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ABSTRACT. Three molecular forms of Pellia endiviifolia were identified in the Polish territory
based on semi-specific markers 1SJ, that amplify nuclear DNA on the exon-intron junctions. Two
of them corresponded to early sibling species identified by isozymic markers and called the typi-
cal and water form of P. endiviifolia. The third molecular form appeared to be typical of well-
heads. Nei’s genetic similarity between the typical and water form of P. endiviifolia, calculated on
the base of ISJ loci was very low, with I value of 0.183 whereas between them and the well-
headed form the I coefficient was equal to 0.182 and 0.330, respectively. Significant differences
among those molecular forms were observed for most of morphological characteristics studied
after several months of culture. Three molecular forms were also easily distinguishable in their
natural environment. Taking into consideration the molecular and morphological diversity, the
evolutionary status of the well-headed form as well as two early sibling species of P. endiviifolia
can correspond to well defined biological species.
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INTRODUCTION

The liverworts of the genus Pellia are represented in the European flora by
two dioecious and two monoecious species. The former include P. neesiana
and P. endiviifolia, n=9 while the latter include P. epiphylla, n=9 and P. bore-
alis, n=18. However, the data available have shown their high morphologi-
cal plasticity that made species identification difficult. The usefulness of
peroxidase isoenzymes for species differentiation (Fig. 1) on a larger scale
has been reported since the early eighties of the 20% century (Krzakowa
1977, 1981, Szweykowski et al. 1981, Zielinski 1986, 1987a, Szweykowski et
al. 1995). Further data on variation of enzymatic loci had enabled the detection
of two sibling species of P. epiphylla, later called the S (South) and N (North)
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Fig. 1. Peroxidase patterns in Pellia sp.
A - P. endiviifolia, water form, B — P. endiviifolia, typical form, C — P. borealis, D — P. nee-
siana, E — P. epiphylla S, F - P. epiphylla N

form based upon their geographical distribution in Poland as well as two
sibling species of P. endiviifolin named the water and typical form (Zielinski
1987a). P. endiviifolia sibling species have different alleles in 10 enzymatic
loci and they are distinguished easily on the base of PX pattern. The fast
migrating band of PX (PX5) is observed in the water form while the band
with slower mobility (PX1) is characteristic of the typical form. The first
DNA data supporting the genetic differentiation of P. endiviifolia were pro-
vided by Polok (2000). Using RAPD markers, she estimated Nei’s genetic
identity at the level 0.79 that corresponds to species at the early stage of di-
vergence.

In the present studies, the DNA markers amplifying the exon-intron
junctions (IS] — Intron Splice Junction) were used for comparison of P. endi-
viifolia sibling species. However, although the differences on the DNA level
are very informative for evolutionary considerations, they are of little use
for taxonomic purposes. Therefore the analysis of morphological character-
istics was undertaken to find morphological markers enabling the distinc-
tion of species by taxonomists.

MATERIAL AND METHODS

A total of 144 samples of Pellia sp. representing 19 lowland sites and 85
samples representing 16 sites in the Tatra Mountains were collected in
2002-2003. The samples were identified both using peroxidase isoenzymes
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and chromosome counting. Each sample was divided into two equal parts,
and one half was cultured and then was subjected to molecular and mor-
phological analyses. The remaining part was frozen and deposited in the
Department of Genetics. Out of this collection, 55 samples representing all
P. endiviifolia populations were analysed (Tab. 1).

Table 1. Pellia endiviifolin samples from Poland examined in this study

Abbreviation ] Collection site | N° of samples
Lowland stations
P-S Szczecin, Szmaragdowe Lake 5
P-BTP Tuchola forest, Piekio 5
P-DS Diabli Skok Reserve near Watcz 9
P-ZS Stazka spring, Tuchola Landscape 4
P-WEL Welski Landscape 4
P-WEZ Welski Landscape, south well-head 2
The Tatra Mountain stations

P-ST Strazyska Valley 6
P-KM Koryciska Male 2
P-K Koécieliska Valley 4
P-LP Lysa Polana 5
P-PST Siwianskie Turnie 5

A modified version of CTAB method (Murray and Thompson 1980)
was used for the isolation of Pellin DNA. Briefly, liquid nitrogen-ground
thalli were thoroughly mixed with 3 ml preheated CTAB isolation
buffer (2% CTAB, 100 mM Tris-HCI, pH 8.0, 20 mM EDTA, 1.4 M NaCl and
2% B-mercaptoethanol) and incubated at 55°C for 1 h. After three chloro-
form extractions, the DNA was precipitated and dissolved in sterile,
deionized H»O. The purity of DNA samples was assessed spectro-
photometrically and averaged 90-95%. Two 18-nucleotide (IS]2 -
5'ACTTACCTGAGGCGCCAC3, I5j4- 5'GTCGGCGGACAGGTAAGT3)
primers and a 10-nucleotide primer (ISJ3 -5TGCAGGTCAGS3') that amplify
DNA fragments on the exon-intron junctions, were chosen for the analysis.
The PCR reaction was conducted in a volume of 20 pl containing 20 mM
(NH4)SO4, 50 mM Tris-HCI (pH 9.0 at 25°C), 2 mM MgCl,, 1 x concentrated
Enhancer with betaine (Epicentre Technology), 200 uM each dATP, dGTP,
dCTP, dTTP, 0.3 uM primer, 1 unit of Taq polymerase and 80 ng of template
DNA. The reaction was processed at 94°C for 3 min. followed by 45 cycles
at 94°C for 1 min., 48°C (18-mers) or 36°C (10-mers) for 1 min., and 72°C for
2.5 min., with a final extension step of 72°C for 5 min. After PCR, samples
were loaded on a 1.2% agarose gel containing 0.5 ug/ml ethidium bromide
and separated in 1 x TBE buffer at 100 V constant power. Gels were ob-



244 K. Polok, J. Sawicki, K. Kubiak, M. Szczeciriska, K. Korzekwa, K. Szandar, R. Zielinski

served in UV light, 312 nm and photographed. All bands that could be re-
liably read were treated as single dominant loci and scored either present
(1) or absent (0) across all genotypes. Estimates of similarity were based on
the number of shared amplification products (Nei and Li 1979).

The morphological analysis was carried on thalli cultured for 6 months.
Two kinds of culture were applied: the growth chamber and greenhouse
culture. In the growth chamber thalli were kept in high humidity, in plastic
boxes covered with plastic wrap while in the greenhouse the samples were
grown in the conditions simulating the natural environment. Six morpho-
anatomical characters dealing with length, width and area of both basal and
marginal cells were measured on the base of 5 thalli per a sample and ten
measurements per thallus. The samples were grown in a complete random
design and the data were analysed by one-way ANOVA with LSD test.

RESULTS

Out of 229 samples, 55 were identified as P. endiviifolia based on peroxidase
patterns. Furthermore, the samples collected from 4 sites (P-S, P-BTP, P-ST
and P-KM) showed the PX1 phenotype specific of Zielifiski’s typical form
(Tab. 2). The PX5 phenotype, i.e. specific of Zieliriski’s water form, was ob-
served in 3 populations collected in the Tatra Mountains (P-K, P-LP and
P-PST) and a lowland population originated from the spring of the River
Stazka (P-ZS). The peroxidase phenotypes of the population from the Diabli
Skok Reserve (P-DS), and two populations from the Welski Landscape
(P-WEL and P-WEZ) were difficult to assess. There was no expression of
peroxidases immediately after collecting while after several months of cul-
ture either PX1 or PX1 and PX5 simultaneously were observed. However,
the classification of these samples to P. endiviifolia was supported by the
similarity of their karyotypes, particularly the presence of a small chromo-
some.

The DNA of all P. endiviifolin samples was amplified with IS] primers.
In total 35 bands were detected and almost all of them were polymorphic
(97%). The P. endiviifolia samples were clearly divided into three distinct
groups (A, B, C) on the base of their IS] patterns. Each group can be de-
scribed by the presence of unique IS] genotypes (Fig. 2). A lot of amplified
fragments were restricted to a single group. There were 2 bands (5.7%) spe-
cific to group A, 9 bands (25.7%) specific to group B and 6 bands (17.1%) to
group C. It is interesting to note that the general consensus was found be-
tween DNA patterns, peroxidase patterns and habitats (Tab. 2). All samples
of group A had the PX1 phenotype. They were collected from the alkaline
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Table 2. Ecological and molecular diversity of Pellia endiviifolia from Poland
Abbre- Description px | 15y | Zielinski's | Classification
. 3 . classifica- proposed in this
viation of collection site pattern | type .
tion paper
Soil surface of banks of
P-S a lake, chalk excava- PX1 A typical form land form
tion
P-BTP Soil surface PX1 A typical form land form
P-ST Soil sliriacs, hanks of a PX1 A typical form land form
stream
pim | Somybanksofthe oy il form | land form
calcium stream
In water and floating
P-Z5 . PX5 B water form water form
on the surface, springs
In a stream (30 cm
i deep) and “cabbage
P-K heads” floating on the PX5 B water form water form
surface
In a stream (20 cm
P-LP deep) and “cabbage PX5 B water form water form
heads” on the surface
In a stream and
P-PST “cabbage heads” on PX5 B water form water form
the surface
On the wet soil surface | PX1/
P-DS near a well-head PX5 C - well-headed form
On the wet soil surface | PX1/
P-WEL near a well-head PX5 C - well-headed form
On the wet soil surface | PX1/
P-WEZ near a well-head PX5 C - well-headed form

soil surface, with pH ranging from 7.4 to 7.7 (Fig. 3a). The samples of group
B were characterised by the PX5 phenotype while PX pattern of group C
was unstable. Both groups (B and C) occurred in humid, wet stands and,
stagnant or spring water with similar pH. However, the thalli of the group
B were always floating on the surface of rather deep (20-30 cm), stagnant
water, and usually formed structures alike “cabbage heads” (Fig. 3b) while
the thalli of group C were growing on the surface of muddy soil with drip-
ping water, in the vicinity of well-heads (Fig. 3c).

Estimates of Nei’s genetic identities among three groups of P. endiviifo-
lin samples were very low, ranging from 0.183 between the A and B group
and 0.182 between the A and C group thus indicated a significant degree of
their differentiation. The coefficient of similarity between B and C was
0.330, that is twice as high as for pairs A-B and A-C, but still the value was
very low justifying their separation from each other.
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Fig. 2. Amplification products generated from DNA of P. endiviifolin using IS] primers.
1-2 - B group, 3 ~A group, 4 - C group

The analysis of morphological characteristics of thalli fully supported the
molecular differentiation of P. endiviifolin into three distinct evolutionary
groups. The samples of group A growing in the growth chamber differed
statistically from group B in 67% of studied characters and in 33% of charac-
ters in comparison with group C (Fig. 4). The similar differences (33%) were
found between forms B and C. The distinct character of three molecular
groups of P. endiviifolin was much more pronounced in the greenhouse (Fig. 5).
The significant differences were found between group A and B, A and C as
well as between B and C. The respective values were 83%, 67% and 83%. The
highest differences were observed for length and area of basal cells, but no
differences were found for marginal cell width.

DISCUSSION

The present studies have demonstrated clearly that P. endiviifolia is differ-
entiated into three groups. The molecular diversity correlates well with
analyses of thallus morphology as well as ecological preferences of three



Fig. 3. Morphology of P. endiviifolia in natural environment
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Fig. 4. Comparison of thallus morphology of 3 molecular groups of P. endiviifolia after
6 months of culture in the growth chamber
(Different letters mean the significant differences at p=0.05)
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forms. The intraspecific variation of P. endiviifolin revealed in the present
studies is in agreement with previous data. Out of three observed forms,
two have been already identified based on isoenzymes and morphological
characters (Zieliniski 1987a), and they have been described as the typical and
water form. The almost equal level of I value (0.231) between the typical
and water form inclined Zielinski (1987a) to classify them into sibling spe-
cies. The sibling species were also found in P. epiphylla (Zieliniski 1987a),
Conocephalum conicum (Odrzykoski 1985, Odrzykoski and Szweykowski
1991) and Aneura pinguis (Szweykowski and Odrzykoski 1990).

The molecular -groups A and B observed in the present work corre-
spond well to Zielinski’s sibling species. The third molecular group (C) has
not been discovered yet. The level of genetic similarities among three P. en-
diviifolin molecular groups estimated on the base of IS] loci, ranging from
0.183-0.330, may again reflect a split between them. The very low value of
genetic similarities between groups A, B, and C of P. endiviifolia, the pres-
ence of group specific DNA markers together with morphological diagnos-
tic characters justifying their elevation to independent biological species. In
addition, each group lives in a specific habitat where it is visually recog-
nised. This enables easy classification of any sample to one of the three
groups before molecular analysis. On the base of visual appearance and
habitat we propose to call group A as a land form, corresponding to the
typical form of Zielinski’s (1987a) and fabroniana in a lot of taxonomical clas-
sifications, group B as a water form corresponding to Zieliniski’s water form
(1987a) and the group C as a well-headed form. The land and water forms
are common in the whole Polish territory. It also seems that the well-headed
form can be found both in mountainous and lowland regions. Although the
first samples were collected from 3 lowland stations, later on, 2 additional
lowland stations and a mountainous station were identified.

The highest genetic similarity between the water and well headed form
raises the possibility that these two forms simultaneously evolved from the
land form, followed by spatial isolation and local adaptation, leading to
fragmentation into different species. It seems that the taxonomic description
of all identified P. endiviifolia forms and conferment of botanical names will be
a matter of time as it was in case of Conocephalum conicum. The isozyme dif-
ferences were found between two cryptic species from Poland that correlated
with morphological differentiation. This enabled to identify one of them as
the nomenclature type while the other has been described as a new, not yet
recognised, morphological species (Buczkowska and Odrzykoski 2004).

Interesting to note is that the divergence among the well-headed (C)
and land (A) P. endiviifolia forms was found only on the DNA level without
clear differences in enzymatic loci neither in peroxidases nor in the other
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isoenzymes. The peroxidase isoenzymes appeared to be diagnostic markers
enabling identification of all Pellia sp. including sibling species (S and N) of
P. epiphylla as well as P. endiviifolia (land — A and water — B). The distinct PX
phenotype was also observed in P. endiviifolia from Japan which can be also
regarded as a new sibling species (Zieliriski 1987a). Among 13 enzymatic
loci studied, specific alleles were found in 9-10 loci. Nei’s genetic identity
between Japanese and Polish forms ranged from 0.231 to 0.307. The similar
isozymic differences, including peroxidases, were observed in P. endiviifolia
from the USA. Further morphological and cytological analyses brought
about the separation of a new taxon, P. megaspora (Schuster 1981). However,
the identification of the well-headed form with the help of peroxidases was
much more troublesome but still not impossible. This form was character-
ised by unstable peroxidases pattern with the lack of bands specific to the
land (A) and water form (B), although the pattern specific to the land form
could appear after several months of culture. Sometimes the bands of the
land and water form were observed simultaneously. Out of liverworts of
the genus Pellia, the changes in a pattern of peroxidase expression are only
known in P. endiviifolia (Zielifiski 1987b). It could not be ruled out that the
lack of the correlation between DNA and isoenzyme variation and difficul-
ties in interpretation of PX pattern increased the genetic identity between
the land and water form (I=0.79) ascribable by RAPD (Polok 2000). At that
stage of research both forms were analysed together, and therefore it was
impossible to clarify significant differences between the genetic similarity
estimated on the base of isoenzymes by Zielinski (1987a) and RAPD mark-
ers (0.79).

On the other hand, the question about the lack of enzymatic diagnostic
markers in the well-headed form and lots of DNA markers, is still opened.
This result is even more surprising when taking into consideration the rela-
tively low genetic similarity between the well-headed form and the other
P. endiviifolia forms based on IS] markers (0.182 and 0.330). Such a low I
value is rather a feature of well defined biological species. The similar dis-
parity is also observed between well-defined pine species, Pinus sylvestris
and dwarf pine, P. mugo. Despite extensive research conducted for around
30 years (Odrzykoski 2002), no diagnostic enzymatic marker has been found
while a huge number of markers was easy to reveal on the DNA level
(Zielinski and Polok 2005). Although further experimentation would be re-
quired, it could not be excluded that the genes encoding enzymatic loci are
conservative in closely related taxa. It can be also pointed out that DNA
markers provide a degree of resolution unavailable with isoenzymes, thus it
is likely thar with more and more wide application of molecular methods to
bryology, new taxa will be identified in many liverworts in the near future.
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CONCLUSIONS

1. Three biological taxa of P. endiviifolin, the land, water and well-
headed forms were identified on the base of molecular and morphological
analysis.

2. The DNA markers proved to be more effective than isozymes in
taxonomic studies of liverworts.
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