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Abstract: Rubus L. is one of the most species-rich and most taxonomically challenging
genera in the family Rosaceae. The aim of this study was to investigate pollen mor-
phology and the ranges of inter- and intraspecific variability of the studied Rubus alien
species, as well as verify the taxonomic usefulness of these traits in distinguishing stud-
ied taxa from this genus. We analysed six quantitative pollen characteristics and the
following qualitative ones: exine ornamentation, pollen outline and shape. The study
was conducted on 24 samples of six alien Rubus species found in Poland. 720 pol-
len grains were measured in total. The most important pollen features included exine
ornamentation and length of the polar axis (P). In the conducted studies there were
no features of pollen indicating “invasiveness”. The results of our research fill the gap
in knowledge on pollen structure in Rubus species alien to Poland and Europe. They
may constitute a foundation for further research on the reproduction of these species
(e.g. pollen viability and fertility), thus facilitating identification of features determin-
ing their expansive character.

Keywords: pollen morphology, interspecific variability, intraspecific variability, Rubus,
alien and invasive brambles.

INTRODUCTION

Many bramble species are found outside their natural distribution area as
a result of their use in horticulture, while some have been introduced acciden-
tally (Kiraly 2018). Alien brambles can become established very far from their
original range and some of them became invasive (Evans and Weber 2003;
Henderson 2007; Bennett et al. 2011; Clark et al. 2013). The identification of
the taxa in the secondary range is difficult, especially in the case of apom-
ictic species of Eurasian origin, with misidentifications, even using molecu-
lar methods, being relatively frequent (Alice et al. 2014; Bruckart et al. 2017).
Kiraly (2018) expressed an opinion that alien species from the genus Rubus
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generate significant ecological and nature conservational
threats worldwide; however, the European flora and veg-
etation are not seriously affected by their impacts.

Lambdon et al. (2008) reported that in Europe 35
Rubus species are ‘aliens in Europe’, 10 species are ‘aliens
of European origin’ and 21 species - ‘aliens to Europe’.
According to DAISIE (2009), in Europe 34 alien Rubus
taxa are found, including all the studied species. Kurtto
et al. (2010) reported in Europe 10 “non-native” Rubus
species, and about 20 native species with secondary
occurrences outside the original range. In turn, Tokar-
ska-Guzik et al. (2012) showed for Poland the occur-
rence of six alien bramble species.

Rubus is one of the most taxonomically challeng-
ing genera in the family Rosaceae. Difficulties arise from
the large number of species with similar morphological
characteristics and often small, local ranges of natu-
ral occurrence, as well as polyploid hybridisation and
apparently frequent facultative apomixis (Weber 1996;
Alice and Campbell 1999). Therefore, among brambles,
pollen of only 48 European species had been charac-
terised until 2019 (Erdtman et al. 1961; Reitsma 1966;
Teppner 1966; Eide 1981a, 1981b; Gonzalez Romano and
Candau 1989; Monasterio-Huelin and Pardo 1995; Tom-
lik-Wyremblewska 1995; Wronska-Pilarek et al. 2012,
2016; Kosinski et al. 2018). These data have been supple-
mented by the latest comprehensive palynological study
by Lechowicz et al. (2020), who described pollen grains
of 58 Polish and European Rubus species, and by Xiong
et al. (2019), who examined 155 species and 13 varieties
representing all the 12 subgenera of this genus.

The most important features of bramble pol-
len grains include exine ornamentation (ornamenta-
tion type, width and orientation of striae and grooves),
length of colpori, type of the bridge, costae colpi and the
number and size of perforations (Reitsma 1966; Naru-
hashi and Takano 1980; Eide 1981a, 1981b; Kosenko et
al. 1982; Gonzalez Romano and Candau 1989; Hebda
and Chinnappa 1990, 1994; Ueda 1992; Monasterio-
Huelin and Pardo 1995; Tomlik-Wyremblewska 1995,
2000; Li et al. 2001; Tomlik-Wyremblewska et al. 2004;
Wronska-Pilarek et al. 2006, 2012; Wang et al. 2007;
Kasalkheh et al. 2017; Gupta and Dash 2018; Xiong et al.
2019; Lechowicz et al. 2020). In the opinion of Tomlik-
Wyremblewska (1995, 2000), pollen size and shape prove
to be poor criteria in species identification.

The aim of this study was to describe and analysed
pollen morphology and the inter- and intraspecific vari-
ability of all six alien Rubus species (on the basis of 24
pollen samples) found in Poland, based on all pollen fea-
tures. All of the studied bramble species, are distributed
throughout Europe as aliens. We also investigated if pollen
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grains of the invasive and expansive bramble species differ
in structure from pollen of other species, and whether any
differences may affect their invasive properties.

MATERIALS AND METHODS
Pollen morphology

The plant material was collected in the herbarium of
the Institute of Dendrology, Polish Academy of Scienc-
es in Kérnik (KOR) and stored in the herbarium of the
Department of Forest Botany, the Poznan University of
Life Sciences (PZNF), which did not require any permits
to conduct research.

The study was conducted on 24 samples of six alien
Rubus species (R. allegheniensis Porter, R. armeniacus
Focke, R. canadensis L., R. laciniatus Willd., R. odora-
tus L. and R. xanthocarpus Bureau & Franch) found in
Poland, the Czech Republic, Ukraine, Germany and
France. A list of the species analysed with their affilia-
tion to series is shown in Table 1.

In this paper the taxonomic classification of the
studied taxa from the genus Rubus was adopted after
Zielinski (2004), with further modifications (Kosinski et
al. 2018). The verification of the taxa was made by Prof.
Jerzy Zielinski (Institute of Dendrology, Polish Academy
of Sciences in Kérnik), a batologist - taxonomist special-
ising in the genus Rubus.

Several, randomly selected inflorescences (flow-
ers) were collected from 24 localities representing inva-
sive Rubus species in five European countries (Table 2).
Pollen grains were acetolysed according to the method
of Erdtman (1960). The pollen grain samples were then
mixed with 96% alcohol and centrifuged 4 times, with
processed grains subsequently divided into two groups.
One half of the processed sample was immersed in an
alcohol-based solution of glycerin for LM, while the
other was placed in 96% ethyl alcohol in preparation for
scanning electron microscopy (SEM). The SEM observa-
tions were carried out using a Zeiss Evo 40 microscope,

Table 1. The taxonomic classification of the Rubus species studied.

No Species Subgenus  Section Subsection  Series

1 R xanthocarpus Chamaerubus Xanthocarpi
2 R. odoratus  Anoplobatus - -

3 R canadensis Rubus Rubus ~ Rubus  Canadenses
4 R allegheniensis ~ Rubus Rubus ~ Rubus  Alleghenieses
5  R. armeniacus Rubus Rubus  Hiemales  Discolores
6 R laciniatus Rubus Rubus  Hiemales Rhamnifolii
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while LM measurements of acetolysed pollen grains were
conducted at a 400x magnification using a Levenhuk
D870T microscope equipped with a camera and software
enabling accurate grain measurement. The exine sculp-
tural elements were measured when taking SEM photos
on an area of 25 pm? according to the methods of Ueda
and Tomita (1989). SEM pictures were taken from sam-
ples numbered 1-5 (see: Table 2). Measurements taken
from 30 mature, randomly selected, properly developed
pollen grains were made using the light microscopy
(LM), with 720 pollen grains measured in total.

The pollen grains were analysed for six quantitative
characters: length of the polar axis (P) and equatorial
diameter (E), length of the ectoaperture (Le), distance
between apices of two ectocolpi (d), and the P/E, and
Le/P ratios (Figure 1). The pollen shape classes (P/E
ratio) were adopted according to the classification pro-
posed by Erdtman (1952): oblate-spheroidal (0.89-0.99),
spheroidal (1.00), prolate-spheroidal (1.01-1.14), subpro-
late (1.15-1.33) and prolate (1.34-2.00). In addition, the
following qualitative characters were also determined:
outline, shape, operculum structure and exine orna-
mentation.

Table 2. List of localities of the Rubus species studied.

Exine ornamentation types were identified based
on the classification proposed by Ueda (1992). The types
and subtypes of the striate exine ornamentation were
characterised by the height and width of grooves, width
of striae, and the number and diameter of perforations.

The descriptive palynological terminology followed
Punt et al. (2007) and Halbritter et al. (2018).

Statistical analysis

The normality of distributions for the studied traits
(P, Le, d, E, P/E and Le/P) was tested using Shapiro-
Wilk’s normality test (Shapiro and Wilk 1965). Multi-
variate analysis of variance (MANOVA) was performed
on the basis of the following model using a MANOVA
procedure in the GenStat 18th edition: Y=XT+E, where:
Y is the (nxp)-dimensional matrix of observations, # is
the number of all observations, p is the number of traits
(in this study p=6), X is the (nxk)-dimensional matrix of
design, k is the number of species (in this study k=24),
T is the (kxp)-dimensional matrix of unknown effects,
and E - is the (nxp)-dimensional matrix of residuals.
Next, one-way analysis of variance (one-way ANOVA)

Geographical coordinates

Collector, herbarium

No Species Localities

1 R allegheniensis 1 ~ Czech Republic, Frystak
2 R allegheniensis 2 Czech Republic, Lukov
3 R. allegheniensis 3 Poland, Janowo

4 R. allegheniensis 4 Poland, Lukecin

5 R. armeniacus 1 Poland, Resko

6 R. armeniacus 2 Poland, Goledzinow
7 R. armeniacus 3 Poland, Dziwnéw

8 R. armeniacus 4 Poland, Trzebiatow

9 R. armeniacus 5 Poland, Cichowo

10 R. canadensis 1 Poland, Migdzygorze
11 R. canadensis 2 Poland, Stronie Slqskie
12 R. canadensis 3 Germany, Pulsnitz
13 R. canadensis 4 Poland, Nowa Morawa
14 R. laciniatus 1 Poland, Rzeszow

15 R. laciniatus 2 Poland, Glinna

16 R. laciniatus 3 Poland, Poznan

17 R. laciniatus 4 Poland, Malolesie

18 R. laciniatus 5 France, Paris

19 R. odoratus 1 Poland, Moécienica
20 R. odoratus 2 Poland, Niedrzwica Duza
21 R. odoratus 3 Poland, Kérnik

22 R. odoratus 4 Ukraine, Rudki

23 R. odoratus 5 Poland, Rzeszow

24 R. xanthocarpus 1 Poland, Miedzianka

49°16°04,6"N, 17°40°01,5”E
49°17°24,4°N, 17°43°45,8’E
54°02’18,2”N, 14°58°09,3”E
54°02’34,9”N, 14°52°23,8”’E
53°4624,2”N, 15°24°20,2”E
51°16’07,6”N, 16°55°25,5"E
54°01°30,3”N, 14°45°09,5”E
54°03°45,7”N, 15°15°56,6"E
51°59’39,2”N, 16°58°45,9”E
50°13°40,6”N, 16°46°00,1”E
50°17°29,9”N, 16°52°25,3”E
51°10°57,3”N, 14°00°50,3”E
50°14’11,9”N, 16°53°28,1”E
50°02’14,8”N, 22°00’16,9”E
53°17°12,6”N, 14°43’11,9’E
52°27°14,0”N, 16°50°54,9”E
53°17°50,9”N, 14°42°33,5”E
48°50’35,6"N, 02°21°34,2”E
52°15°01,5”N, 17°03’47,4’E
51°06’51,3”N, 22°23’16,2”E
52°14°28,4”N, 17°05°34,5”E
49°38°30,2"N, 23°29°27,5”E
50°02’14,8”N, 22°00’16,9’E
50°5022,5”N, 20°22°03,3”E

Zielinski; KOR
Zielinski; KOR
Zielinski; KOR
Zielinski; KOR
Boratyniska, Dolatowska, Zielinski; KOR
Zielinski; KOR
Boratynska, Dolatowska, Zielinski; KOR
Tomlik; KOR
Boratynska; KOR
Kosinski; KOR
Kosinski, Zielinski; KOR
Hans-Werner; KOR
Illegible name; KOR
Wroblewski; KOR
Celinski; KOR
Krysztofiak; KOR
Wroéblewski; KOR
Wréblewski; KOR
Bugata; KOR
Illegible name; KOR
Zielinski; KOR
Wroéblewski; KOR
Wrdéblewski; KOR
Maciejczak, Bréz, Zielinski; KOR
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Figure 1. Scheme of the investigated quantitative characters (P, E,
Le and d).

was carried out to determine the effects of Rubus sam-
ples on variability of P, Le, d, E, P/E and Le/P. The
minimal, maximal and mean values as well as standard
deviations of traits were calculated. Fisher’s least signifi-
cant differences (LSDs) were calculated for individual
traits and on this basis homogeneous groups were estab-
lished. The relationships between observed traits were
assessed on the basis of Pearson’s correlation. Relation-
ships of six observed traits were presented in a heatmap.
Results were also analysed using multivariate methods.
The canonical variate analysis was applied in order to
present multitrait assessment of similarity of tested sam-
ples in a lower number of dimensions with the least pos-
sible loss of information (Rencher 1992). This makes it
possible to illustrate variation in species in terms of all
observed traits in the graphic form. The Mahalanobis
distance (Mahalanobis 1936) was suggested as a meas-
ure of “polytrait” species similarity (Seidler-Lozykowska
and Bocianowski 2012), which significance was verified
by means of critical value D, called “the least significant
distance” (Camussi et al. 1985). Mahalanobis distances
were calculated for all species samples. The differences
between the analysed species were verified by cluster
analysis using the nearest neighbour method and Euclid-
ean distances. All the analyses were conducted using the
GenStat 18th edition statistical software package.

Kacper Lechowicz, Jan Bocianowski, Dorota Wronska-Pilarek

RESULTS
General morphological description of pollen

A description of pollen grain morphology of the
Rubus species studied is given below and illustrated
in SEM photographs (Figures 2 and 3). Morphological
observations for the other quantitative characters of pol-
len grains are shown in Tables 3 and 4.

Pollen grains of the Rubus species studied were tri-
colporate, isopolar monads (Figure 2). According to the
pollen size classification by Erdtman (1952) based on
the length of the polar axis, analysed pollen grains were
small (10-25 pm; 54.5%) or medium-sized (25.1-50 um;
45.5%). Pollen grains had a small range of average values
for trait P, ranging from 20.57 to 27.82 um.

The average length of the polar axis (P) was 24.75
(15.16-33.65) um (Table 3). The smallest mean P was
found for pollen of R. xanthocarpus (20.57 um), while
the largest - for R. armeniacus (27.82 um) (Table 3). In
the R. xanthocarpus sample all measured pollen grains
were small at a narrow range of polar axis length (18-24

Figure 2. Equatorial and polar views of pollen grains under a scan-
ning electron microscope (SEM) (A-E). (A) R. allegheniensis, (B)
R. armeniacus, (C) R. canadensis, (D) R. laciniatus, (E) R. odoratus
- pollen grains in equatorial view, two colpori and exine ornamen-
tation visible. (F-]J) (F) R. allegheniensis, (G) R. armeniacus, (H) R.
canadensis, (I) R. laciniatus, (J) R. odoratus - pollen in polar view,
three colpori and exine ornamentation visible. Scale bars = 2 um.
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Table 3. Minimal, maximal and mean values as well as standard deviations (s.d.) for P, Le and d.

Trait P Le d

Rubus Mean Min Max sd. Mean Min Max sd. Mean Min Max  s.d.
R. allegheniensis 1 27.01 ab®  23.00 33.65 235 21.81 abcde 16.63 2927 2.82 6.40 a 3.46 9.23 1.53
R. allegheniensis 2 26.55 abc  22.05 30.17 244 20.89 cdefg 16.68 239 2.04 5.83 a 3.15 9.17 1.68
R. allegheniensis 3 2524 cdef 2252 3026 190 20.86 «cdefg 17.01 24.88 1.71 4.79 b 3.21 6.16 0.81
R. allegheniensis 4 2447 efgh 22.00 28.00 1.72 20.80 «cdefg 16.00 24.00 1.63 4.27 bedef 2.00 8.00 1.36
R. armeniacus 1 27.02 ab 22,74 3145 211 2225 abc 19.56 26.06 1.78 3.96 bcdefg 2.60 5.59 0.76
R. armeniacus 2 27.41 a 23,13 29.62 1.65 2231 abc 17.15 26.73 2.12 445 bc 296  6.15 0.75
R. armeniacus 3 27.01 ab 2344 30.18 179 2285 ab 17.81 2674 2.16 3.95 bcdefg 2.00 516 0.90
R. armeniacus 4 27.13 ab 2219 29.81 1.47 21.86 abcde 16.79 2538 1.63 3.92 cdefg 232 6.00 0.86
R. armeniacus 5 27.82 a 2298 30.80 2.00 23.16 a 18.27 2621 2.05 4.06 bcdefg 2.42 6.45 0.89
R. canadensis 1 21.98 jkl 19.88 24.80 1.19 18.79 ijk 15.75 21.6 1.30 2.31 k 1.67 4.38 0.59
R. canadensis 2 23.03 hijk 2027 27.80 193 19.64 ghij 17.06 2432 1.80 2.58 jk 1.62 6.23 0.88
R. canadensis 3 25.71 bede 20.37 29.02 198 21.20 cdef 16.16 24.78 1.98 4.33 bed 2.00 7.28 1.32
R. canadensis 4 21.27 1 20.00 24.00 1.23 18.13 jk 14.00 20.00 1.57 2.60 ijk 2.00 4.00 0.86
R. laciniatus 1 26.46 abc 23.22 2931 137 2191 abcd 1881 2513 1.64 3.53 defgh 2.00 6.17 1.01
R. laciniatus 2 24.84 defg 2129 30.16 2.68 2034 efgh 17.11 26.28 2.38 3.45 fghi 1.93 4.88 0.79
R. laciniatus 3 2636 abcd 22.63 2882 1.63 2148 bcde 1623 2505 1.75 3.27 ghij 1.76 5.32 1.01
R. laciniatus 4 24.61 efg 15.16 2748 253 20.66 defg 16.00 2376 170 2.96 hijk 1.15 6.37 1.06
R. laciniatus 5 2444 efgh 2196 26.52 1.08 19.89 fghi 16.61 2274 150 443 bc 3.04 5.82 0.83
R. odoratus 1 2385 fghi 2149 2671 131 1992 fghi 16.14 2244 1.64 3.69 cdefgh 2.36 5.23 0.72
R. odoratus 2 22.86 ijk 20.62 2570 1.35 18.71 ijk 15.02 21.84 1.71 3.86 cdefg 2.12 532 0.84
R. odoratus 3 2338 ghij 2081 2578 132 1895 hijk 1580 22.60 1.65 4.30 bcde 2.51 6.28  0.90
R. odoratus 4 21.66 kl 18.71 2395 135 17.64 kl 14.67 20.34 1.40 345 efgh 267 5.12 0.72
R. odoratus 5 21.78 kl 19.37 2343 094 17.90 k 15.60 19.70 1.14 3.51 defgh 2.00 5.46 0.90
R. xanthocarpus 1 20.57 1 18.00 24.00 1.43 16.23 1 14.00 18.00 1.31 3.87 cdefg 2.00 6.00 1.07
LSDy o0 1.5 1.54 0.85

ANOVA F 47.35%* 29.89*** 26.10**

#a, b, ... — values with different letters in columns are significantly different (P<0.001).

pum). On the other hand, the longest pollen grains were
found in R. armeniacus (22.19-31.45 pm).

The mean equatorial diameter (E) was 17.49 (14-
28.23) um. The shortest mean equatorial diameter was
recorded in pollen of R. xanthocarpus (17.60 um), and
the longest was found in R. allegheniensis (24.19 um;
Table 4).

The outline in the polar view was mostly circu-
lar with obtuse apices, less often elliptic, whereas in the
equatorial view the outline was mostly elliptic, rarely
circular (Figure 2).

The mean P/E ratio was 1.16, ranging from 0.66 in
R. laciniatus to 2.00 in R. armeniacus (Table 4). On aver-
age the P/E ratio values were always above 1.00, ranging
from 1.10 in R. odoratus to 1.24 in R. laciniatus. Pollen
grains of the examined species were most frequently
subprolate (48.8% - 351 pollen grains) or prolate-sphe-
roidal (42.9% - 309), rarely prolate (5% - 36) and very
rarely oblate-spheroidal (1.9% - 14).

The polar area index (PAI) or the apocolpium index,
in other words the d/E ratio, averaged 0.18 (0.05-0.41). The
lowest mean value of this ratio (0.05) was recorded in R.
laciniatus, while the highest (0.41) - in R. allegheniensis.

Rubus pollen grains usually have three apertures
colpori. The colpori were arranged meridionally, regu-
larly, more or less evenly spaced and were usually long,
with a mean length of 20.34 (14.00-29.27) pm (Table 3).
On average, the shortest colpori were found in R. xan-
thocarpus and R. canadensis (14.00 um), while the long-
est was recorded in R. armeniacus (19.56 um). On aver-
age, the length of the colporus (Le) constituted 82% of
the polar axis length (P) and ranged from 67 to 97%.
The colpori were narrow, linear or fusiform in outline.
Their width varied and was usually greatest in the equa-
torial region. Sculpturing of ectocolpus membranes
approached rugulate, rarely partly psilate (Figure 3).
Colpus margins frequently had small undulations (Fig-
ure 3). In all the studied species a bridge was observed,
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Table 4. Minimal, maximal and mean values as well as standard deviations (s.d.) for E, P/E and Le/P.

Trait E P/E Le/P

Rubus Mean Min Max sd. Mean Min Max sd. Mean Min Max  s.d.
R. allegheniensis 1 24.19 a’ 19.07 27.23 1.93 1.12 cde 0.96 1.37  0.10 0.81 def 0.68 0.90 0.07
R. allegheniensis 2 2333 abc 16.87 27.06 2.63 1.14 cde 1.01 1.37 0,09 0.79 f 0.67 0,91 0.05
R. allegheniensis 3 22.09 cdef 20.06 24.50 0.99 1.14 cde 1.02 1.35 0,08 0.83 abcde 0.68 0,94  0.06
R. allegheniensis 4 21.20 efgh 18.00 24.00 1.45 1.16 abcde 1.00 1.40 0,10 0.85 ab 0.73 0,92 0.06
R. armeniacus 1 22.79 abed 19.86 2504 133 1.19 abc 1.08 145 0,08 0.83 abcdef 069 0,94 0.05
R. armeniacus 2 2330 abc 20.20 2582 146 1.18 abcde 1.08 1.30 0,06 0.81 bcdef 0.68 0,90 0.05
R. armeniacus 3 23.54 abc 20.42 27.76 2.02 1.15 bede 1.02 129 0,08 085 abecd 075 0,94 0.04
R. armeniacus 4 24.09 a 2093 2823 1.51 1.13 cde 0.99 1.28 0,06 0.81 def 0.74 0,87 0.03
R. armeniacus 5 23.82 ab 15.14 27.27 2.45 1.18 abcde 094 200 0,18 0.83 abcd 076 0,90 0.04
R. canadensis 1 19.07 hi 16.26 22.48 1.42 1.16  bcde 1.01 1.28 0,07 0.85 a 0.72 0,93 0.04
R. canadensis 2 19.75 hgh 16.76 23.58 1.66 1.17 abcde 0.96 1.40 0,08 0.85 ab 0.75 0,90 0.03
R. canadensis 3 2340 abc 17.83 27.24 242 1.10 de 0.99 1.36 0,09 0.83 abcdef 0.71 0,92 0.05
R. canadensis 4 18.47 hi 14.00 20.00 1.46 1.16 bcde 1.00 1.43 0,10 0.85 ab 0.70 0,91 0.05
R. laciniatus 1 22.47 bcde 18.83 26.55 1.84 1.18 abcd 1.04 1.38 0,09 0.83 abcde 0.75 0,91 0.04
R. laciniatus 2 21.30 defg 17.31 26.78 245 1.17 abcde 0.97 1.37 0,10 0.82 abcdef 074 0,89 0.03
R. laciniatus 3 22.52 bede 1647 27.84 233 1.18 abcde 0.99 1.60 0,14 0.81 bcdef 0.72 0,88 0.04
R. laciniatus 4 21.46 def 16.88 26.12 2.20 1.16 bcde 0.66 1.52 0,14  0.85 abc 0.76 1,45 0.12
R. laciniatus 5 19.78 ghgh 17.88 21.76 0.95 1.24 a 1.10 1.38 0,08 0.81 bcdef 070 0,88 0.04
R. odoratus 1 19.51 gh 15.60 22.60 1.63 1.23 ab 1.06 1.38 0,08 0.84 abcd 0.72 0,91 0.05
R. odoratus 2 19.44 gh 16.25 21.82 1.54 1.18 abcde 1.06 146 0,08 0.82 abcdef 0.71 0,89  0.04
R. odoratus 3 20.73 fghg 1796 2337 1.35 1.13 cde 1.01 1.35 0,08 0.81 cdef  0.71 0,89  0.04
R. odoratus 4 19.76  hgh 1643 2241 1.76 1.10 e 0.94 1.34 0,10 0.81 bcdef 0.74 0,88 0.03
R. odoratus 5 18.93 hi 14.79 21.82 1.98 1.16 abcde 1.02 149 0,12 0.82 abcdef 0.71 0,91 0.05
R. xanthocarpus 1 17.60 i 16.00 22.00 1.55 1.18 abcde 1.00 1.50 0.11 0.79 ef 0.64 090 0.06
LSDy 00 1.55 0.08 0.04

ANOVA F 36.27%** 3.30%** 4.06%**

#a, b, ... — values with different letters in columns are significantly different (P<0.001).

crossing the colpus at the equator and dividing it into
two parts, formed by two bulges of the ectexine that
meet in the middle (Figure 3). These equatorial exten-
sions were of the same or unequal length.

Exine ornamentation in all species was striate-per-
forate, with the exception of R. odoratus, which had a
verrucate ornamentation with small perforations (Figure
3). Exine ornamentation elements were highly variable
(Figure 3). Striae and grooves usually ran parallel to col-
pori and the polar axis, but frequently they also formed
fingerprint-like twists. Striae were straight or forked and
of varying length, width and height.

The investigated pollen of individual Rubus species
was classified according to the striate exine ornamenta-
tion classification proposed by Ueda (1992). The cited
author distinguished six types (I-VI) and six subtypes
(I-1I1, each A and B). In our study only subtypes IIA and
IITA were found (Figure 3). Subtype IIA had prominent
perforations between ridges and with short intervals of

ridges. Subtype IIIA had more distinct ridges due to their
steep slope; the ridges had small diameter (0.15~0.30
pum). Four species (R. allegheniensis, R. armeniacus,
R. xanthocarpus, R. laciniatus) belonged to the IIA sub-
type, which was characterised by distinct striae, narrow
grooves and frequently by prominent, numerous perfora-
tions. Subtype IIIA was represented by only one species
(R. canadensis) with higher (i.e. more conspicuous than
in subtype IIA), fairly narrow striae in comparison with
subtype IIA. Striate-verrucate exine ornamentation with
flattened and wavy muri and small, few perforations was
found only in R. odoratus.

Interspecific variability of pollen grains

Results of MANOVA indicated that the all the
Rubus samples were significantly different when inves-
tigated in terms of all the six quantitative traits jointly
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Figure 3. Types and subtypes of striate exine ornamentation. (A) R. allegheniensis (subtype-IIA), (B) R. armeniacus (IIA), (C) R. canadensis
(IITA), (D) R. laciniatus (IIA), (E) R. odoratus (verrucate ornamentation), (F) R. xanthocarpus (IIA). Scale bars = 2 ym.

(Wilk’s 1=0.1495; Fj;.406=11.27; P<0.0001). The analysis
of variance for the six biometric traits [P (F,3496=47.25),
Le (Fy3,06=29.89), d (Fy3,606=26.10), E (Fy,406=36.27), P/E
(F13:696=3.30) and Le/P (F,3,696=4.06)] confirmed vari-
ability of the tested species at a significance level a=0.001
(Tables 3 and 4). The mean values and standard devia-
tions for the observed traits indicated a high variability
among the tested samples, for which significant differ-
ences were found in terms of all the analysed morpholog-
ical traits (Tables 3 and 4). The density plots of P and P/E
by Rubus species samples are presented in Figures 4 and
5, respectively. Variability of the observed traits across all
Rubus species on the basis of F-statistics ranked as fol-
lows: P>E>Le>d>Le/P>P/E. The ranking of variability in
the Rubus species calculated as a sum of coefficients of
variations for the six observed traits is: R. allegheniensis
(sample 1), > R. laciniatus (4) > R. allegheniensis (2) > R.
canadensis (3) > R. laciniatus (3) > R. canadensis (2) > R.
canadensis (4) > R. laciniatus (2) > R. allegheniensis (4) >
R. armeniacus (5) > R. xanthocarpus > R. odoratus (5) >
R. laciniatus (1) > R. armeniacus (3) > R. odoratus (2) >
R. odoratus (4) > R. canadensis (1) > R. odoratus (3) > R.
armeniacus (1) > R. odoratus (1) > R. allegheniensis (3) >
R. armeniacus (4) > R. armeniacus (2) > R. laciniatus (5).
The performed correlation analysis indicated statis-
tically significant correlation coeflicients for six out of

15 coeflicients (Figure 6). Trait P was significantly cor-
related with Le (r=0.969), d (0.508) and E (0.955). Addi-
tionally, E was correlated with Le (0.915) and d (0.551). A
negative significant correlation was observed between d
and Le/P (-0.615).

In the presented dendrogram, as a result of the
nearest neighbour grouping using the Euclidean dis-
tances method, the Rubus samples were divided into two
groups (Figure 7). The first group comprised 14 samples,
while the other was composed of the other 10 samples.
In the dendrogram (Figure 7) a trend towards clustering
of samples of individual species is observed, indicating
similar traits of their pollen grains. The first group com-
prised almost all samples of R. laciniatus (samples 1-4),
R. armeniacus (samples 1-5), and R. allegheniensis (sam-
ples 1-4), while the other group was composed of sam-
ples of R. canadensis and R. odoratus (Figure 7).

Individual traits vary in terms of their importance
and share in the joint multivariate variation. A study
on the multivariate variation for Rubus species samples
includes also identification of the most important traits in
the multivariate variation of species. Analysis of canonical
variables is a statistical tool making it possible to solve the
problem of multivariate relationships (Seidler-Lozykowska
et al. 2013, Lahuta et al. 2018, Wronska-Pilarek et al. 2018,
Bocianowski and Majchrzak 2019). Figure 8 shows vari-
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Figure 4. The density plot of P for individual Rubus species. The
point “x” denotes trait observation for particular species. The points
are plotted along a line, with a kernel density smooth on either side

to indicate the density of points along the line.

Figure 6. Heatmap for linear Pearson’ correlation coefficients
between observed traits (r,=0.406). The heatmap provides a graphi-
cal representation of a correlation matrix between pairs of the
observed traits. Each element of the correlation matrix is represent-
ed by a shaded rectangle indicating the value at that location, using
a different colour or shading density.
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Figure 5. The density plot of P/E for individual Rubus species. The
point “x” denotes trait observation for particular species. The points
are plotted along a line, with a kernel density smooth on either side

to indicate the density of points along the line.
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Figure 7. Dendrogram of the nearest neighbour cluster grouping
of Rubus species on the basis of six traits. The length of the lines
denotes similarity/distance between two species or between two
groups of species and determined hierarchical clusters.

ability of the six pollen grain traits in 24 studied Rubus
samples in terms of the first two canonical variables.
In the graph the coordinates of the point for particular
species are the values for the first and second canonical
variables, respectively. The first two canonical variables
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Figure 8. Distribution of 24 Rubus species in the space of the first two canonical variables.

accounted for 88.71% of the total multivariate variability
among the individual species samples (Table 5, Figure 8).
The most significant, positive, linear relationship between
the first canonical variables was found for P, Le, d and E
(Table 5). The second canonical variable was significant-
ly positively correlated with d and negatively correlated
with Le/P (Table 5). The greatest variation in terms of all
the traits jointly (measured Mahalanobis distances) was
found for R. allegheniensis (sample 2) and R. canadensis
(sample 4), with the Mahalanobis distance between them
amounting to 4.78 (Table 6). The greatest similarity (0.56)
was found for R. armeniacus (sample 1) and R. armenia-
cus (sample 4). The Mahalanobis distance is unitless and
scale-invariant, and takes into account the correlations
of the data set. On the basis of Mahalanobis distances
we identified samples showing greatest similarity for all
observed traits jointly.

DISCUSSION

In the lists of alien species of Europe (Lambdon
et al. 2008; DAISIE 2009; Kurtto et al. 2010), the stud-

Table 5. Correlation coefficients between the first two canonical
variables and original traits.

First canonical Second canonical

Trait

variable variable
P 0.989*** -0.102
Le 0.942%** -0.256
d 0.595** 0.802**
E 0.982%** -0.035
P/E -0.116 -0.195
Le/P -0.216 -0.623**
Percentage variation 65.31% 23.40%

** P<0.01; *** P<0.001

ied Rubus species have the status of ‘aliens in Europe’
and naturalised within the continent (R. alleghenien-
sis, R. armeniacus, R. canadensis, R odoratus, R. xan-
thocarpus) or ‘aliens of European origin’ - naturalised
and neophytes within the continent (R. laciniatus). We
studied all the six bramble species considered by Tokar-
ska-Guzik et al. (2012) to be alien for Poland. All these
species are domesticated kenophytes in Poland, occur-
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Table 6. Mahalanobis™ distances between studied Rubus species.
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Rubus species 1 2 3 4 5 6 7 8 9

10 11 12 13 14 15 16 17 18

19 20 21 22 23

1.03

1.96 1.52

2.61 2.25 0.78

2.76 2.20 1.56 1.81

2.29 1.78 1.47 1.92 0.56

2.59 2.37 1.67 1.81 1.09 1.09

2.72 2.17 2.02 2.38 1.19 1.10 1.25
2.57 2.29 2.04 2.30 1.25 1.12 0.79 1.02

. allegheniensis 2
. allegheniensis 3
. allegheniensis 4

2

3

4

. armeniacus 1 5
. armeniacus 2 6
. armeniacus 3 7
. armeniacus 4 8
9

. armeniacus 5

. canadensis 2 11
. canadensis 3 12
. canadensis 4 13
. laciniatus 1 14
. laciniatus 2 15
. laciniatus 3 16

laciniatus 4 17

R
R
R
R
R
R
R
R
R. canadensis 1 10 4.76 4.17 2.88 2.28 3.11 3.51 3.29 3.51 3.73
R
R
R
R
R
R
R
R

4.29 3.72 2.40 1.82 2.53 2.93 2.69 2.98 3.13 0.63

2.11 1.77 1.31 1.60 1.66 1.52 1.23 1.28 1.38 3.13 2.63

4.78 4.21 2.94 2.33 3.45 3.79 3.61 3.85 4.05 0.62 1.08 3.31

3.00 2.46 1.65 1.70 0.69 1.03 0.92 1.12 1.14 2.72 2.12 1.42 3.09

3.18 2.54 1.45 1.28 1.38 1.68 1.66 1.74 1.98 1.91 1.36 1.54 2.20 0.99

3.25 2.63 2.04 2.10 1.16 1.41 1.34 0.99 1.28 2.77 2.22 1.50 3.16 0.63 1.12
3.64 2.98 2.03 1.79 1.71 2.10 1.99 1.89 2.18 1.87 1.41 1.85 2.25 1.32 0.99 1.23

. laciniatus 5 18 2.88 2.31 1.32 1.14 2.15 2.23 2.47 2.78 2.73 2.44 2.06 2.20 2.38 2.08 1.51 2.36 2.17
R. odoratus 1 19 3.40 2.86 1.65 1.11 2.24 2.46 2.42 2.81 2.76 1.73 1.34 2.22 1.72 1.96 1.24 2.18 1.75 0.82
R. odoratus 2 20 3.49 2.951.78 1.34 2.66 2.83 2.83 3.11 3.23 1.68 1.48 2.41 1.50 2.41 1.52 2.59 2.11 1.07 0.80
R. odoratus 3 21 2.88 2.38 1.25 1.08 2.37 2.42 2.47 2.68 2.89 2.14 1.85 1.89 2.05 2.19 1.41 2.40 2.08 1.17 1.23 0.78
R. odoratus 4 22 4.01 3.50 2.36 1.96 3.19 3.38 3.25 3.41 3.71 1.50 1.56 2.71 1.26 2.87 1.93 2.95 2.34 2.04 1.67 1.02 1.19
R. odoratus 5 23 4.00 3.47 2.36 1.88 3.22 3.41 3.31 3.53 3.69 1.47 1.53 2.78 1.11 2.88 1.94 2.96 2.31 1.71 1.28 0.72 1.27 0.75
R. xanthocarpus 1 24 4.60 4.11 3.19 2.82 4.19 4.32 4.33 4.52 4.71 2.41 2.60 3.75 1.92 3.92 2.99 4.01 3.48 2.38 2.23 1.57 2.02 1.46 1.23
Dy o5=2.73

ring naturally in North America and Asia; except for
R. laciniatus - native to Eurasia, which in Poland is an
invasive anthropophyte (www.iop.krakow.pl). In turn,
R. xanthocarpus colonise anthropogenic plant commu-
nities, R. armeniacus — anthropogenic and seminatural
ones, while the other four species are found in anthro-
pogenic, seminatural as well as natural communities
(Zielinski 1991; Bréz and Zielinski 1993; Weber 1993;
Tokarska-Guzik et al. 2012).

All palynologists agree that the most important pol-
len features for the species in the genus Rubus are the
width, number and course of grooves (muri) and the
width of the striae, as well as the number and diam-
eter of perforations (Ueda and Tomita 1989; Ueda and
Okada 1994; Tomlik-Wyremblewska 1995, 2000; Li et
al. 2001; Wronska-Pilarek et al. 2006, 2012, Xiong et al.
2019; Lechowicz et al. 2020). Some authors considered
pollen size and shape as potentially important features
in the diagnosis of the analysed Rubus species (Candau
and Romanos 1987; Monasterio-Huelin and Pardo 1995;
Wronska-Pilarek et al. 2012; Ghosh and Saha 2017), while
others claimed that they have no diagnostic significance
(e.g. Li et al. 2001; Tomlik-Wyremblewska et al. 2004).

Based on Candau and Romanos (1987); Monasterio-
Huelin and Pardo (1995); Wronska-Pilarek et al. (2012) or
Ghosh and Saha (2017) and our results, we partially agree
with they former opinion, because the length of the polar
axis (P) has been an important feature.

According to current palynological studies, Euro-
pean native bramble species are less variable in terms
of exine ornamentation than Asian ones. Comprehen-
sive palynological studies by Li et al. (2001), Xiong et
al. (2019) and Lechowicz et al. (2020) confirmed this
thesis. Li et al. (2001) examined 103 Rubus species from
China, which belonged to four types and 11 subtypes,
and Xiong et al. (2019) divided pollen grains of 168 taxa
into six types and three subtypes of exine ornamenta-
tion. However, in the study of Lechowicz et al. (2020)
in the examined 58 European Rubus species only two
types of exine ornamentation were found (striate and
striate-verrucate with microgranules). Other European
palynologists distinguished in brambles mainly striate
or striate-perforate exine ornamentation (Reitsma 1966;
Eide 1981a, 1981b; Monasterio-Huelin and Pardo 1995;
Tomlik-Wyremblewska 1995, 2000; Wronska-Pilarek et
al. 2006, 2012; Polyakova and Gataulina 2008; Ghosh
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and Saha 2017; Kasalkheh et al. 2017). Ueda and Tom-
ita (1989) and Ueda (1992) distinguished six types and
six subtypes of striate exine ornamentation in species
from the genus Rosa and the family Rosaceae, including
the genus Rubus. Hebda and Chinnappa (1990) divided
Canadian rosaceous pollen types into two broad catego-
ries based on sculpturing. In the current study the ana-
lysed Rubus pollen grains were classified into two sculp-
turing subtypes (II A, IIT A), which were most frequently
represented among the European native bramble pollen
(e.g. Reitsma 1966; Eide 1981a, 1981b; Wronska-Pilarek
et al. 2012; Kasalkheh et al. 2017; Lechowicz et al. 2020).

Authors of many palynological studies (e.g. Tom-
lik-Wyremblewska 1995, 2000; Li et al. 2001; Wronska-
Pilarek et al. 2012) reported that the bridges are locat-
ed in most of the studied Rubus species. In a study by
Lechowicz et al. (2020) and in our study, bridges were
observed in all the analysed species. This structure
was not used as a basis for the identification of species,
because they were very similar in all species.

In the opinion of Li et al. (2001), pollen shape in
Rubus varied from spheroidal, subspheroidal, prolate
and perpolate, to occasionally rhomboid and hexago-
nal in the equatorial view. In turn, Monasterio-Huelin
and Pardo (1995) stated that they were only prolate or
spheroidal, while other authors distinguished several
pollen shape types - subprolate, prolate spheroidal, pro-
late or perprolate (Tomlik-Wyremblewska 1995, 2000;
Wronska-Pilarek et al. 2006, 2012; Ghosh and Saha 2017;
Kasalkheh et al. 2017). Xiong et al. (2019) showed that
pollen shape varies from suboblate, spheroidal, subp-
rolate and prolate to perprolate, while Lechowicz et al.
(2020) distinguished the greatest number, i.e. six types
of pollen shape (subprolate, prolate-spheroidal, prolate,
spheroidal, oblate-spheroidal and perprolate). We agree
with the opinions by Tomlik-Wyremblewska (1995,
2000) and Lechowicz et al. (2020) that pollen shape
turned out to be a poor criterion in identifying bramble
species, because most pollen grains (ca. 90%) are similar
in shape - either subprolate or prolate-spheroidal.

So far, morphological features of pollen grains have
not been analysed in terms of their impact on the inva-
sive character of the alien bramble species. Our results
showed no differences in the pollen structure of the
invasive R. laciniatus compared to the other five stud-
ied alien bramble species (Figures 7 and 8), but also with
dozens of Rubus species native to Poland and Europe
described by our team in another paper (Lechowicz et
al. 2020). It may be stated that pollen morphology does
not determine expansion of the studied species. Pollen
viability and germination may have a greater impact on
the expansive properties of such bramble species as R.

laciniatus. The arrangement of the investigated samples
on the dendrogram (Figure 7) showed that samples of
the same species (e.g. R. allegheniensis, R. armeniacus,
R. odoratus) often form clusters, except for R. laciniatus.
This means that R. laciniatus pollen grains were more
similar to those of other species than to one another.

CONCLUSIONS

- Interspecific variability of pollen features was found
with but the highest and the lowest variability
observed for pollen of the same bramble species (e.g.
R. allegheniensis - samples 1 and 3, R. laciniatus -
samples 4 and 5 or R. armeniacus - samples 5 and 2)
(Figure?).

- In the case of the invasive anthropophyte (R. lac-
iniatus), the greatest intraspecific variability was
found, as individuals of this species differed the
most from each other (Figure 7), while no interspe-
cies variation with other non-invasive bramble spe-
cies was found. Thus so it may be assumed that pol-
len morphology probably does not affect invasive
traits of this species.

- Results of our studies fill the gap in knowledge on
pollen structure of species from the genus Rubus
alien for Poland and Europe. They may be used in
further studies on reproduction of these species (e.g.
pollen viability and fertility), facilitating identifica-
tion of traits determining their expansive character.
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