest behind Zajezierce village: Zaj-L (2008), Zaj-L (2013), Zaj-L (2014), Z-Las (2015). Plants 

300 were grown from seeds collected in different years – 2008 (7-year-old seeds), 2013 (2-year-

301 olds), 2014 (annual) and 2015 (seeds ~ 2-monthly).

302 Seeds germination

303 The highest percentage of germinating seeds was observed in the track population Wal-St 

304 (2008) – 69% (7-year-old seeds). Compared to the forest population of Zajezierce from 2008, the 

305 percentage of germinating seeds in the population of Wal-St (2008) was three times higher. In 

306 the case of forest populations, the highest percentage of germinating seeds was observed in 

307 populations of 2013 (49%) and 2014 (48.5%) – 2-year-old and annual seeds (Fig. 6). Both for 

308 track populations from Waliły and forest populations from Zajezierce, it was observed that the 

309 shorter time was between sowing seeds (the test was conducted in 2015) and their gathering, the 

310 seeds are less germinated. The exception was 7-year-old seeds from the forest population, which 

311 was characterized by a lower germination force than 2-year-old seeds and annual from 

312 Zajezierce (Fig. 6). It has been shown that seeds derived from plants from the track population 

313 retain their ability to germinate for several years more than the seeds of plants from forest 

314 populations. The shorter was time between harvesting seeds and sowing them, the less they 

315 germinate.

316 Size of plants

317 From all the studied populations, G. robertianum plants from the track population Wal-St 

318 (2008) stood out the most – they were lower compared to plants from other track and forest 

319 populations. Compared to plants from forest populations, plants from the population of Wal-St 

320 (2008) had a different shape – their rosettes had a smaller spread (Fig. 7a). Leaf blades of G. 

321 robertianum plants from the population of Wal-St (2008) were smaller and more strongly cut as 

322 compared to plants from other populations (Fig. 7b).

323 Number of leaves, length of petioles and height of plants

324 After 3 months of cultivation, the number of leaves in rosettes of G. robertianum plants 

325 from all of track populations from Waliły-Station was about 20 leaves, while in plants of forest 

326 populations from Zajezierce – about 17 leaves (statistically significant differences). After 6 

327 months of breeding, the number of leaves in rosettes of G. robertianum plants from all of track 

328 populations was about 34 leaves, while in plants from all forest populations – about 30 leaves 

329 (statistically significant differences). For three months between the measurements in both types 

330 of population occurred quite similar increase in the number of leaves, slightly smaller in the case 

331 of forest populations. Both, after 3 and 6 months, the most leaves in rosettes among the studied 

332 track and forest populations had plants from the population of Wal-St (2008) – 24 and 39 leaves, 

333 respectively.

334 Length of leaf petioles in G. robertianum plants from all track populations from Waliły-
335 Station, after 3 months was about 15 cm, and in plants from all forest populations from Zajezierc 

336 – about 16.5 cm (statistically significant differences). After 6 months, the length of leaf petioles 

337 in plants from all track populations was about 17 cm, while in plants from all forest populations 

338 it was about 15 cm (statistically significant differences). The lengths of leaf petioles within track 

339 populations from Waliły-Station were similar.

340 After 3 months of cultivation, the height of G. robertianum plants of track populations 

341 from Waliły-Station was 13.48 cm, and in plants of forest populations from Zajezierce 12.36 cm 

342 (differences statistically insignificant). After 6 months of cultivation, the height of G. 
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343 robertianum plants from track populations was 16.00 cm and in plants from forest populations 

344 12.25 cm (statistically significant differences). It was observed that for 3 months there was a 

345 slight growth of plants from track populations, but no plant growth from forest populations was 

346 observed. The height of plants within track populations from Waliły-Station was similar.

347 Area of leaf blades

348 Leaf blades of G. robertianum plants from track population Wal-St (2008) were 

349 significantly smaller compared to leaf blades of plants from forest populations as well as plants 

350 from other track populations (Fig. 8). However, the size of leaf blades in plants from forest 

351 populations of Zajezierce in comparison to leaf blades in plants from track populations of 

352 Waliły-Station, bred from seeds harvested in 2013-2015, were quite similar.

353 Leaf colour and anthocyanin content in leaves

354 Plants from the population Wal-St (2008) were distinguished by the dark green color of 

355 ventral side of the leaf blades and dark pink color of dorsal side of leaf blades and petioles. The 

356 leaves of G. robertianum from populations of Waliły from the following years did not have such 

357 an intense, dark color. The leaves of plants from forest population of Zajezierce were mostly 

358 bright and medium green (Fig. 7b).

359 Plants from the track population Wal-St (2008) contained the most anthocyanins in leaves 

360 – both compared to other track populations from Waliły and forest populations from Zajezierce. 

361 Higher anthocyanin content was in plants from track populations compared to the forest 

362 populations – statistically significant differences (Fig. 9). PCA analysis was performed in terms 

363 of content anthocyanins in the leaves of G. robertianum plants from track populations from 

364 Waliły and forest from Zajezierce. Variables were the relative content of anthocyanins in leaf 

365 blades and petioles. It was shown that studied populations can be divided into four groups: (1) 

366 plants from forest populations from Zajezierce with the lowest anthocyanins content in leaves; 

367 (2) plants from the Wal3 (2013), Wal3 (2014) and Wal-St-n (2015) track populations – average 

368 anthocyanin content; (3 and 4) plants from the population of Wal-St-r (2015) and Wal-St (2008) 

369 – the highest anthocyanins content in the leaves (Fig. 10).

370 Comparison of G. robertianum plants from different populations, grown in a 

371 greenhouse under the same conditions (F1 generation)

372 As part of the next stage of research, plants from different populations cultivated in a 

373 greenhouse, in the same conditions were examined. Seeds were collected in 2013 (F1 

374 generation).

375 Seeds germination

376 The highest percentage of germinating seeds of G. robertianum plants (~ 60%), sown 

377 several months after harvest in 2013, was observed in the track populations at the beginning of 

378 the railway line No. 37 (BF, B-Z2) and in the forest population from France. In track populations 

379 the percentage of germinating seeds ranged from 20 to 60% and for forest populations in the 

380 range from 3 to 20%. It has been shown that plant seeds from track populations, in most cases 

381 germinate better than plant seeds from forest populations.

382 Number of leaves, length of petioles and area of leaf blades

383 After 3 months of cultivation, the average number of leaves in rosettes of G. robertianum 

384 plants from all track and forest populations, grown from seeds collected in 2013, was about 12 

385 leaves. After 6 months, plants from track populations had about 38 leaves and plants from forest 
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386 populations about 37 leaves. These differences were statistically insignificant. After 3 months of 

387 breeding, the length of leaf petioles in G. robertianum plants from all track populations was 

388 about 9 cm and in plants from forest populations – about 10 cm (statistically significant 

389 difference). After 6 months, the length of leaf petioles in plants from the track population was 

390 20.09 cm and in plants from forest populations – 19.67 cm (statistically insignificant difference). 

391 Average dimensions of leaf blades in G. robertianum plants from forest populations in relation to 

392 leaf blades in plants from track populations, were quite similar and the observed differences in 

393 most cases was not statistically significant.

394 Leaf colour and anthocyanin content in leaves

395 Because previously tested parameters did not allow for a clear division of track and forest 

396 populations into two groups, two additional populations were added for further analyses, 

397 including the populations described by Wierzbicka et al. (2014) – plants from Waliły-Station 

398 which seeds were collected in 2008 and 2015.

399 G. robertianum plants from track populations had slightly darker leaves compared to 

400 plants from forest populations. Plants of track population Wal-St (2008) from Waliły-Station, 
401 were clearly different from any other studied populations. Their leaves, regardless of their age, 

402 were dark green on the ventral side of the leaf blades, while the dorsal side of the leaf blades was 

403 dark pink.

404 The content of anthocyanins in the leaves of G. robertianum plants was tested, from 

405 selected track populations: Waliły-Station – Wal-St (2008) and Wal-St-r (2015), Białystok 

406 Fabryczny (BF), Zubki Białostockie (ZB), and from forest populations: Zajezierce (Zaj-L) and 

407 Gródek (Gr-L1). Both, in case of leaf blades and petioles of G. robertianum plants from 

408 individual populations, a higher level of anthocyanins was found in track populations than in 

409 forest populations (statistically significant differences). The highest level of anthocyanin in the 

410 leaves was observed in the track population Wal-St (2008) and the lowest in the forest 

411 population Gr-L1 (Fig. 11). Based on the results, the PCA analysis was performed. It was shown 

412 studied populations can be divided into three groups: (1) plants from the forest populations Zaj-L 

413 and Gr-L1 – the lowest anthocyanins level in the leaves; (2) plants from the track populations 

414 ZB, Wal-St-r (2015) and BF – the average amount of anthocyanins in the leaves; (3) plants from 

415 the track population Wal-St (2008) – the largest content of anthocyanins in leaves (Fig. 12).

416 Genetic studies of G. robertianum plants from track and forest populations

417 Genetic tests were carried out to check whether the observed differences between G. 

418 robertianum plants from the track populations (in particular populations from Waliły-Station) 
419 and plants from forest populations had a genetic basis. In matrix 1 were selected track and forest 

420 populations from the studied area as well as forest comparative populations from the Kampinos 

421 National Park (KPN) and France. Matrix 2 contained only track populations from Waliły-Station 

422 and forest populations from Zajezierce, which individuals were grown in a greenhouse from 

423 seeds collected in different years for our research.

424 Basic parameters of genetic diversity

425 In matrix 1, the highest number of polymorphic loci was found in population ZB-L – a 

426 population located near the end of railway line No. 37. Then the highest number of polymorphic 

427 loci was found in the Zaj-L (2008), ZB and Wal-St (2008) populations respectively. In these 

428 populations, the highest proportion of polymorphic loci and the highest expected heterozygosity 

429 were also found. In the case of the DW parameter, in matrix 1 it was the highest in population 
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430 Zaj-Las (2008) – the population located in the forest near middle of the railway line No. 37. The 

431 DW parameter was also high in the ZB, Wal-St (2008) and ZB-L populations (Tab. 3).

432 In matrix 2, the populations from Zajezierce and Waliły-Station 2008 and 2013 was 

433 characterized by a higher number of polymorphic loci in comparison to populations from 

434 Zajezierce and Waliły 2015. Populations Zaj-L (2008) and Zaj-L (2013) were characterized by a 

435 higher number of polymorphic loci than Wal-St (2008) and Wal3 (2013) populations. Similar 

436 results were obtained also for other tested parameters of genetic diversity: proportions of 

437 polymorphic loci, expected heterozygosity and DW parameter (Tab. 3).

438 Genetic structure

439 In matrix 1, the values of the Nei genetic distance between pairs of the studied 

440 populations were very low (below 0.02). The lowest value of the genetic distance between pairs 

441 of population for matrix 1 occurred for a pair: ZB – track population from the end of the line No. 

442 37 and ZB-L – forest population located near the population of ZB. In matrix 1, the value of the 

443 Nei genetic distance was also very low for a pair of two track populations at the beginning of the 

444 railway line No. 37 – BF and from its end – ZB (Tab. 4). In matrix 2, the lowest values of Nei 

445 genetic distance found for a pair of populations: track Wal-St (2008) and forest Zaj-L (2008). For 

446 population pairs of Waliły and Zajezierce in subsequent years, the genetic distance was also low 

447 (Tab. 5).

448 In the case of matrix 1 on the NJ dendrogram, it can be seen that there is no clear genetic 

449 structure. The main branches of the tree have a bootstrap factor lower than 50% (Fig. 13a). The 

450 NJ dendrogram created for matrix 2 also shows that there is no clear genetic structure. There are 

451 several branches on the dendrogram that have a bootstrap factor greater than 50%, but most 

452 branches have a bootstrap lower than 50% (Fig. 13b).

453 For matrix 1, the model of the genetic structure illustrated as a graph of the function 

454 ΔK/K revealed, that a significant level of the test matrix data is the level K=2 (maximum ΔK for 

455 K=2). For the level K=2, the value of the ΔK/K function had a value significantly different from 

456 zero. No dependencies were observed. No clear genetic structure was obtained, which is 

457 indicated by low ΔK values (Fig. 14a). For matrix 2, the model of the genetic structure illustrated 

458 as a graph of the function ΔK/K showed, that an significant level of the test matrix data is the 

459 level K=3 (maximum ΔK for K = 3). For the level K=3, the value of the ΔK/K function had a 

460 value significantly different from zero. At level K=3 the genetic structure model showed that the 

461 researched populations of G. robertianum are clustered over years (populations from 2008, 2013 

462 and 2015), not because of their origin (track or forest populations). However, no clear genetic 

463 structure was obtained, which is indicated by low ΔK values (Fig. 14b).

464 Analysis of molecular variance (AMOVA)

465 For matrix 1 in AMOVA without grouping the populations of G. robertianum (variant: 

466 “all populations”), it was showed that 78.08% of the observed genetic variability was the result 

467 of intra-population differentiation and 21.92% of the observed variability was the result of 

468 diversity between populations. Whereas AMOVA performed for four groups (1. track, line No. 

469 37; 2. France; 3. KPN; 4. forest, around line No. 37) showed that 77.92% of the observed genetic 

470 variability was the result of intra-population differentiation, 21.48% – differences between 

471 populations inside groups, while only 0.60% – differences between groups (Tab. 6).

472 In the case of matrix 2, AMOVA for the “all populations” variant showed that the 

473 observed genetic variation in 72.05% was the result of intra-population differentiation, and in 
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474 27.95% – the variation between populations. In the case of the “two groups” variant that divides 

475 G. robertianum into tracks populations from Waliły-Station and forest populations from 

476 Zajezierce, AMOVA showed that 70.59% of the observed genetic variability was the result of 

477 intra-population differentiation, 24.67% – differentiation between populations inside groups, and 

478 a 4.75% – differences between groups. In the case of the “three groups” variant, where the 

479 populations were divided by years, the analysis showed that the observed genetic variation in 

480 70.23% results from the diversity within the population, in 19.13% results from the diversity 

481 between populations within groups, while in 10.64% of the differences between groups (Tab. 6).

482 DISCUSSION

483 Living conditions and morphological variability of G. robertianum plants in 

484 field sites, F0 generation

485 G. robertianum has a wide ecological amplitude of occurrence and is found almost 

486 everywhere in the world. This species is most common in forests, in humid and shady habitats, 

487 but can also occur in dry and exposed places (Buriánek et al., 2013; Falinska & Piroznikov, 

488 1983; Grime et al., 1988; Nishida et al., 2012; Shishkin & Bobrov, 1974; Vandelook & Van 

489 Assche, 2010; Tofts, 2004). At work Wierzbicka et al. (2014), where the track populations of G. 

490 robertianum were also studied, they were found in very diverse habitats: on intensively exploited 

491 and inactive railway tracks, on tracks surrounded by deciduous and coniferous forests, and also 

492 surrounded by meadows or ruderal areas, in areas with different shading, in heavily trodden 

493 areas, in areas where breakstone consisted of thick factions or fine gravel, and finally on tracks 

494 with different coverage by other plant species (from 10% to 90%) (Wierzbicka et al., 2014). 

495 Observations from field studies made as part of this work  confirmed the abovementioned 

496 literature data. However, it was not observed that G. robertianum plants occurred in railway 

497 areas entirely surrounded by conifers, or on tracks overgrown with grass.

498 Field studies have shown that G. robertianum plants from the track populations 

499 significantly differ from plants from forest populations (generation F0). The majority of  plants 

500 from the track populations were smaller than forest populations– they had lower and less 

501 spreading rosettes, their leaf blades were significantly smaller. In addition some plants from 

502 tracks had almost twice as much leaves in rosettes compared to forest ones. Many individuals 

503 from track populations had red leaves, whereas forest individuals had mostly green leaves. An 

504 important factor differentiating both types of habitats was the intensity of light – definitely 

505 higher on railway tracks (8 times). Elevated levels of anthocyanins that give the leaves a red 

506 color, protects the photosynthetic apparatus of plants from insolation (Chalker-Scott, 1999; Steyn 

507 et al., 2002). In the works of Baker (1956) and Tofts (2004) G. robertianum species is divided 

508 into two varieties, due to occurrence in shady or sunny places. The variety found in shady places 

509 (var. umbraticum Westerlund) is quite common and is characterized by its broad segments of 

510 leaves, low anthocyanin content and a more vertical type of growth. In contrast, plants found in 

511 sunny places (var. rubricaule) often have reddened leaves and are usually scrubby. The results of 

512 this work would indicate that the observed diversity is conditioned only by various habitat 

513 conditions. However, the question arises – is phenotypic variation of G. robertianum plants from 

514 track and forest population a result only of different habitat conditions, or the observed 

515 differences have a genetic basis?
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516 Morphological variability of G. robertianum plants from track and forest 

517 populations cultivated under identical conditions, F1 generation

518 Seeds germination

519 Oldest (7 years old) seeds of G. robertianum plants from the track population Wal-St 

520 (2008) germinated best – therefore plants from this population were best adapted for rapid 

521 germination of seeds. The shorter the time between harvesting seeds and their sowing, the less 

522 they germinated. Seeds require a few months' rest period. Plants from track populations 

523 germinated better than plants from forest populations. This can be explained by the fact that track 

524 populations occur in sunny places – therefore under favorable conditions plants loss the physical 

525 dormancy of seeds. This allows faster seeds germination. On the other hand, plants from forest 

526 populations occur in shady places, which leaves them physiologically dormant and germinate 

527 later. The obtained results are consistent with the observations of Vandelook & Van Assche 

528 (2010), where it has been shown that most seeds of G. robertianum, which enter the soil in sunny 

529 places, germinate in the summer, immediately after losing a physical dormancy (so-called 

530 relative dormancy – state in which seeds have reached morphological and physiological 

531 maturity, but germination inhibit unfavorable external conditions). Some of the seeds that enter 

532 the soil under shady conditions also lose physical dormancy mainly in the summer, but they 

533 remain physiologically dormant and germinate at the end of winter or early spring. Physiological 

534 dormancy of seeds (so-called absolute dormancy – the seeds may have morphological maturity 

535 but have not yet obtained physiological readiness for germination) decreases in winter after 

536 cooling, thus allowing germination of seeds at low temperatures (Vandelook & Van Assche, 

537 2010).

538 A new result was that seeds of G. robertianum plants from track populations retain a 

539 longer germination capacity (several years) than seeds derived from plants from forest 

540 populations. For example, in the case of the track population from Waliły-Station after 7 years 

541 from harvesting seeds the percentage of germinated seeds was over 60%. This provides 

542 reproductive success to plants from the track populations. For comparison, germination of G. 

543 robertianum seeds was studied for five years at work Roberts & Boddrell (1985). As part of 

544 these studies, it was shown that the initial germination capacity of G. robertianum seeds was 0–

545 2.1%, then 42.6–43.5% (year I), 1.5–6.3% (year II), 0.5–0.8% (year III), 0–0.8% (IV) and 0–

546 0.1% (year V) (Roberts & Boddrell, 1985). Observed differences in strength of germination G. 

547 robertianum seeds, in relation to the results of this work, may result from the fact that at work 

548 Roberts & Boddrell (1985) natural, not track, populations were used for research. And also 

549 germination tests were carried out in field conditions, not in laboratory conditions.

550 Biometric parameters

551 The literature data show that although G. robertianum plants in populations are often 

552 relatively homogeneous, there may be distinct differences between plants from different 

553 populations. Some variation is caused by environmental conditions, although some of the 

554 taxonomically important variations may be genetically determined, e.g. the coverage of plants 

555 with trichomes (Baker, 1956; Tofts, 2004).

556 The main result of morphological studies of this work was the demonstration that the 

557 track population from Waliły-Station bred from seeds harvested in 2008, based on the biometric 

558 parameters studied, differs significantly from other track and forest populations. It was shown 

559 that a different form of G. robertianum plants occurred only in Waliły-Station. Plants from 

560 population of Waliły-Station (generation F1) were smaller and had much smaller leaf blades than 
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561 plants from other populations. Smaller sizes of plants from Waliły-Station and smaller area of 

562 leaf blades are a specific adaptation to insolation and excessive transpiration (Chalker-Scott, 

563 1999; Steyn et al., 2002; Wierzbicka et al., 2014).

564 As part of the research, it was also checked whether, over several years, after the end of 

565 the use of railway line No. 37, observed changes persisted in plants from the track population 

566 from Waliły-Station. It has been shown that the characteristic features observed in this 

567 population have disappeared within 5 years. Thus, the different form of plants from Waliły 

568 disappeared. As a result of the harmful factor, the selection of individuals takes place and the 

569 rewarding of those with effective defensive capabilities, e.g. those with ability to detoxify metals 

570 (Ernst, 2006; Hendry & Kinnison, 2001; Wierzbicka & Rostański, 2002).

571 Leaf colour and anthocyanin content

572 The best parameter for distinguishing track and forest populations, and for distinguishing 

573 the population from Waliły-Station bred from seeds from 2008 in comparison with other 

574 populations (generation F1), was the assessment of the color of leaf blades and anthocyanin 

575 content in leaves. The highest levels of anthocyanins have always been observed in the leaves of 

576 plants from the track population Wal-St (2008). Higher content of anthocyanins was observed in 

577 the leaves of plants from the track population, and lower in plants from forest populations.

578 The symptoms of damage caused by UV radiation include changes in enzymatic activity, 

579 reduction of energy load, inhibition of cytoplasm circulation, reduction of photosynthetic 

580 efficiency, and finally inhibition of elongation growth (Chalker-Scott, 1999; Steyn et al., 2002). 

581 The protection of plant cells against UV radiation consists in the efficient absorption of this 

582 radiation by waxes on the cuticle surface, as well as tianins and flavonoids (e.g. anthocyanins) 

583 dissolved in the juice in vacuole. Under the influence of this stress, increased synthesis and 

584 accumulation of UV absorbing dyes may occur in cells (Solecka, 1997; Steyn et al., 2002). 

585 Elevated levels of anthocyanins in plants protect the photosynthetic apparatus of plants from 

586 insolation (Chalker-Scott, 1999; Steyn et al., 2002). Thus, the differences between track and 

587 forest populations in level of anthocyanin content in G. robertianum leaves may be related to the 

588 adaptation of plants from the track populations to excessive light intensity. At the same time, 

589 plants from the Wal-St (2008) population were best adapted to insolation, because they contained 

590 the most anthocyanins in the leaves. At work Wierzbicka et al. (2014) chlorophyll a fluorescence 

591 was examined in G. robertianum plants from the track population of Waliły and forest from 

592 Zajezierce, exposed to light stress. Higher resistance to light stress of plants from Waliły (track 

593 population) was demonstrated compared to plants from Zajezierce (forest population). 

594 Measurement of some parameters of chlorophyll fluorescence is currently one of the basic 

595 methods for assessing the intensity of plant reactions to light stress, water deficit or other stress.

596 Genetic variability of G. robertianum plants from track and forest populations

597 The last stage of the studies on G. robertianum plants from track and forest populations 

598 was genetic research, for which the AFLP method was used, i.e. amplified fragment length 

599 polymorphism (Vos et al., 1995). Because this method has been used many times in studies on 

600 genetic diversity and generally on population ecology of various plant species (Abratowska et 

601 al., 2012; Alarcón et al., 2012; Becker & Albers, 2009; Cervera et al., 2002; Kuta et al., 2014; 

602 Ronkier et al., 2008; Wassom & Tranel, 2005; Wąsowicz et al., 2014), it seemed an appropriate 

603 tool to assess the genetic diversity of G. robertianum plants from track and forest populations.
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604 Selection of AFLP primers for this study was based on work of Ernst et al. (2013), in 

605 which satisfactory results have been obtained for relative of G. robertianum species – Geranium 

606 sylvaticum L. This work showed rather low genetic diversity between G. sylvaticum populations 

607 in the Taunus mountains in Germany. Another work that effectively used the AFLP method to 

608 study the genetic diversity of plants was work Michalski & Durka (2012), where Geranium 

609 pratense L. was studied from central Germany. Also in this case, the studied populations of G. 

610 pratense showed, according to the authors, rather small genetic diversity (Michalski & Durka, 

611 2012). In both examples cited Ernst et al. (2013), Michalski & Durka (2012) the AFLP method 

612 proved to be a more effective tool for studying the genetic diversity of plants than in the present 

613 work.

614 Genetic research was supposed to help answer if the track and forest populations of G. 

615 robertianum differ from each other, whether they differ in genetic terms, and whether a different 

616 form stands out from the Waliły-Station. The analysis of the genetic structure of G. robertianum 

617 forest and track populations has shown that they do not constitute two separate groups. Very low 

618 diversity between these population groups has been demonstrated. It was mainly the result of 

619 intra-population differentiation, and, to a much lesser extent, differences between researched 

620 populations. The new form of G. robertianum from the town of Waliły-Station was not 

621 genetically different from plants from other populations. The taxonomic rank of plants from 

622 Waliły-Station should therefore be described as a “form”. This is a systematic category lower 

623 than the variety. The form category includes individuals rarely found in populations of a given 

624 species, distinguishing themselves from other individuals with individual traits, and their 

625 occurrence is usually associated only with minor genetic modifications (Stace, 1993). The 

626 question arises, how is it possible that despite the lack of genetic differences between the G. 

627 robertianum plants from the track and forest population, there were differences in the phenotype 

628 of these two groups? Furthermore, some differences e.g. smaller leaf blades, higher content of 

629 anthocyanins in leaves, was persistent and occurred in plants from track populations in the next 

630 generation.

631 It is possible that due to unfavorable environmental conditions prevailing on railway 

632 tracks, epigenetic processes take place. The term “epigenetics” is generally used to refer to a 

633 class of hereditary molecular events involving a wide range of regulatory mechanisms that do not 

634 involve changes in the DNA sequence (Chinnusamy & Zhu, 2009; Grativol et al., 2012; Iwasaki 

635 & Paszkowski, 2014; Jaenisch & Bird, 2003; Puy et al., 2018). Features that are important from 

636 the point of view of natural selection can be epigenetically inherited from generation to 

637 generation. An important feature of epigenetic inheritance is the potential to regulate such 

638 inheritance in response to environmental conditions. Under normal conditions, a stable, 

639 optimized phenotype is preferred. However, when environmental conditions change, it is 

640 desirable to increase phenotypic variability, which becomes the basis for adaptation to new 

641 conditions. It can happen that in response to the state of the environment, a certain specific 

642 pattern of gene expression is established that is responsible for certain physiological or 

643 developmental adaptations of organisms (Nicotra et al., 2010; Rapp & Wendel, 2005). 

644 Epigenetic variability is a common phenomenon in plants (Cervera et al., 2002; Knox & Ellis, 

645 2001; Liu & Wendel, 2003; Riddle & Richards, 2002; Wang et al., 2004).

646 Studies of other researchers show that under stressful conditions there may be a 

647 significant increase in phenotypic variability, which in turn speeds up the adaptation process 

648 (Finnegan, 2002; Rapp & Wendel, 2005). A good example here is the production of 

649 anthocyanins. They are produced in leaves, among others in response to excess light, too high or 
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650 low temperature and the occurrence of osmotic stress. It is a reversible, plastic mechanism for 

651 the protection of photosynthetic apparatus (Chinnusamy & Zhu, 2009; Grativol et al., 2012; 

652 Nicotra et al., 2010; Chalker-Scott, 1999; Steyn et al., 2002). Epigenetic changes can occur much 

653 faster than changes based on DNA sequences. Therefore, they play an important role in adapting 

654 plants to the changing environment. As a result of contact with a stress factor, the organisms can 

655 generate huge amounts of latent variation in gene expression (Nicotra et al., 2010; Rapp & 

656 Wendel, 2005). Thus, the increased content of anthocyanins in G. robertianum population from 

657 Waliły-Station can be explained by the occurrence of processes of epigenetic nature. A similar 

658 situation may have occurred in the case of reduced sizes of whole plants and leaf blades of plants 

659 from this population. For the study of epigenetic variability, specific methods should be used, 

660 such as for example, MS-AFLP (methylation-sensitive AFLP) or gene expression studies should 

661 be used (Cervera et al., 2002; Rapp & Wendel, 2005). This may be the direction of further 

662 research on G. robertianum from the track populations.

663 CONCLUSIONS
664 On the railroad tracks in north-eastern Poland, in Waliły-Station in 2008, existed a 

665 different form of G. robertianum plants. Plants from this population were smaller, had much 

666 smaller and darker leaf blades with a higher content of anthocyanins than plants from other track 

667 and forest populations. These features also occurred in the next generation. However, these 

668 plants did not differ genetically from plants from other populations. The taxonomic rank of 

669 plants from the track population of Waliły-Station should be described as “form”. A new form of 

670 G. robertianum plants from track population of Waliły-Station, could have arisen as a result of 

671 the occurrence of epigenetic phenomena. The occurrence of various stress factors, such as 

672 insolation, probably contributed to its formation. Obtained results are an example of the initial 

673 stage of the process of microevolution in plants in anthropogenically changed areas, which are 

674 undoubtedly railway tracks.
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888 TABLES AND FIGURES

889
890 Figure 1 Location of track and forest population of G. robertianum in the north-eastern Poland, which were used for research. GPS coordinates – see: Table 1.

891

892 Table 1 List of studied track and forest populations of G. robertianum (in order of occurrence in the direction from west to east, starting from Białystok). 
893 Description of conducted research F – field (generation F0), L – laboratory (generation F1), G – genetic (generation F0 and F1). 

No. Acronym of track populations Conducted research GPS coordinates No. Acronym of forest populations Conducted research GPS coordinates
1. BF F, L, G N53°08'18.3"; E023°11'23.0" 1. B-Z-L F, G N53°08'26.1"; E023°15'20.8"

2. B1 F, L N53°07'57.1"; E023°12'25.2" 2. Sob-L F N53°07'10.3"; E023°15'52.2"

3. B-Z2 F, L N53°07'08.7"; E023°15'25.4" 3. Zaj-L (2008) L, G

4. L-Z F, L, G N53°06'00.7"; E023°22'35.3" 4. Zaj-L (2013) F, L, G

5. Zed F, G N53°05'11.4"; E023°28'51.4" 5. Zaj-L (2014) L

6. Sok F N53°05'10.5"; E023°30'40.9" 6. Zaj-L (2015) L, G

N53°05'38.9"; E023°21'50.7"

7. W-SB7A F, L N53°06'07.1"; E023°35'31.7" 7. Zed-L F, G N53°05'04.2"; E023°28'09.6"

8. W-SB6C F, L N53°06'14.0"; E023°37'03.4" 8. Sok-L F N53°04'56.4"; E023°30'44.9"

9. Wal1 F, L N53°06'25.6"; E023°38'32.4" 9. Wal-L F, L, G N53°06'56.7"; E023°38'39.1"

10. Wal2 F, L N53°06'26.8"; E023°38'43.7" 10. Gr-L1 F N53°06'04.2"; E023°38'41.5"

11. Wal3 (2013) F, L, G 11. Gr-L2 F N53°06'30.0"; E023°39'55.6"

12. Wal3 (2014) L
N53°06'28.8"; E023°39'00.1"

12. Grzyb-L F, G N53°07'34.3"; E023°42'33.2"

13. Wal-St (2008) L, G 13. Kro-L F N53°07'56.0"; E023°38'58.1"

14. Wal-St-r (2015) F, L, G
N53°06'28.7"; E023°39'00.3"

14. ZB-L1 F, G N53°05'15.1"; E023°49'10.7"

15. Wal-St-n (2015) F, L, G N53°06'29.2"; E023°39'02.0" 15. ZB-L2 F N53°04'39.5"; E023°50'01.0"

16. W-S3 F, L N53°06'25.1"; E023°41'22.3" 16. KPN F, L, G N52°19'26.7"; E020°47'00.4"

17. W-S3C F, L, G N53°06'18.3"; E023°41'54.4" 17. Fr L, G -

18. St-ZB F, G N53°05'26.1"; E023°45'05.1" 18. Sl L -

19. ZB F, L, G N53°05'00.1"; E023°47'43.8"

20. ZB-P1 F N53°05'16.2"; E023°49'19.2"
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895 Table 2 Adaptor and primer sequences used in molecular studies using the AFLP technique.

Adaptor/primer Sequence 5’→3’
EcoRI Top CTCGTAGACTGCGTACC

EcoRI Bottom AATTGGTACGCAGTCTAC

MseI Top GACGATGAGTCCTGAG

MseI Bottom CTACTCAGGACTCAT

EcoRI-A GACTGCGTACCAATTCA
MseI-C GATGAGTCCTGAGTAAC
EcoRI-AAC [FAM]GACTGCGTACCAATTCAAAC
EcoRI-AAG [FAM]GACTGCGTACCAATTCAAAG
EcoRI-ATG [HEX]GACTGCGTACCAATTCAATG
EcoRI-ATC [HEX]GACTGCGTACCAATTCAATC
MseI-CAG GATGAGTCCTGAGTAACCAG
MseI-CTA GATGAGTCCTGAGTAACCTA
MseI-CTC GATGAGTCCTGAGTAACCTC
MseI-CGG GATGAGTCCTGAGTAACCGG

896

897
898Figure 2 The G. robertianum plants from the study area (F0 generation), from the Waliły-Station track population (A) and from the forest 

899 population near Białystok (B).

900
901Figure 3 The number of leaves in G. robertianum plants from all track populations (n=315 plants) and forest populations (n=250 plants), from field 

902 studies (F0 generation). Statistically significant differences between track and forest populations were marked with (*) asterisks (U 

903 Mann-Whitney test; level of significance α=0.05).

904
905Figure 4 The size of rosettes. Percentage of G. robertianum plants from all track populations (n=315 plants) and forest populations (n=250 plants), 

906 from field studies (F0 generation), with rosettes: very small (plant height: ~5 cm; leaf span: ~10 cm), small (plant height: ~10 cm; leaf 

907 span: ~15 cm), medium (plant height: ~15 cm; leaf span: ~20 cm ), large (plant height: ~20 cm; leaf span: ~25 cm) and very large 

908 (plant height: ~25–30 cm; leaf span: ~30–40 cm).
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909
910Figure 5 Area of leaf blades in G. robertianum plants from all track and forest populations, from field sites (F0 generation). 480 plant leaves from 

911 the track populations (n=480) and 390 plant leaves from the forest populations (n=390) were taken for testing. Statistically significant 

912 differences between track and forest populations were marked with (*) asterisks  (U Mann-Whitney test; level of significance α=0.05).

913
914Figure 6 Seed germination dynamics from track populations: Wal-St (2008) – 7-year-old seeds, Wal3 (2013) – 2-year-olds seeds, Wal3 (2014) – 

915 annual seeds, Wal-St-r (2015) and Wal-St-n (2015) – seeds ~ 2-months old (A), and from forest populations: Zaj-L (2008) – 7-year-old 

916 seeds, Zaj-L (2013) – 2-year-olds seeds, Zaj-L (2014) – annual seeds and Zaj-L (2015) – seeds ~ 2-months old (B), in the next days of 

917 the test (F1 generation).

918
919Figure 7 General appearance of the G. robertianum plants (A) and dorsal side of leaf blades (B) from the track population from Waliły-Station (Wal-

920 St (2008)) and forest population from Zajezierce (Zaj-L (2014)), about 5 months old, grown simultaneously, in the same conditions, in 

921 horticultural soil (F1 generation).
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922

923Figure 8 Surface of leaf blades area of G. robertianum plants from the track population from Waliły-Station (Wal-St (2008)) and forest population 

924 from Zajezierce (Zaj-L (2014)), about 6 months old, grown in the greenhouse conditions (F1 generation). 50 leafs from track population 

925 (n=50) and 50 leafs from forest population (n=50) were taken for the study. Statistically significant differences between track and forest 

926 populations were marked with (*) asterisks  (U Mann-Whitney test; level of significance α=0.05).

927
928Figure 9 Relative anthocyanins content [A530·g-1 FW] in leaf blades (A) and petioles (B) of G. robertianum plants (F1 generation) from track: Wal-St 

929 (2008), Wal3 (2013), Wal3 (2014), Wal-St-n (2015), Wal-St-r (2015) and forest: Zaj-L (2008), Zaj-L (2013), Zaj-L (2014), Zaj-L (2015)  

930 populations. Statistically significant differences between track and forest populations (Kruskal-Wallis test, level of significance α=0.05) 
931 were marked with (*) stars, whereas statistically significant differences for given type of population (track/forest) were marked with stars 

932 and brackets (U Mann-Whitney test; level of significance α=0.05). 

933
934Figure 10 Principal component analysis (PCA) performed on the matrix including the data of relative anthocyanins content in leaf blades and petioles of 

935 G. robertianum plants from studied populations (F1 generation). The graphs shows the locations of the points corresponding to the first 

936 (PC1) and second (PC2) surfaces of the main component, explaining the 86.18% and 13.82% of the overall variation, respectively. Separated 

937 groups of populations were marked with green, blue, yellow and pink ovals.
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938

939Figure 11 Relative anthocyanins content [A530·g-1 FW] in leaf blades (A) and petioles (B) of G. robertianum plants (F1 generation) from tracks: 

940 Wal-St (2008), Wal-St-r (2015), BF, ZB and forest: Zaj-L, Gr-L1 populations. Statistically significant differences between track and 

941 forest populations (Kruskal-Wallis test, level of significance α = 0.05) were marked with (*) stars, whereas statistically significant 

942 differences for given type of population (track/forest) were marked with stars and brackets (U Mann-Whitney test; level of significance 

943 α=0.05).

944
945Figure 12 Principal component analysis (PCA) performed on the matrix including the data of relative anthocyanins content in leaf blades and petioles 

946 of G. robertianum plants from studied populations (F1 generation). The graphs shows the locations of the points corresponding to the first 

947 (PC1) and second (PC2) surfaces of the main component, explaining the 96.99% and 3.01% of the overall variation, respectively. 

948 Separated groups of populations were marked with green, blue and pink ovals.

949
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963Table 3 Basic parameters of genetic diversity for G. robertianum plants from track a and forest b populations from studied area, calculated based on 

964 matrix 1: proximity of the railway line No. 37 and comparative forest population c. Basic parameters of genetic diversity, calculated on 

965 the basis of matrix 2: for G. robertianum plants from track populations of Waliły-Station a and forest b populations of Zajezierce (the 

966 individuals for research were cultivated in greenhouse conditions from the seeds collected in 2008 or 2013 and 2015). Statistics include: n 

967 = number of analysed individuals; #loc = number of loci; #Ploc = number of polymorphic loci at the 5% level; %PLP = proportion of 

968 polymorphic loci at the 5% level; Hj = expected heterozygosity (Nei’s gene diversity); SE = standard error of Hj; DW = frequency-down-

969 weighted marker values.

Population n #loc #Ploc %PLP Hj SE DW
Matrix 1

BF a 10 265 175 66.0 0.22847 0.01153 17.38

B-Z-L b 10 265 169 63.8 0.22029 0.01163 18.67

L-Z a 10 265 150 56.6 0.16720 0.01035 13.93

Zaj-L (2008) b 10 265 197 74.3 0.27450 0.01146 28.65

Zed a 10 265 142 53.6 0.19074 0.01249 10.83

Zed-L b 10 265 150 56.6 0.16444 0.01027 13.53

Wal-St (2008) a 10 265 181 68.3 0.24115 0.01160 23.51

Wal-L b 10 265 164 61.9 0.21024 0.01149 16.29

Grzyb-L b 10 265 160 60.4 0.18673 0.01113 15.31

W-S3C a 10 265 153 57.7 0.18720 0.01132 14.31

St-ZB a 10 265 138 52.1 0.16963 0.01121 13.15

ZB (2013) a 10 265 191 72.1 0.25114 0.01138 26.21

ZB-L b 10 265 201 75.8 0.25958 0.01158 21.84

KPN c 10 265 162 61.1 0.20787 0.01191 14.79

Fr c 10 265 147 55.5 0.18631 0.01158 13.61

Matrix 2
Wal-St (2008) a 10 265 181 68.3 0.24115 0.01160 40.92

Wal3 (2013) a 10 265 178 67.2 0.22415 0.01136 40.03

Wal-St-n (2015) a 10 265 130 49.1 0.13895 0.01010 22.28

Wal-St-r (2015) a 10 265 128 48.3 0.13135 0.00988 21.90

Zaj-L (2008) b 10 265 197 74.3 0.27450 0.01146 48.65

Zaj-L (2013) b 10 265 191 72.1 0.24675 0.01164 48.71

Zaj-L (2015) b 10 265 135 50.9 0.14039 0.01015 25.51
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986 Table 4 Genetic distance Nei between the pairs of populations (Lynch, Milligan 1994) for G. robertianum plants of track a and forest b populations from studied area (proximity of 

987 the railway line No. 37) and comparative forest populations c, calculated on the basis of matrix 1.

Population
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W
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 b

Wal-St (2008) a 0.0000 0.0339 0.0255 0.0416 0.0531 0.0432 0.0466 0.0409 0.0167 0.0484 0.0352 0.0576 0.0294 0.0283 0.0603

Fr c 0.0339 0.0000 0.0195 0.0331 0.0412 0.0339 0.0378 0.0524 0.0448 0.0547 0.0346 0.0633 0.0364 0.0327 0.0572

KPN c 0.0255 0.0195 0.0000 0.0134 0.0303 0.0230 0.0322 0.0549 0.0345 0.0655 0.0278 0.0591 0.0226 0.0201 0.0584

L-Z a 0.0416 0.0331 0.0134 0.0000 0.0254 0.0208 0.0215 0.0665 0.0546 0.0719 0.0333 0.0664 0.0477 0.0415 0.0648

Zed-L b 0.0531 0.0412 0.0303 0.0254 0.0000 0.0155 0.0220 0.0600 0.0614 0.0643 0.0357 0.0536 0.0560 0.0499 0.0399

Zed a 0.0432 0.0339 0.0230 0.0208 0.0155 0.0000 0.0134 0.0464 0.0471 0.0506 0.0310 0.0600 0.0413 0.0395 0.0501

W-S3C a 0.0466 0.0378 0.0322 0.0215 0.0220 0.0134 0.0000 0.0625 0.0498 0.0637 0.0282 0.0530 0.0417 0.0461 0.0461

Grzyb-L b 0.0409 0.0524 0.0549 0.0665 0.0600 0.0464 0.0625 0.0000 0.0455 0.0326 0.0444 0.0649 0.0473 0.0354 0.0496

Zaj-L (2008) b 0.0167 0.0448 0.0345 0.0546 0.0614 0.0471 0.0498 0.0455 0.0000 0.0645 0.0293 0.0435 0.0239 0.0207 0.0483

St-ZB a 0.0484 0.0547 0.0655 0.0719 0.0643 0.0506 0.0637 0.0326 0.0645 0.0000 0.0384 0.0473 0.0567 0.0478 0.0416

BF a 0.0352 0.0346 0.0278 0.0333 0.0357 0.0310 0.0282 0.0444 0.0293 0.0384 0.0000 0.0221 0.0097 0.0136 0.0199

B-Z-L b 0.0576 0.0633 0.0591 0.0664 0.0536 0.0600 0.0530 0.0649 0.0435 0.0473 0.0221 0.0000 0.0331 0.0276 0.0135

ZB a 0.0294 0.0364 0.0226 0.0477 0.0560 0.0413 0.0417 0.0473 0.0239 0.0567 0.0097 0.0331 0.0000 0.0076 0.0350

ZB-L b 0.0283 0.0327 0.0201 0.0415 0.0499 0.0395 0.0461 0.0354 0.0207 0.0478 0.0136 0.0276 0.0076 0.0000 0.0350

Wal-L b 0.0603 0.0572 0.0584 0.0648 0.0399 0.0501 0.0461 0.0496 0.0483 0.0416 0.0199 0.0135 0.0350 0.0350 0.0000

988

989 Table 5 Genetic distance Nei between the pairs of populations (Lynch, Milligan 1994) for G. robertianum plants of track populations of Waliły-Station a and forest b populations 

990 of Zajezierce (the individuals for research were cultivated in greenhouse conditions from the seeds collected in 2008 or 2013 and 2015) calculated on the basis of the 

991 matrix 2.

Population Wal-St (2008) a Wal-St-r (2015) a Wal-St-n (2015) a Zaj-L (2015) b Zaj-L (2008) b Wal3 (2013) a Zaj-L (2013) b

Wal-St (2008) a 0.0000 0.0500 0.0565 0.0676 0.0167 0.0436 0.0603

Wal-St-r (2015) a 0.0500 0.0000 0.0406 0.0682 0.0693 0.0646 0.0855

Wal-St-n (2015) a 0.0565 0.0406 0.0000 0.0414 0.0728 0.0661 0.0704

Zaj-L (2015) b 0.0676 0.0682 0.0414 0.0000 0.0573 0.0769 0.0512

Zaj-L (2008) b 0.0167 0.0693 0.0728 0.0573 0.0000 0.0442 0.0347

Wal3 (2013) a 0.0436 0.0646 0.0661 0.0769 0.0442 0.0000 0.0349

Zaj-L (2013) b 0.0603 0.0855 0.0704 0.0512 0.0347 0.0349 0.0000
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993
994Figure 13 Consensus, unrooted trees with bootsrap values (>50% values marked), created with Neighbor-Joining (NJ) method. The trees were created 

995 in the SplitsTree program basing on the output files from FAMD program based on: matrix 1 (A) and matrix 2 (B). Numbers near 

996 symbols of populations are the numbers of the individuals of each population. The symbols of populations – matrix 1: BF (2013) [K], B-Z-

997 L (2014) [L], L-Z (2013) [D], Zaj-L (2008) [I], Zed (2014) [F], Zed-L (2014) [E], Wal-St (2008) [A] – marked in orange, Wal-L (2013) 

998 [O], Grzyb-L (2014) [H], W-S3C (2013) [G], St-ZB (2014) [J], ZB (2013) [M], ZB-L (2014) [N], KPN (2013) [C], Fr (2013) [B] (A). The 

999 symbols of populations – matrix 2: Zaj-L (2008) [I], Zaj-L (2013) [W], Zaj-L (2015) [S], Wal-St (2008) [A] – marked in orange, Wal3 

1000 (2013) [T], Wal-St-n (2015) [P], Wal-St-r (2015) [R] (B).  

1001
1002Figure 14 Graph of the function ΔK/K calculated on the basis of data obtained after the analysis performed with STRUCTURE program (Bayesian 

1003 clustering) for: matrix 1 – track and forest populations of G. robertianum plants from studied area (proximity of railway line nr 37) and 

1004 comparative forest populations (Fr, KPN), K=2 (ΔK≈400) (A); matrix 2 – track populations of Waliły and forest populations of Zajezierce 

1005 of G. robertianum plants (the individuals for research were cultivated in greenhouse conditions from the seeds collected in 2008 or 2013 

1006 and 2015), K=3 (ΔK>250) (B).
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1014

1015

1016

1017Table 6 Analysis of molecular variance (AMOVA). Performed on the basis of the matrix 1: for G. robertianum plants from track and forest 

1018 populations from studied area (proximity of railway line No. 37) and comparative forest populations. Performed on the basis of matrix 2 – 

1019 for G. robertianum plants form track populations of Waliły-Station and forest populations of Zajezierce (the individuals for research were 

1020 cultivated in greenhouse conditions from the seeds collected in 2008 or 2013 and 2015). Statistics include: df = degrees of freedom, SS = 

1021 sum of squares, VC = variance components, %V = percentage of total variation explained by each component.

Analyzed group Source of variation df SS VC %V
Matrix 1

Among populations 14 1338.467 7.04944 21.92

Within populations 135 3389.900 25.11037 78.08All populations
Total 149 4728.367 32.15981 -

Among populations 3 300.829 2.28100 7.00

Within populations 146 4427.538 30.32560 93.00

Total 149 4728.367 32.60660 -

Among groups 3 300.829 0.19387 0.60

Among populations within groups 11 1037.638 6.92204 21.48

Within populations 135 3389.900 25.11037 77.92

Four groups:
1. track, line No. 37;

2. Fr;

3. KPN;

4. forest, proximity of railway line 

No. 37. Total 149 4728.367 32.22628 -

Matrix 2

Among populations 6 694.343 9.20048 27.95

Within populations 63 1494.300 23.71905 72.05All populations
Total 69 2188.643 32.91952 -

Among populations 1 161.318 3.83554 11.40

Within populations 68 2027.325 29.81360 88.60

Total 69 2188.643 33.64914 -

Among groups 1 161.318 1.59579 4.75

Among populations within groups 5 533.025 8.28860 24.67

Within populations 63 1494.300 23.71905 70.59

Two groups:
1. track from Waliły-Station from 

the following years, line No. 37;

2. forest from Zajezierce from the 

following years, proximity of 

railway line No. 37.
Total 69 2188.643 33.60343 -

Among populations 2 341.010 6.25311 18.48

Within populations 67 1847.633 27.57662 81.52

Total 69 2188.643 33.82972 -

Among groups 2 341.010 3.59500 10.64

Among populations within groups 4 353.333 6.46143 19.13

Within populations 63 1494.300 23.71905 70.23

Three groups:
1. track from Waliły-Station and 

forest from Zajezierce – 2008 r.;

2. track from Waliły-Station and 

forest from Zajezierce – 2013 r.;

3. track from Waliły-Station and 

forest from Zajezierce – 2015 r. Total 69 2188.643 33.77548 -

1022
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Table 1(on next page)

List of studied track and forest populations of G. robertianum (in order of occurrence in
the direction from west to east, starting from Białystok).

Description of conducted research F – field (generation F0), L – laboratory (generation F1), G
– genetic (generation F0 and F1).

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27793v1 | CC BY 4.0 Open Access | rec: 11 Jun 2019, publ: 11 Jun 2019



1 Table 1 List of studied track and forest populations of G. robertianum (in order of occurrence in the direction from west to east, starting from Białystok). 
2 Description of conducted research F – field (generation F0), L – laboratory (generation F1), G – genetic (generation F0 and F1). 

No. Acronym of track populations Conducted research GPS coordinates No. Acronym of forest populations Conducted research GPS coordinates

1. BF F, L, G N53°08'18.3"; E023°11'23.0" 1. B-Z-L F, G N53°08'26.1"; E023°15'20.8"

2. B1 F, L N53°07'57.1"; E023°12'25.2" 2. Sob-L F N53°07'10.3"; E023°15'52.2"

3. B-Z2 F, L N53°07'08.7"; E023°15'25.4" 3. Zaj-L (2008) L, G

4. L-Z F, L, G N53°06'00.7"; E023°22'35.3" 4. Zaj-L (2013) F, L, G

5. Zed F, G N53°05'11.4"; E023°28'51.4" 5. Zaj-L (2014) L

6. Sok F N53°05'10.5"; E023°30'40.9" 6. Zaj-L (2015) L, G

N53°05'38.9"; E023°21'50.7"

7. W-SB7A F, L N53°06'07.1"; E023°35'31.7" 7. Zed-L F, G N53°05'04.2"; E023°28'09.6"

8. W-SB6C F, L N53°06'14.0"; E023°37'03.4" 8. Sok-L F N53°04'56.4"; E023°30'44.9"

9. Wal1 F, L N53°06'25.6"; E023°38'32.4" 9. Wal-L F, L, G N53°06'56.7"; E023°38'39.1"

10. Wal2 F, L N53°06'26.8"; E023°38'43.7" 10. Gr-L1 F N53°06'04.2"; E023°38'41.5"

11. Wal3 (2013) F, L, G 11. Gr-L2 F N53°06'30.0"; E023°39'55.6"

12. Wal3 (2014) L
N53°06'28.8"; E023°39'00.1"

12. Grzyb-L F, G N53°07'34.3"; E023°42'33.2"

13. Wal-St (2008) L, G 13. Kro-L F N53°07'56.0"; E023°38'58.1"

14. Wal-St-r (2015) F, L, G
N53°06'28.7"; E023°39'00.3"

14. ZB-L1 F, G N53°05'15.1"; E023°49'10.7"

15. Wal-St-n (2015) F, L, G N53°06'29.2"; E023°39'02.0" 15. ZB-L2 F N53°04'39.5"; E023°50'01.0"

16. W-S3 F, L N53°06'25.1"; E023°41'22.3" 16. KPN F, L, G N52°19'26.7"; E020°47'00.4"

17. W-S3C F, L, G N53°06'18.3"; E023°41'54.4" 17. Fr L, G -

18. St-ZB F, G N53°05'26.1"; E023°45'05.1" 18. Sl L -

19. ZB F, L, G N53°05'00.1"; E023°47'43.8"

20. ZB-P1 F N53°05'16.2"; E023°49'19.2"

3
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Table 2(on next page)

Adaptor and primer sequences used in molecular studies using the AFLP technique.
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1 Table 2 Adaptor and primer sequences used in molecular studies using the AFLP technique.

Adaptor/primer Sequence 5’→3’
EcoRI Top CTCGTAGACTGCGTACC

EcoRI Bottom AATTGGTACGCAGTCTAC

MseI Top GACGATGAGTCCTGAG

MseI Bottom CTACTCAGGACTCAT

EcoRI-A GACTGCGTACCAATTCA

MseI-C GATGAGTCCTGAGTAAC

EcoRI-AAC [FAM]GACTGCGTACCAATTCAAAC

EcoRI-AAG [FAM]GACTGCGTACCAATTCAAAG

EcoRI-ATG [HEX]GACTGCGTACCAATTCAATG

EcoRI-ATC [HEX]GACTGCGTACCAATTCAATC

MseI-CAG GATGAGTCCTGAGTAACCAG

MseI-CTA GATGAGTCCTGAGTAACCTA

MseI-CTC GATGAGTCCTGAGTAACCTC

MseI-CGG GATGAGTCCTGAGTAACCGG

2

3

4
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Table 3(on next page)

Basic parameters of genetic diversity for G. robertianum plants from track a and forest b

populations, calculated based on matrix 1 and matrix 2.

Basic parameters of genetic diversity for G. robertianum plants from track a and forest b

populations from studied area, calculated based on matrix 1: proximity of the railway line

No. 37 and comparative forest population c. Basic parameters of genetic diversity, calculated

on the basis of matrix 2: for G. robertianum plants from track populations of Waliły-Station a

and forest b populations of Zajezierce (the individuals for research were cultivated in
greenhouse conditions from the seeds collected in 2008 or 2013 and 2015). Statistics
include: n = number of analysed individuals; #loc = number of loci; #Ploc = number of
polymorphic loci at the 5% level; %PLP = proportion of polymorphic loci at the 5% level; Hj =
expected heterozygosity (Nei’s gene diversity); SE = standard error of Hj; DW = frequency-
down-weighted marker values.
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1Table 3 Basic parameters of genetic diversity for G. robertianum plants from track a and forest b populations from studied area, calculated based on 

2 matrix 1: proximity of the railway line No. 37 and comparative forest population c. Basic parameters of genetic diversity, calculated on 

3 the basis of matrix 2: for G. robertianum plants from track populations of Waliły-Station a and forest b populations of Zajezierce (the 

4 individuals for research were cultivated in greenhouse conditions from the seeds collected in 2008 or 2013 and 2015). Statistics include: n 

5 = number of analysed individuals; #loc = number of loci; #Ploc = number of polymorphic loci at the 5% level; %PLP = proportion of 

6 polymorphic loci at the 5% level; Hj = expected heterozygosity (Nei’s gene diversity); SE = standard error of Hj; DW = frequency-down-

7 weighted marker values.

Population n #loc #Ploc %PLP Hj SE DW

Matrix 1

BF a 10 265 175 66.0 0.22847 0.01153 17.38

B-Z-L b 10 265 169 63.8 0.22029 0.01163 18.67

L-Z a 10 265 150 56.6 0.16720 0.01035 13.93

Zaj-L (2008) b 10 265 197 74.3 0.27450 0.01146 28.65

Zed a 10 265 142 53.6 0.19074 0.01249 10.83

Zed-L b 10 265 150 56.6 0.16444 0.01027 13.53

Wal-St (2008) a 10 265 181 68.3 0.24115 0.01160 23.51

Wal-L b 10 265 164 61.9 0.21024 0.01149 16.29

Grzyb-L b 10 265 160 60.4 0.18673 0.01113 15.31

W-S3C a 10 265 153 57.7 0.18720 0.01132 14.31

St-ZB a 10 265 138 52.1 0.16963 0.01121 13.15

ZB (2013) a 10 265 191 72.1 0.25114 0.01138 26.21

ZB-L b 10 265 201 75.8 0.25958 0.01158 21.84

KPN c 10 265 162 61.1 0.20787 0.01191 14.79

Fr c 10 265 147 55.5 0.18631 0.01158 13.61

Matrix 2

Wal-St (2008) a 10 265 181 68.3 0.24115 0.01160 40.92

Wal3 (2013) a 10 265 178 67.2 0.22415 0.01136 40.03

Wal-St-n (2015) a 10 265 130 49.1 0.13895 0.01010 22.28

Wal-St-r (2015) a 10 265 128 48.3 0.13135 0.00988 21.90

Zaj-L (2008) b 10 265 197 74.3 0.27450 0.01146 48.65

Zaj-L (2013) b 10 265 191 72.1 0.24675 0.01164 48.71

Zaj-L (2015) b 10 265 135 50.9 0.14039 0.01015 25.51
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Table 4(on next page)

Genetic distance Nei between the pairs of populations (Lynch, Milligan 1994) for G.
robertianum plants of track a and forest b populations, calculated on the basis of matrix
1.

Genetic distance Nei between the pairs of populations (Lynch, Milligan 1994) for G.

robertianum plants of track a and forest b populations from studied area (proximity of the

railway line No. 37) and comparative forest populations c, calculated on the basis of matrix

1.
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1 Table 4 Genetic distance Nei between the pairs of populations (Lynch, Milligan 1994) for G. robertianum plants of track a and forest b populations from studied area (proximity of 

2 the railway line No. 37) and comparative forest populations c, calculated on the basis of matrix 1.

Population
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Wal-St (2008) a 0.0000 0.0339 0.0255 0.0416 0.0531 0.0432 0.0466 0.0409 0.0167 0.0484 0.0352 0.0576 0.0294 0.0283 0.0603

Fr c 0.0339 0.0000 0.0195 0.0331 0.0412 0.0339 0.0378 0.0524 0.0448 0.0547 0.0346 0.0633 0.0364 0.0327 0.0572

KPN c 0.0255 0.0195 0.0000 0.0134 0.0303 0.0230 0.0322 0.0549 0.0345 0.0655 0.0278 0.0591 0.0226 0.0201 0.0584

L-Z a 0.0416 0.0331 0.0134 0.0000 0.0254 0.0208 0.0215 0.0665 0.0546 0.0719 0.0333 0.0664 0.0477 0.0415 0.0648

Zed-L b 0.0531 0.0412 0.0303 0.0254 0.0000 0.0155 0.0220 0.0600 0.0614 0.0643 0.0357 0.0536 0.0560 0.0499 0.0399

Zed a 0.0432 0.0339 0.0230 0.0208 0.0155 0.0000 0.0134 0.0464 0.0471 0.0506 0.0310 0.0600 0.0413 0.0395 0.0501

W-S3C a 0.0466 0.0378 0.0322 0.0215 0.0220 0.0134 0.0000 0.0625 0.0498 0.0637 0.0282 0.0530 0.0417 0.0461 0.0461

Grzyb-L b 0.0409 0.0524 0.0549 0.0665 0.0600 0.0464 0.0625 0.0000 0.0455 0.0326 0.0444 0.0649 0.0473 0.0354 0.0496

Zaj-L (2008) b 0.0167 0.0448 0.0345 0.0546 0.0614 0.0471 0.0498 0.0455 0.0000 0.0645 0.0293 0.0435 0.0239 0.0207 0.0483

St-ZB a 0.0484 0.0547 0.0655 0.0719 0.0643 0.0506 0.0637 0.0326 0.0645 0.0000 0.0384 0.0473 0.0567 0.0478 0.0416

BF a 0.0352 0.0346 0.0278 0.0333 0.0357 0.0310 0.0282 0.0444 0.0293 0.0384 0.0000 0.0221 0.0097 0.0136 0.0199

B-Z-L b 0.0576 0.0633 0.0591 0.0664 0.0536 0.0600 0.0530 0.0649 0.0435 0.0473 0.0221 0.0000 0.0331 0.0276 0.0135

ZB a 0.0294 0.0364 0.0226 0.0477 0.0560 0.0413 0.0417 0.0473 0.0239 0.0567 0.0097 0.0331 0.0000 0.0076 0.0350

ZB-L b 0.0283 0.0327 0.0201 0.0415 0.0499 0.0395 0.0461 0.0354 0.0207 0.0478 0.0136 0.0276 0.0076 0.0000 0.0350

Wal-L b 0.0603 0.0572 0.0584 0.0648 0.0399 0.0501 0.0461 0.0496 0.0483 0.0416 0.0199 0.0135 0.0350 0.0350 0.0000
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Table 5(on next page)

Genetic distance Nei between the pairs of populations (Lynch, Milligan 1994) for G.

robertianum plants of track a and forest b populations, calculated on the basis of the
matrix 2.

Genetic distance Nei between the pairs of populations (Lynch, Milligan 1994) for G.

robertianum plants of track populations of Waliły-Station a and forest b populations of
Zajezierce (the individuals for research were cultivated in greenhouse conditions from the
seeds collected in 2008 or 2013 and 2015) calculated on the basis of the matrix 2.
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1 Table 5 Genetic distance Nei between the pairs of populations (Lynch, Milligan 1994) for G. robertianum plants of track populations of Waliły-Station a and forest b populations 

2 of Zajezierce (the individuals for research were cultivated in greenhouse conditions from the seeds collected in 2008 or 2013 and 2015) calculated on the basis of the 

3 matrix 2.

Population Wal-St (2008) a Wal-St-r (2015) a Wal-St-n (2015) a Zaj-L (2015) b Zaj-L (2008) b Wal3 (2013) a Zaj-L (2013) b

Wal-St (2008) a 0.0000 0.0500 0.0565 0.0676 0.0167 0.0436 0.0603

Wal-St-r (2015) a 0.0500 0.0000 0.0406 0.0682 0.0693 0.0646 0.0855

Wal-St-n (2015) a 0.0565 0.0406 0.0000 0.0414 0.0728 0.0661 0.0704

Zaj-L (2015) b 0.0676 0.0682 0.0414 0.0000 0.0573 0.0769 0.0512

Zaj-L (2008) b 0.0167 0.0693 0.0728 0.0573 0.0000 0.0442 0.0347

Wal3 (2013) a 0.0436 0.0646 0.0661 0.0769 0.0442 0.0000 0.0349

Zaj-L (2013) b 0.0603 0.0855 0.0704 0.0512 0.0347 0.0349 0.0000
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Table 6(on next page)

Analysis of molecular variance (AMOVA). Performed on the basis of the matrix 1 and
matrix 2.

Analysis of molecular variance (AMOVA). Performed on the basis of the matrix 1: for G.

robertianum plants from track and forest populations from studied area (proximity of railway
line No. 37) and comparative forest populations. Performed on the basis of matrix 2 – for G.

robertianum plants form track populations of Waliły-Station and forest populations of
Zajezierce (the individuals for research were cultivated in greenhouse conditions from the
seeds collected in 2008 or 2013 and 2015). Statistics include: df = degrees of freedom, SS =
sum of squares, VC = variance components, %V = percentage of total variation explained by
each component.
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1Table 6 Analysis of molecular variance (AMOVA). Performed on the basis of the matrix 1: for G. robertianum plants from track and forest 

2 populations from studied area (proximity of railway line No. 37) and comparative forest populations. Performed on the basis of matrix 2 – 

3 for G. robertianum plants form track populations of Waliły-Station and forest populations of Zajezierce (the individuals for research were 

4 cultivated in greenhouse conditions from the seeds collected in 2008 or 2013 and 2015). Statistics include: df = degrees of freedom, SS = 

5 sum of squares, VC = variance components, %V = percentage of total variation explained by each component.

Analyzed group Source of variation df SS VC %V

Matrix 1

Among populations 14 1338.467 7.04944 21.92

Within populations 135 3389.900 25.11037 78.08All populations

Total 149 4728.367 32.15981 -

Among populations 3 300.829 2.28100 7.00

Within populations 146 4427.538 30.32560 93.00

Total 149 4728.367 32.60660 -

Among groups 3 300.829 0.19387 0.60

Among populations within groups 11 1037.638 6.92204 21.48

Within populations 135 3389.900 25.11037 77.92

Four groups:

1. track, line No. 37;

2. Fr;

3. KPN;

4. forest, proximity of railway line 

No. 37. Total 149 4728.367 32.22628 -

Matrix 2

Among populations 6 694.343 9.20048 27.95

Within populations 63 1494.300 23.71905 72.05All populations

Total 69 2188.643 32.91952 -

Among populations 1 161.318 3.83554 11.40

Within populations 68 2027.325 29.81360 88.60

Total 69 2188.643 33.64914 -

Among groups 1 161.318 1.59579 4.75

Among populations within groups 5 533.025 8.28860 24.67

Within populations 63 1494.300 23.71905 70.59

Two groups:

1. track from Waliły-Station from 

the following years, line No. 37;

2. forest from Zajezierce from the 

following years, proximity of 

railway line No. 37.
Total 69 2188.643 33.60343 -

Among populations 2 341.010 6.25311 18.48

Within populations 67 1847.633 27.57662 81.52

Total 69 2188.643 33.82972 -

Among groups 2 341.010 3.59500 10.64

Among populations within groups 4 353.333 6.46143 19.13

Within populations 63 1494.300 23.71905 70.23

Three groups:

1. track from Waliły-Station and 

forest from Zajezierce – 2008 r.;

2. track from Waliły-Station and 

forest from Zajezierce – 2013 r.;

3. track from Waliły-Station and 

forest from Zajezierce – 2015 r. Total 69 2188.643 33.77548 -
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Figure 1(on next page)

Location of track and forest population of G. robertianum in the north-eastern Poland,
which were used for research.

Location of track and forest population of G. robertianum in the north-eastern Poland, which
were used for research. GPS coordinates – see: Table 1.
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Figure 2(on next page)

The G. robertianum plants from the study area (F0 generation).

The G. robertianum plants from the study area (F0 generation), from the Waliły-Station track
population (A) and from the forest population near Białystok (B).
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Figure 3(on next page)

The number of leaves in G. robertianum plants from all track populations and forest
populations, from field studies (F0 generation).

The number of leaves in G. robertianum plants from all track populations (n=315 plants) and
forest populations (n=250 plants), from field studies (F0 generation). Statistically significant
differences between track and forest populations were marked with (*) asterisks (U Mann-
Whitney test; level of significance α=0.05).
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Figure 4(on next page)

The size of rosettes. Percentage of G. robertianum plants from all track populations and
forest populations, from field studies (F0 generation).

The size of rosettes. Percentage of G. robertianum plants from all track populations (n=315
plants) and forest populations (n=250 plants), from field studies (F0 generation), with
rosettes: very small (plant height: ~5 cm; leaf span: ~10 cm), small (plant height: ~10 cm;
leaf span: ~15 cm), medium (plant height: ~15 cm; leaf span: ~20 cm ), large (plant height:
~20 cm; leaf span: ~25 cm) and very large (plant height: ~25–30 cm; leaf span: ~30–40
cm).
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Figure 5(on next page)

Area of leaf blades in G. robertianum plants from all track and forest populations, from
field sites (F0 generation).

Area of leaf blades in G. robertianum plants from all track and forest populations, from field
sites (F0 generation). 480 plant leaves from the track populations (n=480) and 390 plant
leaves from the forest populations (n=390) were taken for testing. Statistically significant
differences between track and forest populations were marked with (*) asterisks (U Mann-
Whitney test; level of significance α=0.05).
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Figure 6(on next page)

Seed germination dynamics from track and forest populations.

Seed germination dynamics from track populations: Wal-St (2008) – 7-year-old seeds, Wal3
(2013) – 2-year-olds seeds, Wal3 (2014) – annual seeds, Wal-St-r (2015) and Wal-St-n (2015)
– seeds ~ 2-months old (A), and from forest populations: Zaj-L (2008) – 7-year-old seeds, Zaj-
L (2013) – 2-year-olds seeds, Zaj-L (2014) – annual seeds and Zaj-L (2015) – seeds ~ 2-
months old (B), in the next days of the test (F1 generation).
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Figure 7(on next page)

General appearance of the G. robertianum plants and dorsal side of leaf blades, from
the track and forest populations, grown simultaneously, in the same conditions (F1
generation).

General appearance of the G. robertianum plants (A) and dorsal side of leaf blades (B) from
the track population from Waliły-Station (Wal-St (2008)) and forest population from
Zajezierce (Zaj-L (2014)), about 5 months old, grown simultaneously, in the same conditions,
in horticultural soil (F1 generation).
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Figure 8(on next page)

Surface of leaf blades area of G. robertianum plants from the track population and
forest population, about 6 months old, grown in the greenhouse conditions (F1
generation).

Surface of leaf blades area of G. robertianum plants from the track population from Waliły-
Station (Wal-St (2008)) and forest population from Zajezierce (Zaj-L (2014)), about 6 months
old, grown in the greenhouse conditions (F1 generation). 50 leafs from track population
(n=50) and 50 leafs from forest population (n=50) were taken for the study. Statistically
significant differences between track and forest populations were marked with (*) asterisks
(U Mann-Whitney test; level of significance α=0.05).
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Figure 9(on next page)

Relative anthocyanins content in leaf blades and petioles of G. robertianum plants (F1
generation) from track and forest populations.

Relative anthocyanins content [A530
�✁

-1 FW] in leaf blades (A) and petioles (B) of G.

robertianum plants (F1 generation) from track: Wal-St (2008), Wal3 (2013), Wal3 (2014),
Wal-St-n (2015), Wal-St-r (2015) and forest: Zaj-L (2008), Zaj-L (2013), Zaj-L (2014), Zaj-L
(2015) populations. Statistically significant differences between track and forest populations
(Kruskal-Wallis test, level of significance α=0.05) were marked with (*) stars, whereas
statistically significant differences for given type of population (track/forest) were marked
with stars and brackets (U Mann-Whitney test; level of significance α=0.05).
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Figure 10(on next page)

Principal component analysis performed on the matrix including the data of relative
anthocyanins content in leaf blades and petioles of G. robertianum plants from studied
populations (F1 generation).

Principal component analysis (PCA) performed on the matrix including the data of relative
anthocyanins content in leaf blades and petioles of G. robertianum plants from studied
populations (F1 generation). The graphs shows the locations of the points corresponding to
the ✂✄☎✆ ✝✞✟✠✡ ☛☞✌ ☎✍✎✏☞✌ ✝✞✟✑✡ ☎✒✄✓☛✎✍☎ ✏✓ ✆✔✍ ✕☛✖☞ ✎✏✕✗✏☞✍☞✆✘ ✍✙✗✚☛✖☞✖☞✛ ✆✔✍ ✜✢✣✠✜✤ ☛☞✌

13.82% of the overall variation, respectively. Separated groups of populations were marked
with green, blue, yellow and pink ovals.
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Figure 11(on next page)

Relative anthocyanins content in leaf blades and petioles of G. robertianum plants (F1
generation) from tracks: Wal-St (2008), Wal-St-r (2015), BF, ZB and forest: Zaj-L, Gr-L1
populations.

Relative anthocyanins content [A530
✥✦

-1 FW] in leaf blades (A) and petioles (B) of G.

robertianum plants (F1 generation) from tracks: Wal-St (2008), Wal-St-r (2015), BF, ZB and
forest: Zaj-L, Gr-L1 populations. Statistically significant differences between track and forest
populations (Kruskal-Wallis test, level of significance α = 0.05) were marked with (*) stars,
whereas statistically significant differences for given type of population (track/forest) were
marked with stars and brackets (U Mann-Whitney test; level of significance α=0.05).
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Figure 12(on next page)

Principal component analysis performed on the matrix including the data of relative
anthocyanins content in leaf blades and petioles of G. robertianum plants from studied
populations (F1 generation).

Principal component analysis (PCA) performed on the matrix including the data of relative
anthocyanins content in leaf blades and petioles of G. robertianum plants from studied
populations (F1 generation). The graphs shows the locations of the points corresponding to
the ✧★✩✪ ✫✬✭✮✯ ✰✱✲ ✩✳✴✵✱✲ ✫✬✭✶✯ ✩✷★✸✰✴✳✩ ✵✸ ✪✹✳ ✺✰✻✱ ✴✵✺✼✵✱✳✱✪✽ ✳✾✼✿✰✻✱✻✱❀ ✪✹✳ ❁❂❃❁❁❄ ✰✱✲

3.01% of the overall variation, respectively. Separated groups of populations were marked
with green, blue and pink ovals.
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Figure 13(on next page)

Consensus, unrooted trees with bootsrap values, created with NJ method, based on:
matrix 1 and matrix 2.

Consensus, unrooted trees with bootsrap values (>50% values marked), created with
Neighbor-Joining (NJ) method. The trees were created in the SplitsTree program basing on the
output ❅❆❇❈ ❉❊❋● ❍■❏❑ ▲❊❋▼❊◆● ❖◆❈❇P ❋◗❘ matrix 1 (A) and matrix 2 (B). Numbers near
symbols of populations are the numbers of the individuals of each population. The symbols of
populations ❙ ●◆❚❊❯❱ ❲❘ ❳❍ ❨❩❬❲❭❪ ❫❴❵❛ ❳❜❝❜❞ ❨❩❬❲❡❪ ❫❞❵❛ ❞❜❝ ❨❩❬❲❭❪ ❫❑❵❛ ❝◆❢❜❞ ❨❩❬❬❣❪ ❫❤❵❛ ❝❇P

(2014) [F], Zed-L (2014) [E], Wal-St (2008) [A] ❙ ●◆❊✐❇P ❯◗ ❋❊◆◗▼❇❛ ❥◆❆❜❞ ❨❩❬❲❭❪ ❫❦❵❛ ❧❊♠♥❖❜❞

(2014) [H], W-S3C (2013) [G], St-ZB (2014) [J], ZB (2013) [M], ZB-L (2014) [N], KPN (2013)
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Figure 14(on next page)

Graph of the function ΔK/K calculated on the basis of data obtained after the analysis
performed with STRUCTURE program (Bayesian clustering) for matrix 1 and matrix 2.

Graph of the function ΔK/K calculated on the basis of data obtained after the analysis
performed with STRUCTURE program (Bayesian clustering) for: matrix 1 – track and forest
populations of G. robertianum plants from studied area (proximity of railway line nr 37) and
comparative forest populations (Fr, KPN), K=2 (ΔK≈400) (A); matrix 2 – track populations of
Waliły and forest populations of Zajezierce of G. robertianum plants (the individuals for
research were cultivated in greenhouse conditions from the seeds collected in 2008 or 2013
and 2015), K=3 (ΔK>250) (B).
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