
Introduction

The genus Ulva is a representative of the family Ulvaceae 
and has the following characteristics: (i) macroscopic, filamen-
tous, thread-like, membranous (sheet-like); (ii) reproduction 
by biflagellate or quadriflagellate gametes or zoospores; (iii) 
multilayered cell walls are thick and made of microfibrils, 
which are usually irregularly arranged; (iv) each cell contains 
one parietal and cup-shaped chloroplast with one or several 
pyrenoids; (v) a widely distributed marine genus with its few 
freshwater representatives [1,2]. Many species are adapted 
to wide ranges of habitats, with variable parameters such as 
salinity, temperature, water quality, and grow successfully in 
nutrient-rich habitats causing green tides and marine fouling 
[3,4]. Ulva species usually grow in form of typical vividly 
green tube- or leaf-shaped thalli, often also with various types 
of branches, attached to the substrate by rhizoids, or later as 
free-floating intestinoid clusters [5]. During its life cycle, Ulva 
forms morphologically similar haploid and diploid thalli, both 
of which produce asexual zoospores by mitotic division of 

vegetative cells [1]. Ulva flexuosa, taxonomically complicated 
macroalgal species, is distributed in coastal seawaters nearly 
worldwide [5]. According to Mareš [5] this species has many 
different morphological forms, and several important unify-
ing characteristics: branching, cell structure, and chloroplast 
structure.

Ulva (syn. Enteromorpha) flexuosa subsp. pilifera (Kütz.) M. J. 
Wynne 2005 (= Enteromorpha pilifera Kützing 1856) has been 
observed at four sampling sites in Poland [6–10]. In studies 
reported from around the world, Ulva flexuosa subsp. pilifera has 
been identified in many inland sampling sites, namely in Sweden 
[11], Slovakia and the Czech Republic [12,13], Argentina [14], 
in England [15], Germany and Hungary [13].

 According to the current knowledge, freshwater Ulva, 
including U. flexuosa subsp. pilifera [8,10–13], appear only 
as monostromatic tubular or sometimes leaf-like thalli (e.g. 
U. intestinalis, U. compressa, U. flexuosa). This makes a major 
difference from the marine Ulva, which frequently grow also 
in form of distromatic frondose thalli. The thallus of Ulva 
flexuosa subsp. pilifera can reach a length of up to 1 m, and it 
is poorly branched but has numerous proliferations. Accord-
ing to Starmach [12] and Pliński [16], cells of this species are 
rectangular rounded (22–30 × 12 μm) or sometimes polygonal 
rounded, and are arranged in longitudinal and crosswise rows. 
Chloroplasts are parietal, girdle-shaped, covering most of 
the cell wall, with 2 (rarely 4) pyrenoids occur in a cell. The 
zoospores are about 10 μm long and 5 μm wide in diameter. 
Male gametes (6.3 × 2.7 μm) are slightly smaller than female 
gametes (6.7 × 3.4 μm). It is generally known that gametes can 
germinate without the fertilization process. The number of 
pyrenoids can change during the lifespan of thalli, pyrenoids 
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may be numerous in the autospores but less numerous in the 
mature cells. However, as Griffiths [17] suggested, it is difficult 
to correlate the presence or absence of pyrenoids with any of 
other major diacritical features.

In the 1970’s, ultrastructural studies led to a reclassification 
of this group [18,19]. Most studies of Ulva marine species 
have been concerned with the ultrastructure aspects of the 
rhizoid cell morphology [20], the mitosis process [21], the 
zoospores [22] and their flagellar apparatus [19], as well as 
the chloroplast lamellar system [23]. The ultrastructure of the 
genus Enteromorpha cell wall was addressed only a few times 
[14,18], and systematic observation throughout the whole life 
cycle is still missing. As described by Leonardi and Cáceres 
[14], during zygote formation in U. flexuosa subsp. pilifera the 
19 hours old cell developed – a primary and secondary cell 
wall, shown at low magnification, and although there was an 
indication of fibrillar structure, no details could be discerned. 
In another study focused on marine Ulva flexuosa [24], high 
Ca2+ concentration resulted in a thickening and smoothing of 
the cell wall internal layers, increase in the number of starch 
granules, as well as in dimension and the number of cytoplasmic 
lipid droplets. It was also evident that in marine Ulva forms 
the chloroplast occupies the majority of the cell volume. The 
main purpose of this study was to improve our knowledge 
of the Ulva flexuosa subsp. pilifera cell wall ultrastructure. In 
addition, we show differences in the size and arrangement of 
vegetative cells in dependence of thallus age and occurrence 
of calcium carbonate precipitates.

Material and methods

Sporophytes samples of Ulva flexuosa subsp. pilifera (Kütz.) 
M. J. Wynne were collected in the Malta Reservoir (Fig. 1). This 
is an artificial reservoir, which was constructed for recreation 
in 1952 by damming the waters of the Cybina River. The 
research was carried out in June 2011 when freshwater Ulva 
was in its optimal ontogenetic phase. The material was directly 
transferred into laboratory in bottles filled with water from the 
sampling locality. Identification was mainly based according to 
Bliding [25], Koeman and van den Hoek [26–28], Blomster et 
al. [29,30], Brodie et al. [31]. The criteria for description and/
or identification of Ulva flexuosa subsp. pilifera were as follow: 
(i) the macroscopic morphology of the plants (including colour 

and texture); (ii) the structure of the basal region of the axis 
(and, if present, of branches); (iii) the form and arrangement 
of the cells in surface view; (iv) the number of pyrenoids per 
cell; (v) the appearance of the chloroplast in surface view; (vi) 
the cell size. For transmission electron microscopy (TEM), cells 
were fixed as previously described [32]. Ultra-thin sections 
were cut with glass knives on a Reichert-Jung ultramicrotome 
(Austria). Observations and photographs were made with 
a TESLA BS 500 electron microscope. Laboratory analysis 
included the measurement of thalli (length, width, presence 
of proliferations) and examination of the morphology of cells 
(length, width and the size of cells, number of pyrenoids, and 
the shape and arrangement of cells) with a light microscope 
(400×). All the graphics were prepared with the ProCap soft-
ware [33]. The basic physico-chemical parameters of the water 
(temperature, conductivity, concentration of oxygen, Cl− and 
pH) were measured with a YSI Professional Plus handheld 
multiparameter meter at the sites where Ulva was growing. 
Samples for our physico-chemical studies were collected in 
the end of June 2011, whereas Rybak et al. [10] performed the 
sampling in April and May 17th, 2011.

Results

In freshwater habitats, and in the Malta Reservoir, the domi-
nant taxon was Ulva flexuosa subsp. pilifera. The material was 
studied using a combination of classical morphological methods 
and ultrastructural techniques. No significant difference was 
observed in the size of Ulva thalli between young and mature 
(ready for sporulation/gametogenesis) specimens. The water 
parameters such as depth, pH, electrolytic conductivity, oxygen 
concentration, and average concentrations of NO3−, NH4+, 
P-PO4

3−, PO4
3−, NaCl and Cl− are shown in Tab. 1.

Light microscopy
In the present study, thalli of Ulva flexuosa subsp. pilifera 

taken from the surface of the Malta Reservoir on 16 June 2011 
were varied in size and had many proliferations. Thalli of the 
submerged specimens (young thalli) were from 10.1 to 65.1 
cm long and 0.2–1.5 cm wide. Free-floating thalli (mature and 
dying thalli) were from 14.9 to 55.1 cm long and 0.5–2.0 cm 
wide (Tab. 1). Neither gametes nor zooids were observed in 
our material. Vegetative cells contained one parietal, perforated 
chloroplast with pyrenoids and transverse cell walls without 
plasmodesmata. In the case of cell measurements, all material 
was divided into young and mature thalli groups and analyzed 
separately. These measurements showed that in young thalli 
rectangular cells were in the range of 32–56 × 20–35 μm and 
they formed clear longitudinal rows (Fig. 2, Tab. 2). While in 
mature thalli, the cells were less regular in shape 25–48 × 19–31 
μm, and the rows were not as distinct as those in young thalli. 
An interesting finding was the presence of numerous calcium 
carbonate crystals on the surface of the mature thalli cells. 
Cells of the Ulva flexuosa subsp. pilifera thalli were arranged 
in longitudinal and transverse rows. The cells in the specimens 
collected from a pond in sampling site Kuciny were slightly 
narrower (the lower limits of the width range) compared 
to cells of thalli from other localities. Chloroplasts in Ulva 
flexuosa subsp. pilifera cells, from the Malta Reservoir were 
similar to the thalli described from other freshwater sites, and 
contained up to four pyrenoids. In our study of Ulva flexuosa 
subsp. pilifera thalli from the freshwater reservoir, pyrenoids 

Fig. 1 Collection sites of Ulva flexuosa subsp. pilifera specimens 
from Poland.
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in the upper parts were more distinct than those in the lower 
(basal) part. The young cells are thinner compared to mature 
cells, therefore their structural feature, in particular pyrenoids, 
are easier to focus on.

Electron microscopy
The cell walls were multilayered and had a complex structure 

(Fig. 3, Fig. 4). The transverse sections of the outer cell wall 
showed from three to six distinct layers enclosed by common 
wall layers. Each layer was composed of highly irregular electron 
dense fibrillar network, and limited by thick electron dense lines. 
These layers were of variable thickness, and in most cases were 
parallel to each other. The inner cell wall layer, and outer cell 
wall layer were very similar in appearance. Outer cell wall layer 
was usually thicker than inner cell wall layer, and the structure 
of both these layers was less distinct and electron dense than 
(Fig. 5a,b). In the Fig. 3a,d and Fig. 5c,d, bacteria embedded in 
mucilage either within or outside the cell wall were observed.

Discussion

Of the five Ulva species, which have been recorded in inland 
Polish waters, Ulva flexuosa subsp. pilifera is the rarest. Intense 
development of this species in the Malta Reservoir was cor-
related with the abundant availability of nutrients in particular 
N [9]. These findings were consistent with other studies previ-
ously published [5–10]. When Ulva flexuosa subsp. pilifera 
was observed for the first time in 2009 [9], the highest values 
of nutrient concentrations in water were twice as high as the 
values reported in 2011. The nutrients may have an influence 
on the seasonal fluctuation in size of Ulva specimens collected.

Using morphological and ultrastructural analyses, we identi-
fied and examined Ulva flexuosa subsp. pilifera occurring in 
the Malta Reservoir in Poland. Our results demonstrated the 
complexity of the ultrastructure of Ulva flexuosa subsp. pilifera 
cell wall. However, the function of such a thick cell wall structure 
is debatable. One possible explanation is that the thick cell wall 

All thalli (n = 120) Young thalli (n = 60) Mature thalli (n = 60)
Lenght of thalli 

(cm)
Width of thalli 

(cm)
Lenght of cells 

(μm)
Width of cells 

(μm)
Lenght of cells 

(μm)
Width of cells 

(μm)

Minimum 10.10 0.20 32.21 20.24 25.09 18.90
Maximum 65.10 2.00 55.81 35.12 47.66 31.56
Average 29.09 0.72 41.99 26.40 35.89 24.66
Standard deviation 10.42 0.42 6.06 3.94 5.01 3.55

Tab. 1 Morphometry of Ulva flexuosa subsp. pilifera thalli and cells from the Malta Reservoir.

Fig. 2 a Phase contrast light microscopy of mature cells. b Cells radially arranged around crystals in mature thalli of Ulva flexuosa subsp. pilifera.

Factors (mg l−1)
Sampling site N-NO3 N-NH4 NaCl P-PO4 PO4

−3 Cl− 

Malta Reservoir 0.002 0.10 120 0.10 0.03 73

Tab. 2 Chemical characteristics of the water in the Malta Reservoir (environmental data comes from 2011).
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Fig. 3 Transverse and tangential section of Ulva flexuosa subsp. pilifera. a Transverse section of cell wall with bacterium (B) entering cell wall, 
electron dense material (Ed). b Tangential section of cell wall layers showing the cell lumen (Cl – inside cell), and appearing more homogenous 
cell wall fibrillar material. c Transverse section of cell wall layers displaying part of cell wall in the process of sheding. d Transverse section of 
cell wall layers showing bacterial cells (B) deeply inside the cell wall. Scale bars: 10 µm.

Fig. 4 TEM micrographs of Ulva flexuosa subsp. pilifera. a Transverse section showing primary cell wall (Pc), and details of fibrillar mate-
rial (Mf). b Transverse section of cell wall layers with bacterium (B) inside the cavity in the cell wall, and the electron dense material (Ed). 
c Transverse section of inner cell wall layer (Ic), fibrillar material (Mf). Scale bars: 10 µm.
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may protect the freshwater macroalga against environmental 
pollution. Interestingly, abundant calcium carbonate crystals 
were recorded on older U. flexuosa subsp. pilifera thalli. We 
suggest that the crystals of calcium carbonate forming on the 
surface of Ulva thalli may have had an influence on the change 
of cells arrangement. As shown in Fig. 2 and Fig. 6, the cells 
were often focused radially around the crystals and interjected 
between longitudinal rows. On the other hand, it was suggested 
[34] that radially arranged cells can be also found without the 
presence of crystals. The occurrence of small radially arranged 
cell clusters has previously been noted as a typical feature of 
Ulva flexuosa subsp. pilifera mature specimens [13,25]. It may 
be argued that, the thalli age may correlate with the formation 
of folds on the thalli surface, as well as with an increase in thalii 
coarseness, a process that can also involve creation of non-
linearly arranged cell clusters. However, further work on the 
formation of the large number of calcium carbonate crystals, 
and their possible effects on cell arrangement, is still required. 
The fact that the cells from the Malta Reservoir were shorter 
(at the lower limits of the length range) in comparison to those 
observed by Sitkowska [7] from the pond in Kuciny, could be 
related to the varied chemical water composition and/or the 
availability of nutrient components. The chloroplasts in Ulva 
cells, from our samples were similar to the chloroplasts in the 
thalli from other freshwater sites, which have been found by 
other authors to contain up to four pyrenoids. The number 
of pyrenoids per cell has been treated as a distinctive feature 

for identification by Griffiths [17] and Teng et al. [35]. The 
applicability of this criterion, however, appears to be rather 
limited on account of the difficulty with which the pyrenoid 
can be effectively investigated with a light microscope (i.e. the 
apex cells are usually too small to allow a clear observation of 
the pyrenoid). Nevertheless, our observation of the pyrenoid 
number per cell (2–4) in mature thalli of U. flexuosa subsp. 
pilifera appears to be in good agreement with previous studies 
[13,25].

The ultrastructure of Ulva flexuosa subsp. pilifera cell wall in 
general showed similarities to the cell wall of Enteromorpha in-
testinalis [18]. McArthur and Moss [18] studied the early stages 
of cell wall formation noting the fibrillar material in the small 
vesicles, and suggested that this material was subsequently used 
for the cell wall formation. Such vesicles could not be observed 
in our material, which is most likely because of the fact that the 
samples contained only adult and/or ageing cells. The layering 
in the junction between the outside cell wall and the inner cell 
wall shown in a previous study [18] was also present in our 
material. Contrary to very regular cell wall stratification with 
no visible details within the strata as described for the marine 
species Enteromorpha intestinalis by McArthur and Moss [18], 
our material revealed highly complex and intricate structures, 
shown in Fig. 3–Fig. 5. Relatively little information regarding 
the cell wall chemistry of freshwater Ulvaceae is available, which 
hinders interpretation of the observed structures. Majority of 
studies concerning the cell wall of Ulvaceae refer to marine 

Fig. 5 TEM micrographs of Ulva flexuosa subsp. pilifera. a,b Transverse section of cell wall layers (Cl), the inner cell wall layer (Ic), and outer 
cell wall layers (Oc). b Transverse section of the cell wall showing side cell wall (Sc), cell wall network (Cn). c Transverse section of the cell wall 
with bacteria (B) embedded in mucilage (Mu) outside the cell. d Transverse section of the cell wall with bacteria (B) inside the cell wall and the 
electron dense lines (Ed) which probably delineate the places where the cell wall layers are shed. Scale bars: a–c 5 µm; d 10 µm.
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habitats. The chemical composition and structure of the glucan 
in the alkali-insoluble cell-wall polysaccharides from the marine 
green seaweed Ulva lactuca includes: α-cellulose composed of 
glucose, xylose, rhamnose, uronic acid, and sulfate. The last 
three components do not appear to be part of the glucan as 
they were partially removed by methylmorpholine N-oxide 
treatment [36]. The chemical composition of the freshwater U. 
flexuosa subsp. pilifera cell wall is yet to be determined.

Waite and Mitchell [37] suggested that there is an apparent 
close benevolent relationship between Ulva and its surface 
microflora, although an antagonistic bacterial population also 
exists on Ulva surfaces. These bacteria were found to be capable 
of degrading Ulva cell walls, and invading the plant cells. Waite 
and Mitchell [37] also postulated that the antagonistic bacterial 
population is opportunistic and proliferates when the plant is 
placed under stress. These findings are in agreement with our 
observations, in which the bacteria were found both on the cell 
wall surface, and inside the cell wall between the stratification 
lines. Spoerner et al. [38] studied the morphology of U. mutabilis 
depending on its microbial flora. Certain isolated bacterial 
species recovered in combination the morphogenesis of axenic 
algal cultures (callus-like morphotype) mediated by specific 
regulatory factors excreted. Spoerner et al. [38] argues that 
some of those beneficiary bacteria might be located in the cell 
wall as well. However, each isolated bacterium alone induced 
the development of Ulva into thalli composed of cells with 
characteristic deficiencies. Matsuo et al. [39] isolated, (from 
an epiphytic marine bacterium), and characterized a causative 
factor for the induction of normal thallus germination and 
morphogenesis. Lahaye and Ray [40] found the sugar sequences 
in the water soluble polysaccharides from Ulvaceae, also Ray 
and Lahaye [41] as well as Robic et al. [42] studied the cell wall 
polysaccharides of this group using mid-infrared spectroscopy 
combined with chemometric techniques.

Our results present the cell wall ultrastructure in more 
details than so far published by other investigators. Although 
we did not study the cell wall chemistry, the high complexity 
and structural details well corresponds with the cell wall multi 
ingredients composition, confirmed by other authors. The fact 
that Ulva flexuosa subsp. pilifera exists both in freshwater and 
marine environment, implies high ecological plasticity of this 
species. Therefore it would be of interest to continue studies 
on its ultrastructure.
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