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Abstract

This study includes information about the most common freshwater and marine species from the genus Cladophora such as
classification, taxonomy and morphology, ecology, occurrence and distribution, population and community structure, harvesting
and culture conditions, chemical composition, and utilization. Habitat requirements and development optima are different for
species belonging to the commonly recorded genus Cladophora. The majority Cladophora species are distributed throughout the
world, in both the moderate and tropical zones. Of the species noted from Europe, only 15 are characterized for freshwaters, both
flowing and standing. In small water bodies, these green algae are very common and occur almost everywhere: in lakes, dam
reservoirs, large rivers occur mainly in the coastal littoral zone. A commonly occurring species of macroscopic green algae is
Cladophora glomerata. Habitat parameters have shown that the distribution pattern of filamentous green algae taxa is determined
by two different gradients: (i) depth—temperature, light availability, oxygen concentration; and (ii) trophy—nitrate and ortho-
phosphate concentration. A fast growth rate of Cladophora is very effective under good light condition and high concentration of
nutrients. Species of the genera Cladophora have been determined to be early spring or summer organisms. The biomass of
Cladophora can be successfully applied as a raw material for production of value-added products. In this review, Cladophora
species are discussed in terms of their chemical composition, as well as potential applications in many areas, for example human
and animal health, agriculture (organic fertilizers, biostimulants of plant growth, feed additives), environmental protection
(bioindicator of pollution/contamination, sorbent of pollutants from wastewater), renewable source of energy (biogas,
bioethanol), and high-tech composite materials.
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Introduction algae in scientific literature is scarce and fragmentary.
Freshwater macroalgae consist of filamentous forms

Macroscopic green algae are a highly diversified group and, (Cladophora, Oedogonium, Spirogyra), as well as algae

because of their ability of fast spreading, they are considered
to be pioneering organisms (Van den Hoek et al. 1995).
Despite the common occurrence of macroscopic algaec com-
munities, information on the ecology of filamentous green
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forming net-like structures (Hydrodictyon), tube-like or lami-
nar thalli (Ulva), as well as very complex thalli divided into
distinct stems from which branches arise in whorls
(Characeae) (Messyasz et al. 2015a). Macroalgae communi-
ties in the form of mats are mainly monospecies, formed most
commonly by filamentous green algae from the
genus Cladophora (Messyasz et al. 2015a; Pikosz and
Messyasz 2015, 2016). Growth form closely associated with
substratum occurs mainly in young thalli. Cladophora
glomerata (L.) Kiitzing, which is dominant in salt- and fresh-
waters may create sparse and dense mats floating on the water
surface during intensive growth.

Cladophora belongs to the group of macroscopic green
algae with over 183 species (Munir et al. 2019). The occur-
rence of this annual filamentous macroalga is mainly due to
the increasing content of nutrients (nitrogen and phosphorus)
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in the water. This nutrient enrichment results from the inten-
sive agriculture (the use of mineral fertilizers), usage of deter-
gents containing phosphorus, increased human populations,
wastewater treatment plants etc. (Parker and Maberly 2000;
Mihranyan 2011). Seasonal blooms of this alga constitute a
serious environmental problem. To increase our capabilities
for prediction of both the spread and cosmopolitan nature of
Cladophora, detailed and relevant information on the ecology
of the species is imperative. The biological and ecological
characteristics of Cladophora are important predictors of its
pioneer nature and consequent impact in native communities
in connection with the eutrophication process. Based on liter-
ature data, the adaptive features underlying the vertical and
spatial distribution of Cladophora and their implication for
community ecology, various functional-form models, life his-
tory traits, and commercial use will be discussed.

In this review, we present also the possibilities of the turn-
ing of this environmental problem into an opportunity—using
macroalgal biomass to manufacture products useful for
humans. Therefore, distribution, ecology and metabolism, life
history, population, harvesting, cultivation, chemical compo-
sition, and properties of biologically active compounds, as
well as utilization of Cladophora species, are discussed in a
broad context. Several applications of macroalgal biomass are
highlighted, for example pharmaceutical, nutraceutical and
cosmetic applications, fertilizers and biostimulants of plant
growth, feed additives, indicators of environmental pollution,
sorbents of toxic metal ions from wastewater, raw material for
the production of biofuels, or high-tech composite materials.

Classification

Traditional systems of macroalgae are based on features such
as morphology, cell biology, life history, and reproductive
strategies. Chlorophyta (green algae) are the most common
in freshwater ecosystems, especially species of the genus
Cladophora Kiitzing (Higgins et al. 2008; Malkin et al.
2010; Young et al. 2010; Messyasz et al. 2015a).

Green algae have been classified into several taxonomic
groups on the basis of a wide morphological diversity as well
as molecular and ultrastructural characteristics. Silva (1982) de-
scribes three phyletic lines within phylum Chlorophyta:
Chlorophyceae, Ulvophyceae, and Charophyceae. Diagnostic
features assigned to the Ulvophyceae include among others ter-
minal caps with a bilobed construction enclosing the proximal
ends of the basal bodies (Van den Hoek et al. 1995; South and
Whittick 1996; Lee 2008; Skaloud et al. 2018). In such an
arrangement, the class Ulvophyceae contains eight orders:
Ulotrichales, Ctenocladales, Ulvales, Acrosiphoniales,
Cladophorales, Siphonocladales, Bryopsidales, and
Sphaeropleales (Silva 1982). According to Plinski and Hindak
(2012) after Starmach (1972), the order Cladophorales West had
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only one family Cladophoraceae (Hassal) emend. Wittrock was
divided into six genera: Rhizoclonium Kiitzing, Spongomorpha
Kiitzing, Chaetomorpha Kiitzing, Urospora Areschoug,
Acrosiphonia J. Agardh, and Cladophora Kiitzing. However,
currently, according to Guiry and Guiry (2020), the order
Cladophorales Haeckel has three families: Cladophoraceae
Wille (genera Cladophora, Rhizoclonium,
Pseudorhizoclonium Kiitzing, Chaetomorpha), Pithophoraceae
Wittrock (genus Aegagropila), and Pseudocladophoraceae
Boedeker and Leliaert (genus Pseudocladophora Boedeker
and Leliaert). The classification adopted here is as follows
(Hanyuda et al. 2002; Soejima et al. 2009; Boedeker et al.
2010, 2012; Boedeker and Sviridenko 2012; Togashi et al.
2014; Guiry and Guiry 2020):

Empire: Eukaryota Chatton

Kingdom: Plantae Haeckel

Subkingdom: Viridiplantae Cavalier-Smith
Infrakingdom: Chlorophyta infrakingdom Cavalier-Smith
Phylum: Chlorophyta Reichenbach

Subphylum: Chlorophytina

Class: Ulvophyceae K.R. Mattox and K.D. Stewart
Order: Cladophorales Haeckel

Family: Cladophoraceae Wille

Genus: Cladophora Kiitzing (159 taxa)

Family: Phithophoraceae Wittrock

Genus: Aegagropila Kiitzing (8 taxa)

Family: Pseudocladophoraceae Boedeker and Leliaert
Genus: Pseudocladophora Boedeker and Leliaert (2 taxa)

Cladophora occurs in many diverse places and is known
by many common names: blanket weed (English, (Kelly and
King 2007)), grénslick (Swedish, (Tolstoy and Osterlund
2003)), kmamodapa (Russian, Belarusian, Ukrainian),
gatezatka (Polish, (Starmach 1972)), zabi vlas (Czech),
mauraryksté (Lithuanian), Seebille (German), karevetikas
(Estonian), vandhér (Danish), grenndusker (Norwegian),
rotswier (Dutch), pelillo, espinaca de mar (Spanish),
> 4 7" 4marimo (Japanese), kai (Thai) (Pereira 2016).

Taxonomy and morphology

Due to morphological and phenotypical plasticity, many of
filamentous algae are difficult to identify. Taxonomic criteria
for the identification Cladophora genera include the follow-
ing: thallus color, branching types, design and dimensions of
the cell, the general structure of the plant, basal cells, and the
shape of zoospores (Starmach 1972; Van den Hoek et al.
1995).

The genus Cladophora includes filamentous green algae,
profusely, sparsely, or densely branched, and often taking a
bushy, cushion-like or globular form (Van den Hoek et al.
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1995; Kelly and King 2007; Messyasz et al. 2015a, 2018a).
Branches are located laterally below the top of the cell or
apically (on the top of the cell). The thalli are attached to the
ground (substratum) by a discoid holdfast formed from the
cell membrane or branched rhizoids (rootlike filaments with-
out vascular tissue) growing from the cells of the lower part of
the thallus (Van den Hoek et al. 1995; Lee 2008; Plinski and
Hindak 2012; Messyasz et al. 2015a, 2018a). Macroalgal fil-
amentous thalli can also be unattached.

Filamentous thalli are made of cylindrical, indented by
transverse walls, multinucleated cells (Lee 2008). There is a
cuticle layer in the outer layers of the cell wall that gives the
cell stiffness and mechanical resistance. The inner layer of the
cell wall made of cellulose adheres to the protoplasm (Van
den Hoek et al. 1995). The cell wall surface in Cladophora
species is usually smooth, not covered by mucus, and can be
overgrown by epiphytic algae.

The cells have a number of lamellar chromatophores that
cluster into reticular formations in the layers of protoplasm
near the cel wall (South and Whittick 1996; Lee 2008).
They contain photosynthetic pigments common to all green
algae: chlorophyll a, chlorophyll b, carotene, xanthophyll,
which translate into the color of thallus being in shades from
light yellowish to dark green (Van den Hoek et al. 1995). In
poor light, the colors are always darker. The chromatophores
contain numerous lenticular pyrenoids in which starch accu-
mulates as a product of photosynthesis.

In the genus Cladophora, filament growth occurs by apical
cell divisions followed by their elongation, or by cell division
in the central parts of the thallus (intercalary cells). There is a
third type of growth when the upper part of the thallus rises at
the tops and the lower increases due to divisions downwards
(Starmach 1972; South and Whittick 1996). Cell division in
these green algae is very peculiar and is independent of nucle-
ar division. The formation of transverse cell walls occurs in-
side the cell, dividing it into two parts (Van den Hoek et al.
1995).

Sexual reproduction occurs by isogamy with biflagellate
isogametes. Cladophora gametes may develop parthenoge-
netically and undergo spontaneous diplodization, and
poliploidy also can occur (Wik-Sjostedt 1970). In the devel-
opment cycle, they show isomorphic alternation of genera-
tions (Van den Hoek 1981, 1982), which means that sporo-
phyte (diploid plant that forms spores) and gametophyte (plant
generation that forms the gametes, usually haploid) are mor-
phologically built the same. It has been noted that freshwater
species Cladophora glomerata var. crassior (formerly
Cladophora crispata) has a zygotic life cycle (Siddique and
Faridi 1977) and Cladophora glomerata a gametic one (South
and Whittick 1996). According to Van den Hoek et al. (1995),
C. glomerata reproduces only by the asexual production of
biflagellate zoospores and the formation of zoosporangia is
favored by short-day conditions (16-h dark).

On the other hand, asexual reproduction takes place with
the help of different shape zoospores, with two or four apical
flagella (Van den Hoek 1981; Van den Hoek et al. 1995).
Quite often only vegetative reproduction occurs in
Cladophora by thallus fragmentation and runner formation.
Under conditions unfavorable for growth, spore branches
(thickened rhizoids and parts of the thallus) or thick-walled
resting spore cells (akinetes) are produced (Lee 2008).
Together with environmental conditions’ improvement, the
akinetes give rise to new Cladophora plants.

Morphological plasticity has been observed for most
Cladophora species as indicated by many authors, e.g.,
Chudyba (1965), Van den Hoek (1963), Starmach (1972), and
Van den Hoek et al. (1995). According to Whitton (1970),
among Cladophora genera, C. glomerata, C. rivularis, and
C. fracta are the most commonly found in eutrophic freshwater
ecosystems. Pikosz and Messyasz (2015, 2016) described dif-
ferences noted in the morphological structure of thallus and cells
between three species of the genus Cladophora, dominating in
the mats in which they occurred (Table 1). Cladophora
glomerata thalli collected from stagnant reservoirs had numer-
ous branches and reached about 20 cm in length, while those
collected from flowing waters had few branches with the thallus
reaching up to 1 m in length. The view of the whole
C. glomerata thalli shows the dense branching (Figs. 1, 2).

Quantitative and qualitative analysis of basic protein amino
acids in C. glomerata and C. fracta cells showed the presence of
18 amino acids (Pikosz et al. 2019). Research has shown a wide
range of biochemical reactions of C. glomerata in a stressful
environment. The arrangement of amino acids in individual
green algae was very similar, the orders Thr (threonine—im-
proves the generative development of plants), Ser (serine—nec-
essary for chlorophyll synthesis), and Pro (proline—improves
the generative development of plants and regulates water man-
agement in the cell) were different. In addition, among the tested
algae, the highest content of pigments and phenolic compounds
was found in C. glomerata cells. The content of chlorophyll a,
chlorophyll b, and carotenoids in biomass of C. glomerata was
almost twice as high as that in other green algae. Then, based on
the prepared culture, the effect of secretions of one species on
changes in the composition of amino acids of the other taxon was
examined. The response of C. fracta and Rhizoclonium sp. was
already visible at the lowest concentration of C. glomerata secre-
tions, in particular the proline content in the cells changed. In
response to the presence of C. glomerata secretions, the proline
content increased from 4.49 up t0 6.53 g 100 ¢ ' in C. fracta and
from 4.58 to 5.12 g 100 g ' in Rhizoclonium sp. Increase in
proline production, which is responsible for the osmotic regula-
tion, was the response of filamentous green algae to environmen-
tal stress as previously indicated by Kaur and Asthir (2015). This
confirms the concept suggesting the possibility of triggering al-
gae (similar to plants) physiological and biochemical mecha-
nisms of opposing the influence of a stress factor (Jones 1978;
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Table T Morphological characteristics of the most widespread species from the order Cladophorales. Main sources follow (Messyasz et al. 2015c;
Pikosz and Messyasz 2015, 2016)
Taxonomic Species
feature
C. glomerata C. rivularis Aegagropila linnaei
(Poland) (Poland) (Poland)
Color Dark green Light green Yellowish to dark green
Thalli To several meters To several cm To 10 cm
length
Thalli Siphonocladous, incrusted, rough to the Long, intertwining filaments with variable  Balls, compact, or loose
appear- touch diameter Twisted filaments overgrown with rhizoids
ance and grow in different directions
Thalli Pseudodichotomus type of branching; Poorly branched Subterminal, lateral, opposite, and serial
branches Young—short, highly branched insertion of densely branches (Van den
Older—fewer, longer branches in the lower Hoek 1963)
part
Forms Attached and loosely floating Loosely floating Attached, unattached, floating
Cells Double-layer cell wall. Its apical cell widthis  Diameter < 30 pum (18-25) cell in the Irregular cell shape and variable cell
(19-24)—(58-91) um, while the main filament cylindrical, 50-100 pum in dimension apical cells are 30—70-um
filament to 150 pm (Starmach 1972). diameter, and 300440 pm long; cell wall ~ width, main axis cells are 125-200-pm
Cells size range in the main axis thin layer, chloroplast periphery, width (Starmach 1972). Apical cell
cylindrical cells, 90-100 pm in diameter, reticulate, numerous discoid pyrenoids rounded 45-71-pum width and main axis
and 160240 pm long; branches and conspicuous (Naw and Win 2011). cells are 136-363-um width
40-70 pum in diameter and 150-270 pm Morphological variability: the main axis
long. Apical cells 2040 um in diameter continued to grow with cells being half
and 140-160 pm long (haw and win the diameter of the origin size. Cell
2011). The width of apical cell is 38-76 um in diameter and 170-387 um
37-54 um, the main filament to 100 pm, long, cell wall 3—7 um; rounded apical
pyrenoids 3.0-6.4 um in diameters, the cell (W/L 35/320 pum), number of nucleus
nucleus diameter 4.6-8.5 um, thickness 4.5-8.0 pm and pyrenoids 10 pm in
of the cell wall 3-4 pum diameter
Creatinga  Single-species and multi-species; dense mat Single-species and multi-species; dense mat Single-species; compact/loose balls
mat
Confused  Rhizoclonium spp. Rhizoclonium, Chaetomorpha linum No data
with

W width, L length

Chapin 1991). At low stress levels, proline can play a protective
role due to the possibility of using it for the synthesis of proteins
or chlorophyll. It was noticed that significant changes in the
composition of amino acids in C. glomerata, which dominates
and is the most abundant in aquatic ecosystems, occurred only
under the influence of the highest concentrations of C. fracta and
Rhizoclonium sp. secretions; however, the C. glomerata reaction
was at a lower level, not comparable to changes that were noticed
in other taxa. The biochemical reaction of C. glomerata shows
the strategy of this species (more resistant to stress), which con-
sists in taking over the dominance of the community or monop-
olizing the surface of the water surface by creating single or
multi-species mats (Pikosz et al. 2019).

Ecology
Deforestation of many rivers, streams, lakes, and pond catch-

ments as well as conversion of significant areas for
agriculturae, increased fertilization, and intensive animal
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husbandry, also domestic sewage, are the causes of strong
eutrophication of the Polish water habitat. Degraded waters
contain large amounts of N, P K, Ca, and Na, which favor the
development of specific micro- and macroalgae communities.
Especially noticeable are macroalgae communities, which of-
ten occur in large quantities in the form of anchored
(Vaucheria sp., Tribonema sp., Ulothrix sp., Rhizoclonium
sp.) or floating mats (Cladophora spp., Ulva flexuosa,
Oedogonium sp., Spirogyra sp., Mougeotia sp.,
Hydrodictyon reticulatum) that accumulate large amounts of
biomass. In the hydrobiological literature, one can find mainly
works in which the authors only mention the presence of
thread-like algae in aquatic ecosystems and pay attention to
the few and fragmentary information about the thread-algae
ecology. The distribution of filamentous green algae such as
C. glomerata, Spirogyra sp., and Oedogonium sp. has
attracted the attention of many limnologists, but only a few
have written about the ecology of their mats (Van den Hoek
1963; Higgins et al. 2005, 2006, 2008; Messyasz et al. 2015a,
2018a; Prazukin et al. 2018). Available information on the
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Fig. 1 View of the whole
Cladophora glomerata thalli
showing the dense branching
(photos by M. Pikosz): a overall
view of profusely branched
Thallus; b lateral branch causing a
change in the direction of the
main filament growth; ¢ number
of branches in apical part of thalli;
d apical cell with primary side
branch; e thallus with reticulate
chloroplast and epiphytic diatoms
on the surface of cell wall

Fig. 2 View of the whole
Cladophora species thalli
showing branching (photos by M.
Pikosz): a Cladophora rivularis;
b Cladophora fracta
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structure and role of algae mats is too general and primarily
concerns marine ecosystems. Ecological research on
macroalgae mats from freshwater ecosystems was conducted
mainly by specialists from India (Khanum 1982) and Canada
(Higgins et al. 2008), while incomplete information about the
morphological forms of C. glomerata from the river comes
from the 1960s (Chudyba 1965) and from recent years
(Messyasz et al. 2018a, 2018b; Prazukin et al. 2018).
Moreover, the characteristics of the interaction between
micro- and macroalgae due to shading resulting from the oc-
currence of dense mats have been studied by Sundbéck and
McGlathery (2005), but also applies to the marine ecosystem.

Morphometric structure of thallus, seasonality of occur-
rence, and production of a large amount of biomass of fila-
mentous algae are closely related to habitat conditions (Van
den Hoek et al. 1995; Higgins et al. 2005, 2006, 2008; Pikosz
et al. 2017). The relationship between habitat factors and the
distribution of Cladophora species indicated that water depth,
chloride, orthophosphate, nitrate, total dissolved salts, and
chlorophyll a content in water are key parameters determining
the composition of filamentous algae communities.
Ecological niches of filamentous green algae and the function-
ing of the structure of mats are described in detail in the work
of Pikosz et al. (2017). The response of filamentous algae
(C. glomerata, C. rivularis, C. fracta) to basic abiotic factors
was determined using GAM models. Within the habitat fac-
tors, the following were considered: temperature, electrolytic
conductivity, total amount of solute and the content of chlo-
rides, orthophosphates, nitrates, and ammonium ions
(Table 2). The response curves for the most common taxa
showed diversity in their niches.

Different evidence for the temperature control of distribu-
tion comes from laboratory studies on the effects of tempera-
ture on the life history and the tolerance of species to different
ranges of temperatures (Cambridge et al. 1987). Combination
of temperature and photoperiodic responses of particular spe-
cies can explain geographical distribution patterns. However,
it should be emphasized that due to the morphological plas-
ticity of some species, there is often the problem with the
correct identification and, as a consequence, may lead to errors
in geographic distribution. For this reason, the description of
ecological conditions was based primarily on information for
the temperate zone.

Water temperature

Higgins et al. (2005, 2008) showed that Cladophora species
have a wide tolerance range for temperature changes.
According to Stewart and Lowe (2008), temperature range
for Cladophora is 5-23 °C, whereas the decline in biomass
by C. glomerata during the summer can be related to temper-
ature and low nutrients—an inability to maintain dominance
above 23.5 °C (Wong et al. 1978). There is also a suggestion
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that cool spring temperatures limit the potential growth of this
species. Moreover, significant differences in preference for a
specific temperature range were found for species belonging
to Cladophora, such as C. glomerata, C. rivularis, and
C. fracta, which developed in different habitat conditions
and were characterized by high tolerance to temperature
changes. For C. glomerata, the curve had a monotonous de-
creasing function and for other species of this genera the curve
was increasing (Pikosz et al. 2017).

Light

The maximum depth of colonization is connected with water
clarity (Higgins et al. 2008). The study of Parnoja et al. (2014)
about the photosynthetic production of macroalgae at a re-
duced salinity indicates that in shallow water despite a good
light exposure C. glomerata can still be strongly light-limited.

Salinity

The low species richness of the Baltic macroalgae communi-
ties compared to those of the Atlantic coast is closely related to
the limit of these species to tolerance to low salinity (Snoeijs
1999; Eriksson and Johansson 2005). According to Pikosz
et al. (2017), significant models of response to the content of
Cl ions in the form of monotonic curves were fitted to 5 out
of 13 taxa analyzed, and another 5 had a unimodal distribu-
tion. The salinity range for C. glomerata in Polish aquatic
ecosystems is at the level 40-80 mg CI” L™'. The source of
chlorides in the studied aquatic ecosystems was surface runoff
from the fields. Representatives of the Zygnemataceae were
present in water with a lower content of chlorides (decreasing
monotonic curve), biogenic compounds, and total amount of
dissolved salts and in water with lower electrolytic conductiv-
ity (unimodal curve with optimum development at low
values). Oedogonium capillare and Cladophora rivularis, on
the other hand, preferred waters with a high concentration of
chlorides (growing monotone curve).

Nutrients

Many studies have documented the association of C. glomerata
with high nutrient inputs (Bojorge-Garcia et al. 2010). For
C. glomerata, the values of electrolytic conductivity and total
amount of solutes in which the optimum development was set were
determined at the level 300-500 puS cm . It has been shown that
species richness does not increase as the concentration of nutrient
compounds increases along the entire gradient. Only a few species
are able to grow in an environment with a high content of nutrients.
Cladophora glomerata was characterized by unimodal distribu-
tion, while Rhizoclonium sp. and Vaucheria sp. had a monotonic
growth curve in response to nitrogen compounds (Pikosz et al.
2017). The presence of C. glomerata is strongly correlated with
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Table 2 Ecological
characteristics of the most
widespread species from the order
Cladophorales. Main sources
follow (Messyasz et al. 2015b;
Pikosz and Messyasz 2015, 2016)

Freshwater
macroalga

Ecological determinants

Habitat preferences

Place of occurrence

Accompanying species

C. glomerata
(Poland)

C. rivularis
(Poland)

Aegagropila
linnaei
(Poland)

Cosmopolitan species, is
common in marine and
littoral ecosystems
(estuaries), saline and
freshwater, running
waters, and lakes/ponds.
So far not recorded in
polar waters.

Habitat factors: water
temperature (17-29 °C), a
neutral pH (pH > 8), the
availability of light (mean
3000 LUX), the content of
nutrients, prefers clear
waters with color values
not above 30 mg Pt L™
(Johansson 1982).

Typical for stagnant and
turbulent water.

Habitat factors: development
in eutrophic condition,
pH > 7, conductivity
~ 1000 uS cm”!, total
dissolved substance
440 mg L' and chlorides
550 mg L.

Cosmopolitan species, is
common in freshwater
and brackish water (Van
den Hoek 1963),
eutrophic freshwater lakes
(Starmach 1972). It can
occur in several different
growth forms, depending
on environmental
conditions (Boedeker and
Immers 2009).

Common in Polish Baltic
Sea: Gdansk Gulf (Korna$
et al. 1960; Plinski and
Florczyk 1984; Plinski
and Jozwiak 2004), east
coast of the Pomorska
Gulf (Rosinska et al.
2013), Sopot (own study);
mountain rivers and
streams: Skawa (Chudyba
1965), Lubogosz
(Starmach 1969); lowland
rivers: Nielba, Weha,
Mogilnica, Samica
Steszewska (own study);
lakes: Ro$ (Pieczynska
and Tarmanowska 1996),
Durowskie, Zbiornik
Maltanski, and different
types of small water
bodies (own study).

Common in Silesia
Region—Strzelin
(Starmach 1972).
Forming dense mat in
Konojad Pond
(Wielkopolska Region).

6 confirmed locations in
Poland: Gulf of Puck,
Jantar, Rewa, Sopot, lake
Miedwie near Szczecin,
Lake Tatarak near
Legnica, lake
Wierzbinickie near
Mysliborz (Plinski and
Jozwiak 2004; Boedeker
et al. 2010).

Oedogonium,
Stigeoclonium,
Microspora, Mougeotia,
Spirogyra (Pieczynska
and Tarmanowska 1996);

Hildenbradtia rivularis
(Starmach 1969)—in the
mountain streams, the
lowland rivers;

Enteromopha compressa,
E. flexuosa subsp.
flexuosa, E. linca
(Rosinska et al. 2013)—in
the Baltic Sea;

In the littoral zone among
submerged aquatic plants.

Cladophora glomerata
among Typha angustifolia
(Van den Hoek 1963);
co-existed with other
Cladophora species (Naw
and Win 2011)—in
streams; Oedogonium sp.,
algal-cyanobacterial
metaphyton—in mid-field
pond.

Due to ability to
moving/rolling not report-
ed the presence of other
macroalgae. Mathiesen
and Mathiesen (1992)
described the
Aegagropiletum
benthonicum association
composed of
C. aegagropila
(= A. linnaei), attached or
forming loose-lying balls
from Gulf of Bothnia.

high water fertility, i.e., the content of chlorophyll a, nitrates, and
phosphates. The presence of C. fiacta depended on such factors as
the content of total dissolved salts and the electrolytic conductivity
of water, whereas in the mid-field pond C. rivularis together with
O. capillare, Microspora sp., Spirogyra sp., and Mougeotia sp.
occurred in water with a high content of chlorides and sulfates
(Pikosz and Messyasz 2016). Phosphorus was determined to be
the primary growth-limiting nutrient for Cladophora growth
(Stewart and Lowe 2008). In eastern Lake Erie (North America),
mean soluble reactive phosphorus ranged from 0.9 to 3.5 ug L™

during the spring-summer growing period (Higgins et al. 2006,
2008).

Life history

Cladophora glomerata is a ephemeral species and has long
continuous periods of spore production through the growing
season and it has colonized the substratum in large quantities
early in the succession. However, propagation of C. glomerata
in Colorado River environment takes place by fragmentation or
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expansion of the holdfast (Blinn et al. 1998). Zoospore produc-
tion in C. glomerata occurs at temperatures > 16 °C (Hoffmann
and Graham 1984) and because the waters in the river are much
cooler than its optimum, the temperature effectively inhibits
this process. Furthermore, under the high flow, C. glomerata
can be replaced by other filamentous green algae as for exam-
ple Zygnematales or Ulotrichales. Eriksson and Johansson
(2005) observed that the favorite sediment conditions for both
spore attachment and growth of Cladophora at 8 m and 16 m of
Swedish east cost allow for development several generations
during the year. With such favorable habitat conditions, the
continuous spore production can take place from April to the
end of August and then follows the formation of large amounts
of over-wintering resting stages (Wallentinus 1979; Kiirikki
and Lehvo 1997).

Occurence and distribution

Van den Hoek (1963) has reviewed in detail the history of the
Cladophora group in Europe. The Cladophora genus consist of
about 159 species (Guiry and Guiry 2020). Based on initial data
provided by van den Hoek (1963), Starmach (1972) distin-
guished species most often found in freshwater ecosystems.
According to this, fifteen taxa can be differentiated, based on
the development in freshwaters: Cladophora aegagropila (L.)
Rabenh. (=Aegagropila linnaei), C. basiramosa Schimdle,
C. cornuta Brand, C. fracta var. fracta (Mull. Ex. Vahl) Kiitz.,
C. fracta var. intricata (Mull. Ex. Vahl) Kiitz., C. globulina
(Kiitz.) Kiitz., C. glomerata var. glomerata (L.) Kiitz.,
C. glomerata var. crassior (L.) Kiitz., C. hutchinsiae (Dillw.)
Kiitz., C. kosterae Hoffm. & Tild., C. okamurae (Ueda) Hoek,
C. pachyderma (Kjellm.) Brand, C. rivularis (L.) v.d. Hoek,
C. rupestris (L.) Kiitz., C. sterrocladia Skuja, and C. surera
Brand. At the same time, in the littoral zone of the sea, the
following were noted: Cladophora aegagrophila (L.) Rabenh.,
C. albida (Nees) Kiitz., C. basiramosa Schmidle in Wittrock et
Nordstedt, C. dalmatica Kiitz., C. fracta (O.F. Muller ex Vahl)
Kiitz., C. glomerata (L.) Kiitz., C. humida Brand, C. pygmaea
Reinke, C. rupestris (L.) Kiitz., C. sericea (Hudson) Kiitz.,
C. vadorum (Ares.) Kiitz., and C. vagabunda (L.) Hock.
According to van den Hoek et al. (1995) and Boedeker
etal. (2010), species of the genus Cladophora are the globally
most widespread freshwater macroalgae. For example,
Aegagropila linnaei was recorded from 283 locations in fresh-
water and brackish waters (Plinski and Jozwiak 2004;
Boedeker et al. 2010). However, for species of the genus
Pseudocladophora, the range of occurrence covers mainly
the Asia region seashores (van den Hoek and Chihara 2000;
Hanyuda et al. 2002; Yoshii et al. 2004; Coppejans et al. 2005;
Titlyanova et al. 2014; Titlyanov et al. 2015, 2019; Yoshida
etal. 2015). Another species, Cladophora vagabunda, is com-
mon along all temperate and tropical seashores (Van den
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Hoek et al. 1995). Studies on algae communities in water
reservoirs in the Algeti National Park (Georgia) have shown
the presence of four species of the genus Cladophora:
C. canalicularis (L.) Kiitz., C. globulina, and the widespread
in low streaming water C. fracta and C. glomerata (Barinova
etal. 2011).

Cladophora species belong to the epiphytic algae that are
attached by a properly formed cell (discoid holdfast) to the
substrate, which can be the surface of stems of aquatic plants,
threads of other algae, animal shells, or abiotic surface (stones,
wood) immersed in water. As typical settled plants in younger
developmental stages, they are attached to the substratum.
Very often the thallus tears from the substratum (e.g., during
insolation), floats in water, and creates wadded clusters that
are single or multi-species (Kelly and King 2007; Messyasz
et al. 2018a) (Fig. 3, Table 2).

Cladophora glomerata is a very common freshwater alga,
which grew very intensively on various substrates (rock, bed-
rock, boulder, cobble, gravel, wood dock, vascular plants,
Dreissena shells), and for example to a depth of 10 m in the
water column of Lake Erie throughout the period from 1865 to
2006 (Stewart and Lowe 2008). With the increase in eutrophi-
cation, filamentous cyanobacteria appeared, which reduced
the occurrence Cladophora in Lake Erie.

Species of the genus listed below belong to the group of
commonly reported filamentous algae in Poland: Cladophora
(consisted 30% among all studied sites), Spirogyra (16%),
Oedogonium (11%), Ulothrix (8%), Vaucheria (7%),
Mougeotia (7%); the remaining 20% consisted of taxa from
Rhizoclonium, Microspora, Bulbochaete, Draparnaldia,
Stigeoclonium, Hydrodiction, Zygnema, Sirogonium, and
Tribonema genus. They most frequently inhabited rivers
(38%), streams (12%), ponds (20%), and lakes (13%)
(Pikosz and Messyasz 2016). In flowing waters, species of
Cladophora and Ulothrix were most common, and in the
ponds—Cladophora and Spirogyra. The area of monitoring
the taxonomic and ecological diversity of filamentous green
algae communities included mid-field and natural ponds; ar-
tificial reservoir in the city; natural, shallow lakes; rivers; and
estuaries. Differences between aquatic ecosystems were visi-
ble in terms of physico-chemical parameters of water and the
taxonomic composition of algae. Small water reservoirs can
often constitute biodiversity refuges because they are also
characterized by the highest species richness and the highest
share of rare species among various types of freshwater hab-
itats (Scheffer et al. 2006; Ozgo 2010).

Population and community structure
For thalli that create mats, movement of water itself is very

important as it can be slow and light or turbulent. Water as a
carrier strength can move algae biomass in the water surface
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Fig. 3 Massive development of
filamentous green algae forming
mats from inland and marine
waters (photos by B. Messyasz): a
long filaments of Cladophora
glomerata in shallow Lake
Oporzynskie; b Cladophora
glomerata in the natural field
pond; ¢ filaments of Cladophora
glomerata in the littoral zone of
Lake Zbaszynskie; d Cladophora
sp. growing on stones on the coast
of the Baltic Sea; e flocs of
Cladophora rivularis in Nielba
river in Wagrowiec (Poland)

layer shaping its structure (loose, dense) and layer of
occurence (pelagial, litoral). The mat structure understood as
the way of spatial distribution of individuals (thalli) points to
spatial organization and helps define not only purity of the
material (homogenous, mixed, with admixture of macro-
phytes), but also harvest efficiency (quantity of harvest).
Biomass, understood as the mass of individuals of given spe-
cies per unit of area or volume, depends mainly from season-
ality of'its occurrence and environmental factors which enable
colonization in new places. Cladophora glomerata has low
light and temperature requirements, especially in the first
phase of growth, hence its early development in spring in
conditions of low temperature to create mats before the start
of vegetative season (Pikosz et al. 2017). This strategy helps it

to successfully compete with submerged plants for nutrients in
water and spatial surface. Forms of C. glomerata which float
on the water surface are dependent mainly on water chemistry.
The optimal chemical composition of water for this species
which allows increase of the quantity of filaments in mats and
increase of the mat area includes high concentrations of phos-
phates and ammonium nitrate (stimulation of growth of thalli
in length), and low concentrations of sodium chloride (high
concentrations inhibit growth of thalli in length) (Pikosz and
Messyasz 2016). In ponds and shallow lakes, C. glomerata
mats are big enough to obtain a homogenous macroalgal bio-
mass on the level of ca. 4 kg wet weight m 2.

The term “mat” is connected with filamentous macroscopic
algae floating freely on the water surface or attached to the
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bottom (Saunders et al. 2012). According to Messyasz et al.
(2018a), Cladophora mat formations can be divided into the
following: (i) free-floating mats—taking shapes of flocs, mats
or felts, tufts, clouds; (ii) attached to the bottom—upright
growth forms (aligned), bush-like structures; (iii) overgrowing
the entire water column—includes both free floating and at-
tached forms. Moreover, filamentous thalli might overgrow
each element that can serve as a pillar, e.g., submerged water
plants. Diversification of mat shapes can occur also because of
hydrodynamic conditions of the given water ecosystem, even
when concerning the same macroalgal species (Fig. 4). The
architectural diversity of macroalgal mats in terms of structure
applies even to small aggregations in the very shallow littoral
zone of ponds (Fig. 5). Cladophora thalli can float in the form
of small clouds or as a result of water movments that create a
mix-up with hydromacrophyte fragments. Aegagropila
linnaei (syn. C. aegagropila) occurs in both brackish and
freshwaters, and its thalli is shaped as unattached ball form.

Based on the mat, which occupied over 95% of the surface
of the eutrophic Lake Oporzynskie (Poland), a detailed study
of the structure of dense, single-species mat was carried out in
the vertical (surface zone, middle, bottom) and horizontal
(edge zone and open water column) profile. In the horizontal
profile, the biological, chemical, and physical parameters of
the water did not show statistically significant differences ex-
cept temperature, PAR radiation, and turbidity. The biometric
parameters of C. glomerata thalli collected from the horizontal
profile were also similar to each other. In contrast to the lack
of changes in the spatial approach, there were significant
changes in the vertical profile. The difference in water tem-
perature at the surface and at the bottom was 6 °C, anaerobic
conditions began to prevail at a depth of 130 cm, but an in-
tense fall in dissolved oxygen was already recorded at a depth
of 50 cm below the water surface. The presence of a dense mat
caused statistically significant changes in the tested physical
and chemical indicators of water in the vertical profile (0—
2 m). In addition, significant changes in the structure of
C. glomerata cells collected in the vertical profile were noted.
With depth, the pirenoid diameter increased and the cells were
smaller. The content of chlorophyll 5 and carotenoids in the
thallus also changed. The pigment content in the thallus in-
creased with depth. Increased starch storage in pyreneids was
a cell response to stress factors. The developed results allow to
better understand the role of filamentous green algae as
bioindicators in water monitoring (Pikosz et al. 2017;
Messyasz et al. 2018a).

Cladophora glomerata, as the only species of homogenous
macroalgae mass development, is able to achieve high biomass
in shallow water bodies in a short time. In Poland, this species
forms its highest biomass concentration in two periods (Pikosz
et al. 2017): spring (April-June) and autumn (September—
October), what confirms its strong response to colder water
and also the possibility of harvesting biomass for several
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Fig. 4 The diverse in size and architectural shape species of Cladophora
mats in various aquatic ecosystems (photos by B. Messyasz): a short and
delicate filaments of Cladophora fracta in the artificial city pond; b a
densely packed patch of very long filaments of Cladophora glomerata in
Lake Oporzynskie; ¢ small aggregations of Cladophora glomerata thalli
in shallow Lake Oporzynskie (cloud-shaped mats); d loosely attached to
the stones Cladophora glomerata and Cladophora rivularis with silty
detritus among the filaments in Nielba River; e an example of an
marine form of the thalloid alga Cladophora sp. creating large surface
patches on the coast of the Baltic Sea

months a year. Such a phenomenon is consistent with the model
example of mass appearances of Cladophora to 10 m in the
water column in Lake Erie (Higgins et al. 2005, 2006; Stewart
and Lowe 2008) and in the Laurentian Great Lakes (North
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Fig. 5 The diverse in size and
species of Cladophora
macroscopic appearance in
various aquatic ecosystems
(photos by B. Messyasz): a free-
floating mats of Cladophora
globulina taking shapes of flocs
in a drainage ditch; b a small
loosely packed filaments of
Cladophora fracta in small and
shallow eutrophic pond; ¢ a small
cloud of Cladophora glomerata
mixed with Cladophora rivularis
in shallow garden pond; d a loose-
lying ball of Aegagropila linnaei
(syn. C. aegagrophila) from
western part of the gulf of Gdansk

America) (Higgins et al. 2008). In all cases, the lowest biomass
of Cladophora thalli were noted from December to April. For
other freshwater species of macroalgae, optimum development
is limited only to a few weeks, making it difficult to accurately
plan the collection of biomass. It seems that the impact of en-
vironmental factors on the size of freshwater macroalgae bio-
mass is higher than that of the marine ecosystem, which adds an
additional factor of high variability and seasonality of harvest.
A lack of repeatability in the development of the same amount
of biomass in natural aquatic ecosystems can negatively affect
subsequent economic aspects.

Mats can have a very complex vertical structure, where
subsequent layers are also easy to indicate in color. Such a
unique phenomenon occurs in small hypersaline Lake
Chersovesskoye (Crimea, Russia) where the range of salinity
varies in range from 35 to 360 g L' (Prazukin et al. 2018).
The dense floating filamentous green algae mats are observed
with domination of Cladophora species: C. vadorum
(Aresch.) Kiitz., C. siwaschenis Mayer, and C. echinus
(Biasol.) Kiitz. Cladophora mats occupied almost the entire
water area of this lake. In the vertical structure of the mat, two
or three layers differing in color were detected: (i) at the top
occurrs crust of algae with layer of mineral salts; (ii) next in
the middle is the thick layer with varied in size caverns; (iii)
and the third layer is formed by decaying macrophytes.
Interestingly, various levels of this mat were inhabited by
numerous animals. This marine Cladophora beds provided
habitat for a diverse group of animals including Orchestia
gammarellus Pallas, O. mediterranea Costa, species of
Coleoptera, Cletocamptus retrogressus Shmankevich, and
Ostracoda Eucypris mareotica Fischer.

The mats next to the animal refuge are also a source of food
for them. In the eutrophic Lake Crosemere (England),
C. glomerata colonizes stones in the littoral zone for April
onwards, developing a dense community in summer. Due to
inter-species competition, it is often replaced by galley-
building caddis larvae (Tinodes waeneri L.) (Harrison and
Hildrew 2001). However, in rivers and spring-fed streams
throughout Georgia and Alabama, frequently, C. glomerata
co-occurs with red macroalgae: Batrachospermum
helminthosum Sirodot (syn. Batrachospermum confusum
(Bory) Hassall); Boldia erythrosiphon Herndon; Kumanoa
holtonii Vis, Necchi, Chiasson, and Entwisle; Paralemanea
annulata (Kiitz.) Vis and Sheath and Tuomeya americana
(Kiitz.) Papenfuss. In these ecosystems with large amounts
of C. glomerata biomass, crayfish showed a preference for
grazing it, but when the population decreased, they switched
to feed on the red alga Boldia (Goodman and Hay 2013).

Pikosz and Messyasz (2015) studied seasonality of filamen-
tous algae occurrence and co-occurrence in small, natural, and
artificial water bodies. In both types of ponds, there were
metaphyton communities (green algae-cyanobacterial mats),
which were present from spring until autumn. The metaphyton
of the natural pond was dominated by representatives of
Cladophorales and Oeodogoniales, while in the artificial pond
Cladophorales and Zygnematales. In total, 12 taxa were deter-
mined in both ponds (11 in mid-field, 9 in artificial), of which 5
taxa occurred simultaneously in both locations (Ulothrix
variabilis, Tribonema aequale, Oedogonium spp., Spirogyra
spp., and Mougeotia sp.). The mid-field pond was characterized
by a higher biodiversity of filamentous algae than the artificial
pond. In both studied ecosystems, seasonal variability in the
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taxonomic composition of metaphyton was observed. In early
spring, at lower water temperatures (up to 10 °C), taxa of the
Tribonema and Ulothrix dominated and were accompanied by
representatives of Zygnematales. In the next phase, from May to
August, the species structure of the community was converted
into species of Cladophora and Oedogonium. Cladophora
rivularis dominated in the natural pond, while C. fracta domi-
nated in the artificial pond. Species of Cladophora dominated
studied aquatic ecosystems, with mostly C. glomerata showing
a clear dominance advantage over other filamentous algae spe-
cies. The appearance, disappearance, and dominance of individ-
ual taxa is associated with life strategy and relates to the reaction
of algae to changes in habitat factors, for example, water tem-
perature, pH, or electrolytic conductivity. In the mid-field pond,
the pH of the water was up to 10.16, while in the artificial
reservoir the maximum pH was 8.75 with three times lower
electrolytic conductivity. According to Fairchild et al. (1989),
Cladophora occurs in neutral waters, while Oedogonium and
Spirogyra prefer alkaline waters.

Cladophora as a substrate for epiphytic
diatoms

The heterogeneity of epiphytic diatom communities is a simple
and understandable phenomenon, because in the natural envi-
ronment it is difficult to have homogeneity, uniformity, and no
differences in conditions unmodified by humans. In the case of
epiphytic diatom communities on macroscopic filamentous al-
gae, there is no doubt that there is a high species richness and
heterogeneity in terms of quantitative structure. Each macro-
scopic green algal species has its own habitat preferences, eco-
logical optima, in which it develops best (Dodds and Gudder
1992; Messyasz et al. 2015a; Schroeder et al. 2016). Mostly,
they are ubiquist and cosmopolitan taxa, commonly occurring
in fresh, salt, flowing, and standing waters (South and Whittick
1996; Kelly and King 2007; Messyasz et al. 2018a). However,
the above research shows that individual species of Cladophora
did not occur together; even in similar ecosystems, only each
species had a niche suitable only for itself. Cladophora
glomerata preferred watercourses, that is, an environment
where the water is constantly moving, and it was there that it
created mass occurances, sometimes making the rivers take on
completely green color. Cladophora globulina is also a wide-
spread species, but in the Wielkopolska region (Poland) it was
observed only in an artificial reservoir. Another species,
C. fracta, found its niche to grow in an artificial pond.
Despite the fact that habitat conditions were similar in all stud-
ied ecosystems, and slightly higher nitrate, phosphate, and sul-
fide values were noted in the rivers, the communities forming
macroalgae mats were clearly diversified.

A similar phenomenon can be seen in epiphytes growing
on the thalli of filamentous green algae of the genus
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Cladophora. Despite similar habitat conditions, diversity in
species and quantity composition of diatom communities
was observed (Mpawenayo and Mathooko 2005). Diatoms
settled more readily on some macroscopic green algae, while
on others much slower and in smaller amounts. It cannot be
ruled out that this could be due to the cell wall structure of the
individual species’ thalli, taking into account the amount of
cellulose covering the thalli, as well as substances produced
by plants that may somehow allelopathically affect diatom
communities (Pikosz et al. 2019). The least taxa of diatoms
were recorded on Cladophora fracta (O.F. Miiller ex Vahl)
Kiitz., which was located in a small retention reservoir, where
pollution from air conditioning is discharged—perhaps this
significantly affects the development of periphyton diatoms,
causing a certain barrier to their development.

In the case of C. glomerata, the largest number of diatom
species was observed, which could be due to its rough surface
enabling the attachment of individual cells. In addition, the thal-
lus of C. glomerata in all the studied rivers created huge mats
that were attached to the ground, so that the epiphytes had the
right conditions for development and migration between
individual thalli. The vast majority of the composition and
biomass of epiphytes were species from the genus Cocconeis,
i.e., Cocconeis placentula Ehr. and its varieties, as well as
Cocconeis pediculus Ehr. Comte and Cazaubon (2002) also
found the largest numbers of diatom cells among Cocconeis
pediculus Ehr. and Achnanthidium minutissium (Kiitz.)
Czarnecki. However, species richness was slightly lower on
the thalli of this species of Cladophora where they recorded
only 15 diatom taxa. A large proportion of species abundance
was observed in the C. glomerata thalli among genera Navicula
and Gomphonema, i.e., Gomphonema olivaceum (Horn.)
Kiitzing, Gomphonema parvulum (Kitz.) Kiitzing,
Gomphonema truncatum Ehrenberg, also Navicula
cryptocephala Kiitzing, Navicula menisculus Schumann,
Navicula perminuta Grunow in van Heurck, and Navicula recta
J. Brun and Héribaud-Joseph.

Another analyzed substrate was C. globulina, whose mats
drifted on the surface of the water ecosystems. A large number
(ca. 83) of diatom taxa was observed on its thalli surface. In
the case of this macroscopic green alga, the biomass and total
diatoms on thalli were significantly lower and its composition
differed in relation to the species described earlier
(C. glomerata). The abundance structure of community
lacked a group of epiphytes that would achieve a definite
advantage, because only 35% of the total number were species
of the genera Cocconeis and Gomphonema, and about 10%
Cymatopleura. Also, in the case of C. globulina, despite a
significantly smaller number of species of the genus
Cymatopleura, they achieved a definite advantage in biomass,
constituting about 80% of the total biomass. Cymatopleura
elliptica (Bréb.) W. Smith was a definite dominant, followed
by Cocconeis placentula, Surirella striatula Turpin, Ulnaria
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ulna (Nitzsch) P. Compeére in Jahn et al., and Gomphonema
olivaceum. The thalli of C. globulina also show surface rough-
ness, which could promote diatom deposits. A characteristic
feature of C. globulina in relation to C. glomerata is that it has
definitely more delicate threads. The diatom community di-
versity index was only 0.37 (Messyasz et al. 2012; Schroeder
et al. 2016).

Cladophora rivularis was less populated, with only 68 taxa
recorded on its thalli. The filaments of this alga are very long
and unbranched (Pikosz and Messyasz 2016). On this species
thallus surface, significantly fewer diatom cells have been
noted than on C. glomerata, but definitely more than on other
species, whether it be C. globulina, C. fracta, or Oedogonium
sp. On C. rivularis, the abundance and size of diatoms was
much different, with species of the Epithemia genus achieving
a decisive advantage on thalli, including Epithemia argus
(Ehr.) Kiitz., Epithemia cistula (Ehr.) Ralfs, Epithemia sorex
Kiitz., or Epithemia turgida (Ehr.) Kiitz. The genus Cocconeis
in this case accounted for only 20% of the total number, giving
way to the genus Epithemia. Among the dominants appeared
Epithemia turgida, Cocconeis placentula, Epithemia sorex
var. gracilis Hustedt, Epithemia sorex, and Cymatopleura
elliptica (Bréb.) W. Smith, which shows that the thalli of
C. rivularis is most likely to create a more specific environ-
ment than other species of the genus Cladophora.

Cladophora fracta is characterized by a few branches and if
they occur, they are usually arranged at an obtuse angle from the
main axis (Plifiski and Hindék 2012; Skaloud et al. 2018), which
means that individual filaments have difficulty entangling. This
Cladophora species had the fewest epiphytic diatom taxa, only
44. The abundance and biomass composition differed signifi-
cantly from that observed in the other macroscopic green algae.
In this case, the highest numerousness was reached by species of
Gomhonema (40%), i.e., Gomphonema acuminatum Ehr.,
Gomphonema angustatum (Kiitz.) Rab., Gomphonema
olivaceum (Horn.) Kiitz., then Navicula (29%) and Cocconeis
10%. Among the dominants, a completely different composition
was also noted: Cymatopleura elliptica (Bréb.) W. Smith,
Navicula perminuta Grun. in van Heurck, Cocconeis placentula
Ehr., Gomphonema minutum (Ag.) C. Ag., Gomphonema
parvulum (Kiitz.) Kiitz. On the thalli of Cladophora fracta,
there was a clear heterogeneity of the diatom community at
abundance level; however, Shannon-Weaver biodiversity
remained at a low level of about 0.4 (Messyasz et al. 2012;
Schroeder et al. 2016).

Undoubtedly, thalli of Cladophora are a good substrate for
the development of epiphytic species and are eagerly
inhabited by diatoms. Numerous studies confirm that the dia-
tom distribution is strongly correlated with the substrate archi-
tecture of colonized macroalgae (Johnson et al. 1996; Comte
and Cazaubon 2002; Messyasz and Kuczynska-Kippen 2006;
Stewart and Lowe 2008) and habitat conditions (Cambra and
Aboal 1992; Pihl et al. 1999; Skaloud et al. 2018).

Harvesting and culture conditions

Cladophora species grow on submerged rocks and stones or
move freely in water (Mihranyan 2011; Munir et al. 2019).
These algae proliferate usually in a shallow water. Mats
formed by Cladophora, which float on the water surface,
can be collected manually or using boats equipped with a
special rake, a cable, or a strip (Messyasz et al. 2015b;
Munir et al. 2019). For the habitat characterization, the basic
physio-chemical parameters of the water (temperature, con-
duction, concentration of oxygen, and Cl™ as well as the pH
level) at the same sites as macroalgae thalli should be mea-
sured using, e.g., the YSI Professional Plus handheld multipa-
rameter meter. Considering that the algal analyses in the lab-
oratory require the right amount of material, it is recommend-
ed to gather about 500 g of thalli. It is advisable to place thalli
in a plastic container and transport and store after collection in
a refidgerator (at 4 °C) at the laboratory. The collected algae
should be washed and cleaned of solid impurities prior to
drying (Munir et al. 2019). Depending on further laboratory
work, the purified thalli are best divided into parts and used for
microscopic analysis and morphometric measurements of
thalli and cells, to prepare herbarium specimens or to analyze
the chemical composition (Messyasz et al. 2015a; Piotrowicz
et al. 2019). To preserve fresh material, part of the collected
sample (at least 400 g) can be placed in an 10-L aquarium with
water filtered from habitat, or the MWC medium (Guillard
and Lorenzen 1972) or the Wang medium and then placed
in phytotrons (at 250 mol photons m 2 s ', light:dark period
12:12, temperature 21 °C) to conduct macro-cultures in open
or closed system (Andersen 2005).

Each planned experiment should be preceded by a process of
acclimatization, in order to mitigate the initial stress caused by
transportation, change of lighting, and thermal conditions, as well
as to obtain biogenic stabilization in the thalli. Cultivation of algal
biomass are conducted using only those specimens which dis-
play no mechanical damage, necrosis, and chlorosis. Open cul-
tures are mainly related to algae culture on a large scale or in
cases where experimental sets occupy a large surface. Many
researchers recommend that to examine the ecological mutual
relations, a construction of small containers for breeding algae
with other organisms (e.g., shrimp) is needed (Robertson-
Andersson et al. 2008; Cruz-Suarez et al. 2010). The open culture
are often equipped with pipes supplying water enriched with
nutrients and providing water circulation, the heater modeling
the temperature of water, devices for simulating the movements
of water, or artificial light source (Liining et al. 2008), and thalli
of algae instead of freely floating on the water are deposited on
the special nets or other similar media (Msuya and Neori 2008).

In contrast, algal cultures in phytotron chambers can
be freely modified such environmental factors as: air
temperature, which is set by the heating and cooling
systems, maintaining the temperature regardless of the
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surroundings, circulation and humidity, intensity and
color of light, and also day lengths. The composition of
medium for the cultivation of macroscopic algae may be
adapted to particular species, so as to simulate their most
preferred habitat conditions. The components of the cul-
ture medium, which can then be elective modeled are
nitrogen, phosphorus, pH buffers, salinity (minimum
30 ppt), and optionally trace metals and vitamins
defined by the medium recipe. Messyasz et al. (2015¢)
noted that modifying the culture medium through com-
pounds (ascorbic acid, biotin, glucose, sucrose) had only
short-term effects on the composition of algal biomass.
On the basis of experimental results and on field obser-
vations, it was confirmed that the concentration of nutri-
ents for the successful growth of macroalgae including
Cladophora was appropriate in the Wang culture medi-
um or the Benecke medium (with some modifications)
(Andersen 2005; Pikosz et al. 2019). The relatively high
content of N and P present in these media is similar to
that existing in a eutrophic reservoir habitat (Schiewer
2008). Species of the genus Cladophora differ substan-
tially in terms of levels of certain nutrient preference; it
is therefore necessary to make the proper identification
of the species which was collected for testing in the
culture.

Chemical composition

Macroalgae are known to be a rich source of biologically
active compounds. The production of a great variety of sec-
ondary metabolites that cannot be found in other organisms
results out of necessity to quickly adapt to new environmental
conditions. These compounds protect the algal cells against
stressful conditions, such as ultraviolet radiation, sudden tem-
perature changes, fluctuations in nutrient concentration, and
salinity level (Elenkov et al. 1996a; Rani 2007; Laungsuwon
and Chulalaksananukul 2014). Cladophora species have the
ability to survive in a highly saline environment (up to 100%o
of salinity) what makes them ecologically important (Elenkov
et al. 1996b). The general chemical composition of
Cladophora species is presented in Table 3. This alga contains
a high amount of carbohydrates, minerals, and proteins and is
characterized by high moisture—typically around 90%
(Srimaroeng et al. 2015).

The composition of Cladophora largely depends on the
environment from which this biomass is collected or the algae
cultivation conditions, and season, as well as algae species and
many other factors. As it was shown in the work of
Khuantrairong and Traichaiyaporn (2011), the biomass of
freshwater alga Cladophora sp. cultured in the medium with
the addition of 10% of canteen wastewater and di-potassium
hydrogen orthophosphate contained more protein, carotenoids
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((B-carotene, lutein, and zeaxanthin), and vitamin A, when the
concentration of phosphorus increased in the medium when
compared to the biomass from the control group. The supple-
mentation of phosphorus to the medium can enhance the pro-
duction, as well as the nutritional value of this alga. Reduced
phosphate availability in water can markedly decline the
amount of the Cladophora biomass. Other limiting factors
are the concentration of nitrogen, trace elements, and vitamins
(Parker and Maberly 2000).

The presence of biologically active compounds in seaweed
products can differ also due to the chosen extraction method,
organic solvents used for their extraction, and differences in
assay methods (Yuvaraj et al. 2011; Messyasz et al. 2018b).
For example, Fabrowska et al. (2018) showed that for the
extraction of phenolic compounds and pigments (chlorophylls
and carotenoids) from freshwater C. glomerata, microwave-
assisted extraction (MAE) and superficial fluid extraction
(SFE) with CO, methods were more effective, respectively.
It is also important to select an appropriate solvent in order to
achieve high extraction yield and isolation of a given com-
pound from algae (Yuvaraj et al. 2011; Yuvarani et al. 2017,
Messyasz et al. 2018b). For example, Yarnpakdee et al.
(2019) showed that in the case of water extraction of
C. glomerata, the extraction yield was 28.0%, whereas for
the extraction with ethanol it ranged from 2.98 to15.5%, de-
pending on the concentration of ethanol used for this process.

Carbohydrates

The content of carbohydrates in marine and freshwater
Cladophora species is comparable and about 60% (Table 3).
The Cladophora cell wall is composed mainly of cellulose
that is usually highly crystalline (Ek et al. 1998; Mihranyan
2011; Camacho et al. 2013). Its content can be as high as 45%
by weight (Mihranyan 2011). Cladophora glomerata is also
an interesting source of polysaccharide called ulvan, whose
main component is 3-sulfated rhamnoglucuronan. Its amount
in the Cladophora cells increases with increasing size of the
thalli. Mono- and oligo-saccharides produced from ulvan can
potentially be applied in pharmaceutical, cosmetic, and food
industry (Pankiewicz et al. 2016).

Lipids

The lipid content in the algal biomass is generally low—Iess
than 5% of dry weight (Table 3). Kamenarska et al. (2004)
examined the lipid composition of brackishwater C. rivularis,
which included four main lipid classes, such as triacylglycer-
0ls—33.3% by weight from the total lipids,
monogalactosyldiacylglycerols—56.4% by weight,
digalactosyldiacylglycerols—2.5% by weight and phospho-
lipids—7.8% by weight. An important component of algae
are fatty acids, especially polyunsaturated fatty acids, which
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Table 3 Chemical composition of Cladophora species

Substance Species

(%)
C. glomerata (F; Cladophora sp. (F; C. glomerata (F; C. glomerata (F; C. socialis, C. prolifera,
Oporzyn Lake, Poland) cultivated) Acigol Lake, Lake, Poland) C. crupila (M; Vietnam)
(Messyasz etal. 2015b) (Khuantrairong and Turkey) (Michalak et al. 2018b) (Vo Thanh Trung et al. 2013)

Traichaiyaporn 2011) (Akkoz et al. 2011)

Moisture 95.56 89.02 £ 1.91 n.a. n.a. 88.5, 86.6, 86.9

Ash 39.25 1529 £ 1.11 2.44+0.07 22.6 7.71,7.76, 8.40

Total protein ~ 14.45 10.71 £ 1.14 14.13+1.13 22.5 209,15.0,17.4

Crude fiber 15.60 23.05 +2.63 n.a. 19.6 n.a.

Crude fat 0.78 2.04 +£0.78 248+0.12 04 1.52,2.06,2.37

Carbohydrate n.a. 60.98 + 1.57 n.a. 4.1 (starch) 58.4,61.7,58.8

F freshwater, M marine, n.a. data not available

are crucial for human and animal health. In many research
papers, it was shown that macroalgae (both marine and fresh-
water) are rich in saturated and unsaturated fatty acids
(Table 4). For example, C. vagabunda contains 39.6 +2.1%
of saturated and 29.3 +£3.8% of total unsaturated fatty acids
(Horincar et al. 2014), and C. glomerata 32.7% of saturated
and 29.8% of unsaturated fatty acids (Messyasz et al. 2015b).
Messyasz et al. (2018b) showed that there were differences in
the content of fatty acids (%) in freshwater C. glomerata de-
pending on the extraction technique and solvent used. For the
Soxhlet extraction, this content was as follows: hexane 28.8 +
0.63%, acetone 34.0+1.02%, ethanol 21.2+0.71% and 36.4
+ 1.32% for supercritical fluid extraction with CO,.

The content of lipids in Cladophora species can vary depending
on salinity. Higher salinity (lake 50%o, saltpan 200%o0) lowered
total lipid content in C. vagabunda (Elenkov et al. 1996b).
According to the authors, the changes in algal lipid composition
resulted probably from the adaptation to salt stress. Phospholipids
were not affected by the salt stress. At lower salinity, there was a
high content of triacylglycerols. Cladophora vagabunda from the
saltpan had increased content of saturated fatty acids, which lower
the cell membrane permeability which can be probably also an
adaptive mechanism (Elenkov et al. 1996b), although in the work
of Elenkov et al. (1996a), it was shown that there were no statisti-
cally significant differences between marine (C. rivularis,
C. laetevirens and C. sericea) and freshwater species
(C. glomerata), neither in the lipid composition nor in the fatty acid
profile. The authors demonstrated that glicolipids, with monoga-
lactosyl and diacylglycerols as the main components, were the
dominant lipid class in Cladophora species. Palmitic and linolenic
fatty acids occurred in the largest quantities.

Protein and amino acids

Cladophora species can also serve as a source of protein.
Protein content ranges from ~ 10 to ~25% and is comparable

to feed materials (Heiba et al. 1997). Cladophora species have
also interesting composition of amino acids, which can be
influenced by the environmental conditions (Messyasz et al.
2015b; Marycz et al. 2017; Pikosz et al. 2019). The main
amino acids (more than 5 g 100 g ' of total protein) analyzed
in Cladophora species (C. glomerata and C. fracta) were
aspartic and glutamic acid, leucine, glycine, alanine, arginine,
and valine (Table 5). Rani (2007) showed that with the in-
crease of salinity, the content of free amino acids—arginine,
aspartate, glutamate, glycine, histidine, and lysine—in
C. vagabunda increased, but valine slightly decreased.
Decrease of salinity caused a drop in arginine, aspartate, gly-
cine, histidine, threonine, and valine content, but a steep in-
crease in glutamate and lysine. It is suggested that such a
response to salinity change in the environment can result from
the role of amino acids as osmoticants.

Pigments

Cladophora species are a rich source of pigments such as chlo-
rophylls (a and b) and carotenoids (J-carotene, lutein, and zea-
xanthin). Khuantrairong and Traichaiyaporn (2011) showed that
cultivated Cladophora sp. contained carotenoids, such as -car-
otene 20.0 £ 14.0 pg g, lutein 173 +48 ug g ', and zeaxanthin
24.6+12.5 ug g . Messyasz et al. (2018b) showed that the
content of chlorophyll ¢ in marine C. glomerata was 0.30 =
0.01 mg g ' and carotenoids 0.08+0.01 mg g ' in extract of
the dry algal biomass. Pikosz et al. (2019) compared the content
of pigments in two freshwater species—C. glomerata and
C. fracta. The first alga contained pigments in higher amounts
(chlorophylls: chlorophyll @ 8.45 +0.18 pg mL™", chlorophyll b
6.36+0.11 pgmL ™", and carotenoids 2.32 + 0.03 pg mL ") than
C. fracta where these values were as follows: 3.13 +
0.12 uyg mL ™", 2.95+0.07 pg mL™", 0.72+0.05 pug mL ™", re-
spectively. Fabrowska et al. (2018) indicated that in the case of
pigments in thalli of freshwater C. glomerata (chlorophylls and
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Table 4 The content of fatty acids (% weight in dry matter of the extract) in Cladophora species

Polyunsaturated/ Species

saturated fatty

acid C. glomerata (F; Oporzyn Lake, C. vagabunda C. fracta (F; Tokat C. glomerata  C. rupestris (M; C. glomerata
Poland) (M; Black Sea, Gaziosmanpasa (F; Oporzyn  Mar Piccolo of  (M; Quatar)
(Messyasz et al. 2015b) Romania) University, Turkey) Lake, Poland) Taranto, Ionian (Heiba et al.

(Horincar etal. (Karan and Erenler (Messyasz Sea) 1997)
2014) 2018) etal. 2018b)  (Stabili et al.
2014)
Soxhlet: Soxhlet: Supercritical Sonication: Extraction: hexane, Soxhlet: Soxhlet: Extraction:
ethanol acetone fluid hexane re-extraction: methanol  ethanol chloroform/ chloroform/
extraction—CO, methanol methanol

C9:0 1.9 1.6 2.0 n.a. n.a. 3.0+03 n.a. n.a.

C10:0 n.d. n.d. n.d. n.a. n.a. <LLD 0.02+0.01 n.a.

C11:0 n.d. n.d. n.d. n.a. n.a. <LLD n.a. n.a.

C12:0 0.1 0.2 n.d. n.a. 0.42 <LLD 1.18+0.16 n.a.

C14:0 2.7 3.0 12.5 9.0+0.08 4.46 27+04 164+1.3 5.8

C15:0 n.a. n.a. n.a. 0.5+0.5 9.29 n.a. n.a. n.a.

C16:0 5.9 7.1 17.4 24.6+2.0 15.6 82+1.2 289+1.8 19.7

C18:0 0.4 0.8 0.6 54408 2.21 0.1+0.01 0.83+0.15 8.8

C20:0 n.d. n.d. n.d. 0.1 +0.03 n.a. <LLD 0.32+0.11 0.3

C22:0 n.d. n.d. 0.2 n.a. n.a. <LLD n.a. 0.5

Cl16:1 (n-7) 1.9 2.8 4.9 0.3+0.05 n.a. 2.0+03 n.a. 16:1-3.5

C16:1 (n-9) n.a. n.a. n.a. 0.7+0.1 n.a. n.a. n.a.

C18:1 (n-9) 1.0 14 93 113+1.3 46.0 1.0+0.09 446+0.79 19.3

C18:2 (n-9) n.a. n.a. n.a. 24+03 n.a. n.a. n.a. 18:2-15.1

C18:2 (n-6) 1.9 3.0 6.5 n.a. 7.53 1.5+£0.2 1.89+£0.65

C18:3 (n-3) 1.7 22 52 n.a. n.a. 4.0+0.3 124+0.9 18.3-1.0

C18:3 (n-6) n.d. n.d. n.d. n.a. 10.7 <LLD 0.81+£0.07

C18:4 (n-3) 1.5 3.0 3.1 n.a. n.a. 1.6+£0.1 n.a. n.a.

C20:2 (n-6) n.a. n.a. n.a. 0.4+0.02 n.a. n.a. 2.11+£0.21 6.5

C20:3 (n-6) n.a. n.a. n.a. 0.8+0.1 n.a. n.a. 0.88+0.08 1.5

C20:4 (n-6) n.d. n.d. n.d. 23.0£3.0 n.a. <LLD 0.86+£0.13 n.a.

C20:5 (n-3) n.d. n.d. n.d. n.a. 8.37 <LLD 1.32+£0.31 n.a.

C20:5 (n-6) n.a. n.a. n.a. 2.7+£0.7 n.a. n.a. n.a. n.a.

C22:1 (n-9) n.d. n.d. n.d. n.a. 0.22 <LLD n.a. n.a.

C22:6 (n-3) n.d. n.d. n.d. n.a. n.a. <LLD 2.214+0.52 12.5

n.a. data not available, n.d. not detected, LLD below lower limit of detection

carotenoids), there are seasonal differences. Additionally, the
content of these compounds is influenced by C. glomerata
habitat.

Minerals

Generally, macroalgae are considered to have a high ash content,
micro- and macroelements, essential minerals, and trace elements
that are required by all living organisms. As can be seen from
Table 3, ash content in Cladophora species varied from 2.44% in
freshwater C. glomerata (Akkdz et al. 2011) to 39% also in in
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algae of the same species (Messyasz et al. 2015a). The mineral
composition of Cladophora species is presented in Table 6.

Vitamins

Important from the nutritional and medicinal point of view are
also vitamins. Cladophora species are known to contain a
wide range of vitamins. Khuantrairong and Traichaiyaporn
(2011) showed that the cultivated Cladophora sp. contained
vitamins A (0.33+£0.23 mg (100 g)fl), B; (0.05+£0.01 mg
(100 g) 1), B, (0.05+0.00 mg (100 g) "), C (1.89+0.10 mg
(100 g) "), and E (5.97+0.13 mg (100 g) ). Cladophora
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Table 5 The content of amino

acids (g (100 g)ﬁlof total protein) Amino acid Species
in Cladophora species

C. glomerata (F; Oporzyn  C. glomerata (F; Lake, C. fracta (F; Malta Reservoir,

Lake, Poland) Tomaszoéwek, Poland) Poznan, Poland)

(Messyasz et al. 2015b) (Marycz et al. 2017) (Pikosz et al. 2019)
Aspartic acid 10.52 1.50 £ 0.16 10.53 = 0.00
Threonine 4.57 0.60 £ 0.03 4.53 £0.00
Serine 435 0.73 £ 0.04 4.50 = 0.00
Glutamic acid ~ 12.46 1.82 £ 0.07 12.69 + 0.01
Proline 4.51 0.81 £0.03 4.50 = 0.00
Cysteine 1.51 0.092 + 0.008 1.51 £ 0.00
Glycine 5.13 1.31 £0.07 5.17 £ 0.00
Alanine 5.46 1.52 +£0.07 5.46 = 0.00
Valine 5.40 1.16 £ 0.06 5.51 =£0.00
Methionine 0.82 0.23 £0.01 0.79 + 0.00
Isoleucine 3.36 0.83 £ 0.04 3.40 = 0.00
Leucine 6.58 1.50 £ 0.04 9.65 = 0.00
Tyrosine 2.83 0.74 + 0.03 2.87 +0.00
Phenylalanine  4.32 0.92 +£0.07 4.41 = 0.00
Histidine 2.17 0.090 = 0.010 2.21 +£0.00
Lysine 4.78 0.56 £ 0.05 5.17 £ 0.00
Arginine 7.23 0.92 +0.02 7.41 £ 0.00

glomerata from Polish pond contained vitamin C—21.7 mg
(100 g)~' of dry mass, and vitamin E—2.5 mg (100 g)™'
(Marycz et al. 2017).

Utilization

Cladophora species, both marine and freshwater, are ecolog-
ically and economically important macroalgae that provide
essential ecosystem services and biomass for soil additives,
fertilizers, biostimulants of plant growth, animal feeds, foods,
phycocolloids, neutraceuticals, pharmaceuticals, and cos-
metics, as well as for wastewater treatment, renewable biofuel
production, etc. (Mihranyan 2011; Zulkifly et al. 2013).
Cladophora species can be also used in construction materials
due to the content of cellulose which can be used as a rein-
forcement fibers (e.g., in polyurethane foams) (Mihranyan
2011).

Due to high content of proteins, Cladophora species are
recommended as a valuable supplement in human food, as
well as in animal feed (Messyasz et al. 2015a). As a biomass
characterized by low content of calories and high content of
minerals, vitamins and fiber is used in the food industry
(Akkoz et al. 2011). Macroalgal pigments have many appli-
cations such as natural colorants applied as food pigments (in
dairy products, beverages, etc.), as feed additives (e.g., aqua-
culture), and as components of cosmetics and

pharmaceuticals. It is worth mentioning that Cladophora as
an edible macroalga is consumed as a part of the diet in many
parts of the world (Amornlerdpison et al. 2011). For example,
in northern Thailand, edible Cladophora, known as “Kai,” is
an economically and ecologically important green alga
(Pereira 2016). Cladophora species possess also very good
sorption properties, therefore can be used in the wastewater
remediation. The most interesting and promising applications
of the biomass of Cladophora and products obtained from it
are presented in this review.

Pharmaceutical and nutraceutical applications

Due to their chemical composition, Cladophora species con-
stitute potential raw material for pharmaceutical, nutritional,
and cosmetic applications. Algal biologically active com-
pounds demonstrate many activities such as antioxidant, anti-
cancer, antineoplastic, antidiabetic, anti-hypertensive, antimi-
crobial, antiviral, anti-parasitic, and cytotoxicity activity
(Soltani et al. 2011; Horincar et al. 2014; Zbakh et al. 2014;
Srimaroeng et al. 2015; Lezcano et al. 2018; Munir et al.
2019). In the review paper of Munir et al. (2019), the main
activities of algae (antibacterial, anti-mycobacterial, antifun-
gal, anti-parasitic, antioxidant, anti-coagulant, antidiabetic,
anti-inflammatory/antioedema, anticancer, immunomodulato-
ry, anti-ulcer, hypotensive and analgesic activity) are de-
scribed in detail.
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Table 6 Multielemental composition of Cladophora species

Element  Species
C. glomerata (F; Oporzyn  Cladophora sp. (F; cultivated,  C. glomerata (F; Acigol Lake, C. glomerata (F; Lake, Tomaszowek,
Lake, Poland) mg kg ' of dry biomass) Turkey, mg kg ' of dry biomass) ~ Poland, mg kg ' of dry biomass)
(Messyasz et al. 2015b) (Khuantrairong and (Akkoz et al. 2011) (Michalak et al. 2018b)

Traichaiyaporn 2011)

Ca 1462+34 g g 66,310 +£2090 35,632+137 56,786 +11,357

Mg 3.63+0.02gg ! 2420+ 187 10,268 + 142 2951 %590

Na 047+0.02gg " na. 8554+ 143 723+108
n.a. 26,580 2000 52,048 £198 25,122 +5024

P n.a. 692+12 2347+103 2269 +£454

Fe 0.19+0.01gg" 299+ 19 7847+ 67 1650 +330

Zn 0.03+£0.01gg" 19.1+04 10.51+1.09 15.96+2.39

Cu 0.05+£0.01 g g na. 7.15+0.97 4.90+0.74

As 0.53+£0.05 pg gfl n.a. n.a. n.a.

Cd 0.07+0.01 pg g’ na. 1.19+0.06 0.10+0.01

Ni 0.15+0.03 pg g n.a. 8.09+0.78 2.14+0.32

Pb 0.80+£0.09 ng g ! na. 5.03+0.36 2.76+0.36

Cr 0.01+£0.00 pg g ! na. 3.34+0.19 6.16+0.92

Mn 0.09+0.03 pg g’ n.a. 2977+ 142 588+ 88

Co 0.01£0.00 pg gf1 n.a. 12.56 +1.19 n.a.

n.a. data not available

One of the most important activities of Cladophora species
in terms of pharmaceutical, nutraceutical, and cosmetic appli-
cations is substantial antioxidant activity. In Table 7a, the
examples of the antioxidant activity of Cladophora species
are presented. Macroalgae contain many antioxidative mole-
cules such as polyphenols, vitamins—ascorbic acid—tocoph-
erols, pigments—carotenoids, chlorophylls—and polysaccha-
rides. Among them, the most important are polyphenols.
There is a strong correlation between the antioxidant activity
of the sample and the content of phenolic compounds in
Cladophora (Messyasz et al. 2018a). But, as it was shown
by Fabrowska et al. (2018), the secretion of phenolic com-
pounds by freshwater C. glomerata decreased with aging the
algae population. Additionally, there are seasonal differences
in the content of phenols in thalli of freshwater C. glomerata
and the content of these compounds is influenced by
C. glomerata habitat (Fabrowska et al. 2018). Antioxidant
activity of Cladophora species can be higher if the biomass
occurs in adverse environmental conditions. Zubia et al.
(2007) found that tropical macroalgae, including
Cladophora, developed an effective antioxidant defense sys-
tem which may reflect the adaptation of algae to high solar
radiation.

Main classes of phytochemicals in Cladophora spp. in-
clude the following: lipid (glycolipids, monogalactosyldiacyl
glycerol, digalactosyldiacyl glycerols), fatty acid (palmitic,
linolenic, hexadecatetraenoic, oleic acids, palmitoleic,
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myristic, hexadecanoic acid, 9-methyl-10-hexadecenoic acid),
volatile fraction (palmitic, myristic acids,
hexahydrofarnesylacetone, phytol, benzyl alcohol,
dihydroactinidiolide, myrtenal, nonan-2-one), terpense, alco-
hol (butane-2,3-diol), phenols (2-methylphenol), aldehyde
(deca-2,4-dienal, hexanal, oct-2-enal), glycoside ((-
sitosteryl-galactoside) (Munir et al. 2019). Terpenoids and
sterols in C. vagabunda were studied by Elenkov et al.
(1995) and in C. rivularis by Kamenarska et al. (2004). In
the work of Amomlerdpison et al. (2011), it was found that
water extract of freshwater C. glomerata contained phenolic
compounds, such as phynyl ester and methoxyl phenyl.
Antioxidant activity of Cladophora extracts is examined
mainly in terms of total phenolic and flavonoid content,
DPPH and ABTS radical scavenging activity, iron chelating
activity, and nitric oxide-scavenging activity (Table 7a). As
can be seen from this table, more often freshwater species are
examined than marine. Detailed identification of the antioxi-
dant compounds in Cladophora extracts will allow their eval-
uation in food production, cosmetic industry, and medicine.
Cladophora species extracts could be a promising source for
drug development (Karan and Erenler 2018), not only because
of the mentioned properties, but also due to characteristics of
the alga itself. Cellulose from Cladophora due to large surface
area and inertness can be used as a drug carrier (also for liquid
drugs) (Mihranyan 2011). Antioxidant properties of
Cladophora extracts can be also used in food industry.
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Yarnpakdee et al. (2019) examined the effect of ethanolic
extracts on the prevention against lipid oxidation of refriger-
ated tuna slice. It was shown that the extract obtained from
freshwater macroalga (C. glomerata) with 60% ethanol had
very good antioxidant activity due to the content of
hydroquinin, quercetin, and isoquercetin as major components
that could retard lipid oxidation in tuna fish slices. This extract
applied at a dose 400 mg kg ' prevented lipid oxidation dur-
ing 10 days of refrigerated storage. In the future, it is necessary
to evaluate activities of Cladophora extracts in the real sys-
tems (e.g., food preservation activity). Algal extract can be
used as natural antioxidant to prevent lipid oxidation in food
products during their storage or transportation. Lipidic ex-
tracts from marine C. rupestris, rich in n-3 fatty acid, can be
also used in a human diet or in the production of nutraceuticals
and replacements for fish oil (Stabili et al. 2014).

Extracts produced from Cladophora species demonstrate
also antimicrobial properties (Table 7b). Antimicrobial activ-
ity of Cladophora extract can be attributed to the presence of
fatty acids (Kamenarska et al. 2004; Laungsuwon and
Chulalaksananukul 2014; Stabili et al. 2014; Zbakh et al.
2014). Stabili et al. (2014) found that «-linolenic acid, which
was the predominant n-3 fatty acid in the extract obtained
from marine C. rupestris, could be involved in the antibacte-
rial activity. Besides fatty acids, Laungsuwon and
Chulalaksananukul (2014) reported that Cladophora extracts
contained also other compounds such as alkanes, phenols,
imidazole, 2-amino-5-[(2-carboxy)vinyl]-, 2,4-di-tert-
butylphenol, and dihydroactinidiolide. Antifungal and anti-
bacterial properties of Cladophora extracts can be also due
to the presence of thymol, which is widely used in cosmetics
(Horincar et al. 2014). As can be seen from Table 7b, much
more is known about the antimicrobial activity of marine al-
gae than freshwater.

Scientists are also looking for other properties of Cladophora
extracts that could be used in the prevention and treatment of
numerous diseases and ailments. In Table 7c, few examples of
anticancer activity of Cladophora extracts are presented, which
concern human breast adenocarcinoma cell line (Lezcano et al.
2018) and human colon carcinoma (Zbakh et al. 2014; Karan and
Erenler 2018). Extracts from Cladophora (produced mainly with
methanol and hexane) exhibited inhibition of proliferation of
cells in a dose- and time-dependent manner. Antioxidant proper-
ties of Cladophora extracts are of great importance in the pre-
vention and treatment of cancer. The high concentration of phe-
nols in algal extracts exhibits strong DPPH radical scavenging
activity whereby they have the ability to neutralize free radicals,
which can trigger cancer cells (Laungsuwon and
Chulalaksananukul 2013). Moreover, Cladophora extracts could
protect from many other diseases (Amornlerdpison et al. 2011).
Cladophora glomerata extract, obtained by blending and boiling
at 100 °C for 1 h, exhibited also antidiabetic and renoprotective
effects what was shown in the experiments on rats with type 2

diabetes mellitus (Srimaroeng et al. 2015). The authors showed
that it was possible due to restoration of pathogenic conse-
quences, including antihyperglycemia, antihypertriglyceridemia,
anti-insulin resistance, and restoration of insulin-stimulated renal
rOat (rat organic anion transporter) 1 and 3 functions.
Cladophora glomerata extract, obtained by boiling at 100 °C
for 2 h, presented anti-inflammatory activity in ethyl
phenylpropiolate-induced ear edema and carrageenan-induced
hind paw edema in rats (Amornlerdpison et al. 2011).

Cladophora species exhibit several activities that are listed
in Table 7, but as it was underlined by many authors, there is a
need to isolate and identify the active chemical compounds
which are responsible for these properties (Sheikh et al. 2009;
Soltani et al. 2011; Laungsuwon and Chulalaksananukul
2013; Karan and Erenler 2018). It will lead to their potential
applications in medicine, cosmetic industry, and food
production.

Cosmetic applications

Macroalgae are also of great importance in the cosmetics in-
dustry. As it was shown in the work of Fabrowska et al.
(2015), Cladophora species contain compounds of cosmetic
applications, such as fatty acids (e.g., linoleic acid), steroids
(e.g., B-sitosterol), carotenoids (e.g., S-carotene), polyphenols
(e.g., eckol), terpenoids (e.g., trans-phytol), carbohydrates,
and vitamins (e.g., ascorbic acid) which exhibit many activi-
ties such as antioxidative, antiallergic, antibacterial, anti-in-
flammatory, photoprotective, moisturizing, anti-wrinkle,
firming, regulating keratinization processes, regenerating,
and rejuvenating. It is important to choose the best
extraction process that will guarantee the extraction of
selected biologically active compounds and the preservation
of their activity. Messyasz et al. (2015a) showed that the ex-
tract obtained from C. glomerata using supercritical fluid ex-
traction with carbon dioxide can be used as a component of
cosmetics, for example creams, masks, and scrubs.
Cladophora extracts can find application in the whole range
of cosmetic products, for example creams to dry, sensitive
skin; anti-wrinkle and moisturizing creams; creams for vascu-
lar skin; creams to sensitive and allergic skin; anti-acne and
anti-aging cosmetics; make-up cosmetics; antiallergic prepa-
rations; puryfying gels; firming balms; and anti-dandruff
shampoos. (Fabrowska et al. 2015). In the in vivo studies, it
was confirmed that C. glomerata extract obtained by super-
critical fluid extraction affected positively the stability of pre-
pared cosmetic emulsions and additionally improved the skin
hydration and its elasticity (Fabrowska et al. 2017).

Fertilizers and biostimulants for plant growth

Cladophora biomass, derived from the eutrophied water res-
ervoirs and remediation of wastewater from aquaculture,

@ Springer



152 J Appl Phycol (2021) 33:133-166
Table 7  Activities of Cladophora species

(a) Antioxidant activity

Species Form of algae Results Reference

Extract: extraction of lyophilized
algae twice, dichloromethanol:
methanol (2:1), 20 h

C. prolifera,
C. vagabunda
M)

Extract: maceration with 70%
ethanol, 1 h sonication, filtration,
repeated 2 times

C. glomerata
M)

C. prolifera (M) Extract: extraction of freeze-dried
alga with methanol in a Soxhlet
extractor, 8 h
C. patentiramea  Extract: extraction of ground algae
M) with hexane and methanol,
stirring, 6 h
C. surera (F) Extract: shaking of dried algal
powder with 20 mL of
methanol/water (80:20), 25 °C,
3h
C. glomerata (F) Extract: maceration with methanol
and water, 24 °C, 24 h

C. glomerata (F) Extract: (1) extraction of
freeze-dried alga with methanol,
hexane, and ethyl acetate at
25 °C, (2) extraction with boiling
deionized water, 1 h

C. glomerata (F) Extract: boiling in a hot water for
2 h, then filtration

C. glomerata (F) Extract: Supercritical fluid
extraction with CO, (SFE-CO,,
500 bar, 40 °C) and
ultrasound-assisted extraction
(UAE, methanol, 1 h, room tem-
perature)

C. glomerata (F) Extract: mixing of algae powder
with distilled water or ethanol (E
20, 40, 60, 80, or 100%, v/v),
homogenization (2 min), stirring,
12 h, 25-28 °C, centrifugation

C. glomerata Extract: n.a.

C. fracta (F)
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- Phenolic content: C. prolifera 1.95+0.12, C. vagabunda 1.02 +0.08
(% dry wt)

- DPPH radical scavenging activity: ECso (mg mL™") C. prolifera 16.7,
C. vagabunda 23.2

- Total phenolic contents: 3077 = 105 mg GAE g of extract
(Folin-Ciocalteau reagent)

- Total flavonoid contents: 595 +23 mg quercetin equivalent g ' of
extract

- DPPH scavenging activity: ICso=920+42 ug mL™'

- Tron chelating activity: ICs =971 +39 pg mL™'

- Nitric oxide-scavenging activity: ICso=0.20+0.01 mg mL

- ABTS radical scavenging activity—the percentage of inhibition of
ABTS™ radical cation was 97.8% for Trolox and 70.3% for
C. prolifera extract, at the concentration of 200 ug mL ™'

- Total phenolic content: hexane 9.62 + 0.40, methanol 15.6 +0.24 mg
GAE g ! of extract

- DPPH radical scavenging activity for 2 mg mL™": hexane 29.8%,
methanol 48.7%

- Total phenolic content: 1.6 0.2 ug GAE mg ' of dry alga
(Folin-Ciocalteau reagent)

- DPPH scavenging activity: 25 +2%

- Total phenol content: water—0.044 +0.002 mg GAE g ' sample;
methanol—0.047 +0.001 mg GAE g ' sample

- DPPH scavenging activity: [Cso=33.97+3.21 ug mL™" of water
extract; IC5o=29.85+4.31 pg mL ! of methanol extract

- Total phenolic content: methanol—12.6 + 0.8; hexane—15.7 + 1.9;
ethyl acetate—18.1 +2.3; water—13.9 + 1.1 mg GAE g ' dry weight

- DPPH scavenging activity: methanol—16.7 +2.6; hexane—37.4 +£2.3;
ethyl acetate—49.8 +£2.7; water—18.4 +2.5%; ascorbic acid as
control—89.8 £3.2%

- Total phenolic content: 184 +2 mg GAE g ' of extract

- DPPH radical scavenging activity: ECso 11.8 mg mL™

- Scavenging activity of superoxide radicals: 73%; ECso 6.41 mg mL ™"

- Lipid peroxidation assay: 66%, ECso 21.8 mg mL ™'

- Total phenolics [mg GAE g ']: SFE-CO,—25.2+1.1; UAE—
21.5+1.7

- Total flavonoids [mg QE (quercetin equivalents) g ']: SFE-CO,—
1.08 £0.04; UAE—1.77+0.10

- Activity towards DPPH for 200 puL of sample [%]: SFE-CO,—
66.5+2.3; UAE—65.2+2.6

- Concentration of antioxidant—C [mg TEAC 100 mL']: SFE-CO,—
6.89+0.30; UAE—6.73+0.33

- Total phenolic content—the highest for E 40 and E 60~11 g GAE kg’
solids, the lowest for E 80~6 g GAE kg ! solids

- DPPH radical scavenging activity: increased with the concentration of
ethanol until 60%~18 pmol Trolox equivalents (TE) gf1 solid (the
highest value), the lowest for E 20~6 pmol TE g solid

- ABTS radical scavenging activity: E 60 showed the highest ABTS
radicals scavenging activity ~ 170 umol TE g solid, the lowest for E
20~60 pmol TE g ' solid

- Ferric reducing antioxidant power (FRAP): the highest for E
60~15 umol TE g solid, the lowest for E 80~8 umol TE g g solid

- Metal chelating activity: the highest for E 60~40 pmol EE (EDTA
equivalent) g~ solid, the lowest for water extract ~2 pmol EE (EDTA
equivalent) g ' solid

- Total phenolic content: C. glomerata 17.3+0.2 mg GAE g ', C. fracta
11.6+0.2 mg GAE g

(Zubia et al. 2007)

(Soltani et al. 2011)

(Zbakh et al. 2014)

(Sheikh et al. 2009)

(Lezcano et al.
2018)

(Akkéz et al. 2011)

(Laungsuwon and
Chulalaksananu-
kul 2013)

(Amornlerdpison
etal. 2011)

(Messyasz et al.
2018b)

(Yarnpakdee et al.
2019)

(Pikosz et al. 2019)
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Table 7 (continued)

(b) Antibacterial activity

Macroalga Form of algae

C. glomerata Extract: maceration with 70%
(M) ethanol, 1 h sonication, filtration,

repeated 2 times

C. vagabunda
M)

Fatty acid obtained from crude oils
extracted from C. vagabunda,
sonication, hexane

C. prolifera (M) Extract: extraction of freeze-dried
alga with methanol, toluene-ethanol

(1:1), ethanol, Soxhlet extractor, 8 h

Extract: Soxhlet extraction of
powdered algae tissues with
chloroform/methanol

C. rupestris (M)

C. glomerata
M)

Extract: extraction of powdered
algae with methanol, 24 h, room
temperature, 3 times

Extract: different solvents (cold
water, hot water, acetone,
chloroform, petroleum ether,
ethanol, methanol, toluene); mixing
of algal powder and
homogenization with solvents,
shaking overnight, 25 °C

C. crispata (F)

Extract: extraction of freeze-dried
macroalgal with (1) hexane, ethyl
acetate and methanol at room tem-
perature and re-extracted twice with
the same solvent (2) with boiling
deionized water, 1 h

C. glomerata (F)

Method used

Disc diffusion method:
Bacillus subtilis,
Staphylococcus aureus,
Proteus mirabilis,
Pseudomonas aeruginosa,
Salmonella typhimurium

The microdilution method:
Bacillus cereus,

Listeria monocytogenes,
Escherichia coli,
Salmonella enteritidis

Disk diffusion method and Broth

microdilution assay:

Escherichia coli (ATCC 25922),

Staphylococcus aureus (ATCC
25923),

Staphylococcus aureus (ATCC
29213),

Enterococcus faecalis (ATCC
29212),

Klebsiella pneumoniae (ATCC
700603)

Disc diffusion assay:
Pseudomonas aeuriginosa,
Enterococcus sp.,
Streptococcus agalactiae,
Vibrio salmonicida, Vibrio
fluvialis, Vibrio metschnikovii,
Vibrio vulnificus, Vibrio ordalii,
Vibrio cholerae non-O1
Disc diffusion assay:
Acinetobacter baumannii,
Vibrio parahaemolyticus,
V. fischeri,
V. vulnificus,
Bacillus cereus,
Escherichia coli
Agar well diffusion method:
Escherichia coli,
Bacillus subtilis,
Pseudomonas aeruginosa,
Salmonella typhi

Bacillus cereus,

Vibrio parahaemolyticus,
Staphylococcus aureus,
Escherichia coli,
Salmonella typhimurium

Results

- S. aureus—inhibition zone from

8.7 mm (for 7.25 mg mL ") to

22.5 mm (for 100 mg mL~")—better

than B. subtilis

- P. mirabilis—inhibition zone from
12 mm (for 25 mg mL ™) to
15 mm (for
100 mg mL™")—better than
S. typhimurium

- P. aeruginosa—no activity

- Seaweed oil extracts had

substantial antimicrobial potential

- The minimum inhibitory
concentrations of C. vagabunda
fatty acid extracts varied from 1.8
to 3.8 mg mL ™" for all bacterial
strains

- Methanolic extract showed the

major activity against S. aureus

(ATCC 25923), moderate against

E. coli and low activity against

K. pneumoniae and E. faecalis, no

activity against S. aureus (ATCC

29213)

- Toluene-ethanol extract showed
activity only against S. Aureus
(ATCC 25923)

- Ethanol extract—inactive against
all microorganisms

- Algal extract in ethanol

(5 mg mL™")—activity only against

Vibrio: V. fluvialis (inhibition zone

0.9 cm) V. ordalii (8 mm),

V. cholerae non-O1 (8 mm),

V. metschnikovii (8 mm),

V. salmonicida (9 mm),

V. vulnificus (9 mm)

- Crude extract (200 pg mL ") —the

highest activity against

A. baumannii (15 mm),

V. anguillarum (12 mm),

V. vulnificus (11 mm), 9 mm for

B. cereus, E. coli,

V. parahaemolyticus, V. fischeri

- Activity for the concentration of

extract 20 mg 5 uL "

E. coli: chloroform, petroleum
ether, toluene

B. subtilis: acetone

P. aeruginosa: no activity of
extracts

S. typhi: petroleum ether

- Activity for the concentration of

extract 200 pg mL ™"

Staphylococcus aureus: hexane;
Vibrio parahaemolyticus: ethyl
acetate and methanol

Other bacterial strains—lack of ac-
tivity of Cladophora extracts

Reference
(Soltani et al. 2011)

(Horincar et al.
2014)

(Zbakh et al. 2014)

(Stabili et al. 2014)

(Yuvaraj et al.
2011)

(Mahadik and
Jadhav 2015)

(Laungsuwon and
Chulalaksananukul
2014)
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Table 7 (continued)

(c) Anticancer activity
Macroalga Form of algae
C. surera (F)  Extract: shaking of dried algal
powder with 20 mL of methanol/
water (80:20), room temperature,
3h

Method used

Human breast adenocarcinoma cell
line MCF-7 (Trypan blue uptake,
cell viability assay (MTS), wound-
healing migration assay, adhesion

Results Reference
- Significant inhibition of (Lezcano et al.
proliferation of cells in a dose- 2018)

dependent manner (1-100 pg mL™'
of extract)

assay)

C. fracta (F) Extract: extraction of powdered
alga with hexane for 24 h. Re-
extraction of C. fracta hexane ex-

tract with methanol (Vero) cell lines

C. glomerata (F) Extract: (1) extraction of freeze-

and ethyl acetate at room tempera-
ture, (2) extraction with boiling de-
ionized water, 1 h monkey kidney

(Vero) cell lines

C. prolifera (M) Extract: extraction of freeze-dried

alga with methanol, Soxhlet extrac- sulforhodamine-B (SRB) assay

tor, 8 h

Human colon carcinoma (HT29)
and non-tumorigenic African
green monkey kidney

Human oral cavity cell lines

dried alga with of methanol, hexane (KB)—resazurin microplate assay
(REMA); cytotoxicity against nor- tissue culture and a significant de-
mal cell lines—African green

Human colon cancer cells (HT29); - C. prolifera extract exhibited a

- Significant decrease in cell
viability at 100 ug mL™" of
extract

- Inhibition of cell migration by
extract

- Considerable influence of extract
on the cell adhesion capacity

- Methanol extract had strong

antiproliferative activity on HT29

and Vero cell lines

- Hexane extract had good
antiproliferative activity at high
concentrations on both cell lines

- Both extracts had low effect on
HT29 cell at low concentrations
in cytotoxicity test

- Inhibition of the growth (Laungsuwon and

(metabolism) of the KB cell lines in Chulalaksananukul

2013)

(Karan and Erenler
2018)

crease in the total cellular metabolic
(reductase) activity (number of via-
ble cells) was observed only for the
hexane and ethyl acetate extracts
(not for more polar methanol and
hot water extract)
- ICs of ethyl acetate (1420 +
66 ug g ') and hexane (1662 +
48 g g ") extracts against the
KB cell lines
- ICs of ethyl acetate (2622 +
44 ug g ") and hexane (2574 +
30 pg g ") against the Vero cell
lines
(Zbakh et al. 2014)
dose (6.25, 12.5, 25, 50,
100 pg mL™") and time-dependent
(48 and 72 h) inhibitory effect on
the cancer cell growth

1C5 extract concentrations resulting in a 50% inhibition, n.a. data not available

which is rich in nitrogen and phosphorus can constitute a raw
material for the production of organic fertilizers, soil
ameliorants, and biostimulants for plant growth (Bird et al.
2011). By transforming the algal biomass into products useful
for agriculture, it is possible to recover fertilizing elements,
especially nitrogen and phosphorus. It is one of the elements
of Circular Economy. Freshwater C. glomerata can serve as a
source of fertilizer ingredients such as macroelements—mag-
nesium, potassium, sodium, and microelement—iron
(Messyasz et al. 2015a) (Table 6). Biomass of Cladophora
can be used in solid form (fertilizer, soil amendment) or liquid
as algal extracts used as biostimulants of plant growth. There
are several methods of application of Cladophora extracts in
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plant cultivation—directly to soil, as a foliar spray (Michalak
et al. 2017a, 2019a), or pre-treatment of seeds before sowing
(Michalak et al. 2017a, 2018a). The mixture of Baltic sea-
weeds, containing green algae—Cladophora glomerata,
Ulva clathrata (Roth) Agardh, Ulva flexuosa Wulfen, and
the red alga Vertebrata fucoides (Hudson) Kuntze—was used
for the production of organic compost (Michalak et al. 2017b,
2017c¢). This compost had no phytotoxic effect on plant growth
(garden cress (Lepidium sativum) and radish (Raphanus
sativus)), increased weight of plants, and biofortifed them with
micro- (B, Cu, Fe, Zn) and macroelements (Ca, K, S) (Michalak
et al. 2017¢). Additionally, the risk of odor nuisance during
composting of algae was excluded (Michalak et al. 2017b).



J Appl Phycol (2021) 33:133-166

155

More often, Cladophora biomass is used in the liquid form.
In the work of Cavallo et al. (2006), marine C. prolifera, after
drying and grinding, was used to prepare fertilizer for toma-
toes. The algal powder was mixed with water in order to
obtain two concentrations—5 and 10%. Field experiments
showed that the total production and percentage of plant sur-
vival were higher for both experimental groups than for the
control group, but lower concentration of fertilizer gave better
result (Cavallo et al. 2006). Michalak et al. (2017a) produced
from the mixture of Baltic seaweeds (C. glomerata,
U. clathrata, U. flexuosa, V. fucoides) algal filtrate for seed
soaking before sowing and as a liquid biostimulant for foliar
application and homogenate for seed coating. The examined
products stimulated plant growth and yield and increased the
content of elements in radish seedlings. Additionally, it was
shown that algal products have very good complexing prop-
erties of metal ions (Zn(Il) ions). The same mixture of Baltic
algae was used in a microwave-assisted extraction.
Germination tests with algal extracts (0.5, 2.5, and 10%)
showed that garden cress (Lepidium sativum L.) in the exper-
imental groups had higher weight, height, chlorophyll, and
micro- and macroelement content than plants in the control
group. Moreover, algal extracts had no negative influence on
the morphology of plants as shown by scanning electron mi-
croscopy (Michalak et al. 2015). Another novel extraction
technique—supercritical fluid extraction with carbon dioxide
as a solvent—enabled isolation of organic (polyphenols, plant
hormones: auxins and cytokinins) and inorganic (macro- and
microelements) compounds from the Baltic Sea macroalgae
(species of Cladophora, Ulva, Vertebrata). It is worth men-
tioning that heavy metals are not extracted from the biomass
using this technique. Supercritical extract enhanced chloro-
phyll and carotenoid content in plant shoots (garden cress
(Lepidium sativum) and wheat (Triticum aestivum L.)), as well
as aboveground biomass and root thickness (Michalak et al.
2016a). The positive effect of supercritical algal extracts ob-
tained from algae from the Baltic Sea on the growth and de-
velopment of plants was later confirmed in the field experi-
ments on winter wheat (Michalak et al. 2016b). Michalak et al.
(2018a) showed also that Cladophora extracts stimulated the
chlorophyll content in soybean seedlings. In the case of soy-
bean seeds, their soaking in an extract before sowing did not
increase germination, because many of the seeds were classi-
fied as abnormal due to their swelling during maceration in
algal extract. Therefore, other methods of algal extract for big
seeds such as soybean are recommended. Application of water
extract of C. glomerata directly to the filter paper and then
sowing of soybean seeds, increased both the number of ger-
minated seeds and the content of chlorophyll in seedlings
(Michalak et al. 2019a).

Extracts from Cladophora species can also act as natural
biofungicides. Nowadays, safe and ecofriendly alternatives to
chemical pesticides that control plant diseases are intensively

searched for. The methanol extract of C. glomerata was found
to be active against two types of plant fungi, Pythium altimum
Trow and Rhizoctonia solani Kithn, which cause diseases in
cucumber. For the concentration of algal extract—
50 mg mL™'—the inhibition of P. altimum was 84% and
R. solani, 100% (Mohammed et al. 2014). The anti-
phytopathogenic activity exhibited also ethanolic extracts
from C. glomerata and C. albida. Both extracts at concentra-
tion 50 mg mL ™' showed a high activity—inhibition of
Fusarium oxysporum that causes diseases on date palm
(Phoenix dactylifera L.) which was 94% for C. glomerata
and 89% for C. albida (Douma et al. 2017). This activity
was probably due to the content of phenols, flavonoids, alka-
loids, and tannins (Mohammed et al. 2014; Douma et al.
2017). Mahadik and Jadhav (2015) showed that Cladophora
extracts obtained with different solvents (cold and hot water,
acetone, chloroform, ethanol, methanol, petroleum ether, tol-
uene) can be active against many other fungal strains.
Another potential end-use for Cladophora biomass is the
production of biochar through pyrolysis, which can be also
used in agriculture. In pyrolysis, biofuels such as gas and bio-
oil are also obtained (Bird et al. 2011; Chaiwong et al. 2012;
Michalak et al. 2019b). During pyrolysis of freshwater
Cladophora at 550 °C, the following products were
obtained—gas (30%), bio-oil (39%), and biochar (31%)
(Chaiwong et al. 2012). Algal biochar is recognized as a tool
for carbon sequestration, as well as soil amendment/
ameliorant that improves water holding capacity and nutrient
status of soil, and enhances microbial activity in the root sys-
tem (Bird et al. 2011; Chaiwong et al. 2012). Additionally,
Cladophora biochar contains also inorganic nutrients such as
Ca, Mg, P, and K (Bird et al. 2011; Chaiwong et al. 2012).

Feed additives

The content of compounds such as proteins, amino acids,
lipids, and elements in Cladophora species is similar to plants
that are used as a feed material, therefore, algae can be also
used as a valuable feed additive (Heiba et al. 1997).
Cladophora biomass shows very interesting content of amino
acids (Messyasz et al. 2015a).

Cladophora species are more often used as feed additives
for aquaculture, than for livestock. In aquaculture, it is consid-
ered a fish meal replacement or protein supplement. For ex-
ample, in the work of Anh et al. (2018), Cladophora spp. was
used as a protein source in the diet for postlarval tiger shrimp
(Penaeus monodon). Macroalga constituted a substitute of
fishmeal protein. In order to provide the optimal performance,
including growth rate, feed efficiency, and stress resistance,
shrimp diet should be supplemented with 10-20% of algae
(Anh et al. 2018). Cladophora glomerata was also tested as
a protein source for Sarotherodon (Tilapia) niloticus finger-
lings. The highest growth rate and best protein utilization was
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observed in a group fed with the diet in which the ratio of
fishmeal protein to C. glomerata meal protein was 25:5. The
highest protein digestibility was observed in a group with the
ratio 25:5 (94.5%) and 20:10 (93.9%). When the content of
algal protein increased (25:5; 20:10; 15:5; 10:20; 0:25),
weight gain, protein utilization, and the content of lipids and
proteins in carcass decreased (Appler and Jauncey 1983).
Promya and Chitmanat (2011) examined the effect of
Cladophora supplementation to the diet of the African
sharptooth catfish (Clarias gariepinus) on the growth perfor-
mance and meat quality. The addition of 5% of Cladophora to
the basal diet resulted in the enhancement of the carotenoid
levels in the catfish. This additive increased also weight gain,
average daily growth, and survival rate. Flesh of sharptooth
catfish after 60 days contained higher amounts of proteins,
carbohydrates, and ash, but lower of fat and fiber when com-
pared with fish fed with the basal diet.

The biomass of Cladophora species can also serve as a
carrier of microelements in the animal diet. Michalak et al.
(2018b) showed that Cladophora biomass additionally
enriched with microelement ions via biosorption can become
a valuable feed additive for different breeds of animals and
can partially replace traditionally used inorganic salts. In the
work of Michalak et al. (2011), it was shown that the mixture
of marine biomass of Ulva prolifera and Cladophora sp.
enriched with Cu(Il), Zn(Il), Co(Il), Mn(II), and Cr(III) ions
via biosorption, when applied to the diet of laying hens, in-
creased the content of these elements in eggs, and enhanced
the color of yolk, egg weight, and eggshell thickness as well as
body weight of hens, when compared to the control group,
where inorganic salts were used.

In animal feeding, the biomass of Cladophora can be also
used as extracts, which have promising antioxidant, anti-in-
flammatory, and immunomodulatory effects. Therefore, these
formulations have potential to be used in the prevention of
many diseases in animals. Marycz et al. (2017) found that
methanolic extract obtained from freshwater C. glomerata,
which was previously enriched with Cr(III) ions, reduced the
apoptosis and inflammation in adipose-derived mesenchymal
stem cells of horses diagnosed with equine metabolic syn-
drome. It was possible due to improvement of mitochondrial
dynamics, decreasing of pyruvate dehydrogenase kinase 4
expression and reduction of endoplastic reticulum stress.
C. glomerata enriched with Cr(IIT) ions induced also antioxi-
dative protection as a result of enhanced superoxide dismutase
activity. Cladophora species can serve not only as a source of
micro- and macroelements for animals, but also as a therapeu-
tic agent in the pharmacological treatment of animal diseases
(e.g., EMS in horses). Bourebaba et al. (2019) showed that
methanolic extract from freshwater C. glomerata decreased
oxidative stress and improved viability and mitochondrial po-
tential in equine adipose-derived mesenchymal stem cells
(ASCs). Treatment of these cells with algal extract at doses
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1 and 5%, protected them against cellular damage caused by
H202.

Cladophora extracts are characterized by very good anti-
microbial properties, which is shown in Table 7b. Since the
use of antibiotics to control pathogens in shrimp and fish
culture is banned, Yuvaraj et al. (2011) proposed to use meth-
anolic extract obtained from C. glomerata to control these
microorganisms. Long-chain hydrocarbons (e.g.,
pentadecane, 8-hexyl-; heptadecane, 9-hexyl- and tridecane,
8-hxyl-) detected in the algal extracts may act as potential
antimicrobial substances.

Cladophora species as bioaccumulators/bioindicators

Macroalgae are used as bioaccumulators/bioindicators of wa-
ter pollution because their biomass is ubiquitous, has very
simple growth requirements, and therefore grows easily and
colonizes water reservoirs all over the world (Sobhan and
Sternberg 1999). Moreover, Cladophora species are easily
collected due to sedentary habits, are relatively widespread
in different water reservoirs, and have simple morphology
and adequate tissues for analysis (Zbikowski et al. 2007).

Macroalgae, including Cladophora species, due to their
ability to accumulate pollutants (e.g., heavy metals, pesticides,
halogenated hydrocarbons, polychlorinated biphenyls, di-
oxins, organochlorines, carbamates) are very often used in
the environmental monitoring (Sobhan and Sternberg 1999;
Zbikowski et al. 2007; Akin and Unlii 2013; Backorova et al.
2016; Ebadi and Hisoriev 2017). There are many point and
nonpoint sources of these contaminants, but the main source
of nutrients in water is the application of mineral fertilizers,
whereas of toxic metals—all branches of industry. The pro-
duction of large amounts of the biomass by Cladophora is a
visible manifestation of eutrophication of water reservoirs
(Parker and Maberly 2000). Cladophora species are known
as the best bioindicators of aquatic environments which are
contaminated with nutrients (nitrogen, phosphorus) and toxic
metals (e.g., As, Cd, Cr, Hg, Ni, Pb, V) (Chmielewska and
Medved’ 2001; Zbikowski et al. 2007; Ebadi and Hisoriev
2017).

Bioaccumulation of pollutants by macroalgae is affected by
various abiotic and biotic factors. Cladophora sp. is known as
a good scavenger of toxic metal ions in a short time, but it
depends on several factors such as algal size, age, stage in life
history, and chemical composition of algae, as well as con-
centration of metal ions in water, its pH, salinity, light, tem-
perature, particulate and organic matter, and chemical species
in aqueous solution (Sobhan and Sternberg 1999; Choo et al.
2002; Akin and Unlii 2013; Ebadi and Hisoriev 2017). During
bioaccumulation, toxic metal ions (e.g., Cd(I) ions) can be
accumulated in the cell wall of C. rupestris (Zhang et al.
2019). The high affinity of Cadophora species for heavy
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metal cations results from the high negative surface charge
(Chmielewska and Medved’ 2001).

The advantage of Cladophora species is high
bioconcentration of toxic metals at low external concentration
which is important for phytoremediation—in a cost-effective
manner, it is possible to treat large volumes of wastewater
with low concentrations of pollutants (Lamai et al. 2005;
Jasrotia et al. 2014). Therefore, C. glomerata can be used for
the removal of nutrients, pesticides, and toxic metals from the
agricultural streams, and industrial and domestic wastewaters
(Chmielewska and Medved’ 2001; Shelton and Miller 2002;
Jietal. 2012).

Biomass of macroalgae easily removes nutrients from the
polluted waters and during bioremediation not polluted and
exploitable alga biomass is generated, which can be used for
the production of fertilizers, feed additives, and biofuels
(Giangrande et al. 2007; Ross et al. 2018). This
phytoremediation results in both economic and environmental
advantages. Cladophora glomerata was shown to remove am-
monium (preferred nitrogen source for the growth of
macroalgae) from wastewater derived from aquaculture sys-
tems (e.g., fish farms) (Giangrande et al. 2007). In this work, it
was shown that marine C. glomerata exposed to high ammo-
nium concentration in water (34 uM) removed 78% of am-
monium during the first hour of experiment.

Cladophora species are characterized by a high tolerance
to toxic metal ions such as Pb, Cu, and Zn (Zbikowski et al.
2007). Macroalgae have developed a number of defense
mechanisms against high concentrations of toxic metals; for
example, cell wall sequestration, chemical morphological
transformation, and vacuolar compartmentalization are the
main mechanisms of the stress tolerance of C. rupestris ex-
posed to Cd(II) ions (Zhang et al. 2019). Sobhan and
Sternberg (1999) showed that Cladophora grew continuously
even if it was exposed to high concentrations of cadmium
(5 mg LY. Living Cladophora sp. can be also used for the
phycoremediation of arsenic-enriched water, because this alga
can survive in an arsenic concentration of up to 6 mg L™" in
water. When the biomass content in the solution was 80 g L™,
Cladophora can bind almost 100% of arsenic from water in a
period of up to 9-10 days (Jasrotia et al. 2014). Ji et al. (2012)
tested C. fracta as a bioaccumulator of Cd(II), Cu(Il), Zn(1D),
and Hg(II) ions. It was shown that the living alga accumulated
2.4 mg of Cu(Il) (removal efficiency 99%), 1.6 mg of Zn(Il)
(85%), 0.24 mg of Cd(IT) (97%), and 0.23 mg of Hg(IT) (98 %)
per gram of algae (18 °C, pH 5.0, initial metal ions concen-
tration (Cy) of Cu(Il) and Zn(II) ions ranged from 1 to
10 mg L', while Cd(II) and Hg(I) from 0.1 to 1.0 mg L.
Akin and Unlii (2013) showed that C. glomerata accumulated
Cd(II)—it increased with the increase of metal concentration
(0.1 and 1.0 mg L") and exposure time (15 and 30 days).
Additionally, it was found that the co-presence of
C. glomerata with Nile tilapia (Oreochromis niloticus) in the

medium led to a significant Cd accumulation in the green alga.
This suggests that in the bioaccumulation studies, besides abi-
otic factors, also biotic factors should be taken into account.

Cladophora can concentrate not only inorganic com-
pounds from solutions, but also organic pollutants. Shelton
and Miller (2002) showed that C. glomerata has the ability
to bioconcentrate atrazine, the most commonly used agricul-
tural herbicide to a high degree—yearly about 54% of the
available atrazine from the water. This alga was recommended
for the quick biological removal of atrazine from agricultural-
ly polluted rivers.

Cladophora can grow in environment polluted with toxic
metal ions, but some concentrations can inhibit growth of this
alga. Higher concentrations of toxic metals can evoke toxicity
symptoms such as decreased relative growth, damage, reduced
number of chloroplasts and total chlorophyll content,
disintegrated cell wall, and finally death as it was observed in
the case of C. fracta exposed to Pb (concentration until
80 mg L") and Cd (concentration until 8 mg L") for a longer
period of time (until 8 days) (Lamai et al. 2005). Cao et al. (2015)
showed that the abiotic stress caused by high concentrations of
metal ions (e.g., Zn(I) ions) decreased the photosynthesis of
Cladophora and had a negative impact on the content of total
soluble sugar and protein in the algal biomass. For Zn(Il) ions,
the inhibiting concentration was only 0.25 mg L™'. Additionally,
due to oxidative stress, macroalga produced malondialdehyde—
a marker for lipid peroxidation. On the other hand, Cu(Il) ions
greatly influence Cladophora growth. Prolonged exposure of
marine benthic Cladophora to Cu(ll) ions (50 uM) resulted in
the increased intracellular copper content in algal thalli. Other
changes included decreased content of potassium, alteration of
the composition of assimilation pigments, decrease of the content
of chlorophyll @, and increase of the number of reactive oxygen
species (Backorova et al. 2016). It is worth remembering that
algae as primary producers in aquatic environments
bioconcentrate pollutants which can have a negative effect on
consumers at higher trophic levels in the trophic pyramid
(Shelton and Miller 2002).

The toxic metals can be conveniently removed from the water
by simply harvesting the enriched and polluted macroalgae
(Sobhan and Sternberg 1999). The resulting algal biomass from
wastewater treatment is usually incinerated, but when it has the
proper composition (low amounts of toxic metals) can be recom-
mended for composting (Chmielewska and Medved’ 2001). It is
well known that dead algal cells could sorb more metal ions than
living cells; therefore, for wastewater treatment, mainly dry, met-
abolically inactive biomass is used (Ji et al. 2012). For this pur-
pose, biosorption is used.

Cladophora species as biosorbents

Many studies have revealed that Cladophora species possess
very good biosorption properties—a high metal binding
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capacity (Deng et al. 2006, 2007, 2008, 2009; Tuzen and Sari
2010; Lee and Chang 2011; Rangabhashiyam and
Balasubramanian 2018). Biosorption implies a direct interac-
tion between the biosorbent and sorbate (Ozer et al. 2005).
The ability of macroalgae to bind organic and inorganic con-
taminants results from the presence of macromolecules in al-
gal cell wall (e.g., polysaccharides) whose functional groups
(e.g., carboxyl, hydroxyl, amino, and sulfate) act as binding
sites for pollutants (Deng et al. 2006, 2007, 2008).

Biosorption is known as a fast, cost-effective method for
removal of toxic metal ions from wastewater (Deng et al.
2008, 2009), especially when these ions exist in low concen-
trations and other conventional methods such as ion exchange,
precipitation, membrane processes, evaporation, and
electroplating are inefficient (Deng et al. 2006). Biosorption
of sorbate by Cladophora sp. is influenced significantly by
many factors, such as pH, initial metal ion concentration,
biosorbent dose, temperature, and presence of coexisting an-
ions (Aksu et al. 1996; Deng et al. 2009; Tuzen and Sari 2010;
Lee and Chang 2011; Godlewska et al. 2018). Light metal
ions such as Na(l), K(I), Mg(Il), and Ca(Il) which occur in
industrial wastewater can interfere with the uptake of toxic
metal ions by algal biomass (Deng et al. 2007).

Cladophora sp. can be used as a sorbent to remove not only
inorganic contaminants such as toxic metal ions from waste-
water, but also organic such as dyes (e.g., malachite green)
(Rangabhashiyam and Balasubramanian 2018). As can be
seen from Table 8, Cladophora species can be used for the
removal of several metal ions, such as Cd(II), Cr(III), Cr(VI),
Cu(Il), Pb(II), Se(1V), Zn(Il), and U(VI). Therefore,
Cladophora sp. can be used in the phycoremediation
(Rangabhashiyam and Balasubramanian 2018; Zhang et al.
2019). Differences in biosorption properties of Cladophora
species towards metal ions can result from their distinct chem-
ical composition—the differences in the carbohydrate, pro-
tein, and lipid content as shown in Table 3.

Usually, biosorption of toxic metals by Cladophora spe-
cies is performed in a batch system, including continuous-
stirred tank reactors (Ozer et al. 1999; Sternberg and Dorn
2002), two-staged batch reactor (Aksu et al. 1996; Ozer
et al. 1999, 2000), and packed bed column reactor (Aksu
and Kutsal 1998; Aksu et al. 1998; Sternberg and Dorn
2002). Biosorption in packed bed column filled with algal
biomass that acts as an ion exchanger is recognized as a tech-
nically efficient and economically feasible technology for the
removal of metal ions from wastewater (Aksu and Kutsal
1998; Aksu et al. 1998). Biosorption of Cd(II) ions by algal
floes of C. crispata in a column depended on the inlet metal
ion concentration, the flow rate, and time. Additionally, the
appropriate amount of the algal biomass and its particle size
affects metal ion removal (Aksu et al. 1998). Usually,
Cladophora biomass is used in biosorption as a powder, but
in the case of packed bed columns, immobilized cells are
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recommended, although high costs and lack of mechanical
strength of these cells for large-scale system are the major
disadvantages (Aksu and Kutsal 1998). Mokone et al.
(2018) used Cladophora sp. immobilized in silica gel and
alginate beads for the removal of mercury. Sternberg and
Dorn (2002) showed that better option for removal of Cd(II)
ions by Cladophora species is batch and semi-batch system,
where the removal of metal ions is in the range 80-94% (ag-
itation allowed better contact of algae with Cd(Il) solution),
whereas for flow reactor only 13% (lack of the contact be-
tween alga and Cd(II) solution).

If algal biomass exhibits very good biosorption properties,
sorbed metal ions can be removed in desorption using differ-
ent reagents such as H,O, HNOj;, Ca(NOs),, or EDTA (Deng
et al. 2006, 2007, 2008; Lee and Chang 2011). Deng et al.
(2007) and Deng et al. (2008) found that EDTA was an effi-
cient desorbent of Cu(Il) and Cd(II) ions from freshwater
Cladophora fascicularis. Eluent HCI was better for desorption
of Se(IV) from the C. hutchinsiae biomass than HNO3 (Tuzen
and Sari 2010). Hydrochloric acid was also used for the de-
sorption of Pb(I) and Cu(ll) ions from enriched Cladophora
spp. (Lee and Chang 2011). Generally, Cladophora sp. bio-
mass was considered good biosorbent taking into account the
biosorption performance after a large number of sorption—
desorption cycles (Tuzen and Sari 2010).

There are different techniques which are used to character-
ize biosorption process. FT-IR spectra usually show which
Cladophora’s functional groups strongly combine with
sorbed metal ions (Deng et al. 2007; Tuzen and Sari 2010;
Jafari and Senobari 2012; Bagda et al. 2017; Godlewska et al.
2018; Michalak et al. 2018b; Mokone et al. 2018;
Rangabhashiyam and Balasubramanian 2018; Amro and
Abhary 2019). FT-IR analysis of Cladophora spp. revealed
that it has several functional groups that can participate in
biosorption—3351 c¢m': ~OH hydrogen bonded alcohol;
2896 cm ' alkyl chains (CH; and CH, symmetric and asym-
metric stretch); 1658 cm ' —C=0 aldehydes, ketones, carbox-
ylic acid; 1429 cm™': —CO bend from carboxylate ions;
1336 cm™': amide IT (C-N), COO- groups of the fatty acids;
1163 and 1059 cm™': —C-O stretches, alcohols, ethers, car-
boxylic acid, esters (Lee and Chang 2011). The scanning elec-
tron microscope combined with energy-dispersive X-ray
(SEM-EDX) is also beneficial in biosorption studies since it
shows the distribution of metal ions on the Cladophora sur-
face before and after biosorption (Bagda et al. 2017,
Godlewska et al. 2018; Michalak et al. 2018b).

Not only dry Cladophora can be used as a biosorbent of
metal ions, but also products obtained from this biomass, for
example biochar in the pyrolysis. Michalak et al. (2019a)
showed that the biosorption capacity of biochar towards
Cr(IIl) ions increased with the temperature in which it was
produced—at 300 °C, it was 45.9 mg g_l, whereas at
450 °C, 87.1 mg g '. Such algal biochar can be used not only
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Table 8  Cladophora species as biosorbents of metal ions

Macroalga Sorbate Biosorption conditions Biosorption capacity (mg g ') Reference
C. fascicularis (F) Cd(II) Cs2g L, pH 5, 12 h, 200 rpm (L): 112 mg g71 (Deng et al. 2008)
C. crispata (F) Cd(In) Cs1 gL Cy100 mg L™";pH3,4, (L):pH3-243 mg g ', pH4-28.0 mg g, (Ozeretal 1999)
and 5; 2 h; 25 °C; 150 rpm pH 5284 mg g
Cladophora sp. (F) Cd(, Cs4 gL, Cp50-500mg L', pH (L): Cd—189 mg g ';Pb—60.9 mgg ' (Amro and Abhary
Pb(II) 4,1 h, 25 °C, 120 rpm 2019)
C. rivularis (M) Pb(II) Cs2gL ', pH4,Co5mgL ", 6h, (L):48.1mgg" (Jafari and Senobari
25 °C 2012)
Cladophora spp. (F) Cu(D), Cs1gL ', pHS, G, (L): Cu—147 mg g ';Pb—465mgg '  (Leecand Chang2011)
Pb(II) 50-300 mg L, 30 min
C. fascicularis (F) Cu(), Cs2 gL Cy02-40 mmol L', (L): Cu—102 mg g '; Pb—199 mg g~ (Deng et al. 2006)
Pb(1I) pH 5,25 °C, 12 h, 200 rpm
C. fascicularis (F) Cu(Il) Cs2g L' Cy024.0mmol LY, (L): 15 °C—47.0 mg g ;25 °C— (Deng et al. 2007)
pH 5;15,25,350r45 °C, 12 h 70.5mg g 1 35°C—928 mg g ;
45°C—111 mg g
C. crispata (F) Cu(Il) Cs1gL!Cy10-100 mg L™ pH (L): 15 °C: 31.0 mg g '; 25 °C: (Ozer et al. 2005)
4.5;2 h; 15,25, and 35 °C; 57.5mg g ';35°C: 352 mg g
150 rpm
C. albida (M) Cr(VI) Cs02-10 g L', pH 0.5-12, C, g47.1mgg ' 2gL™, 25°C, pHO0.5,Cy (Deng et al. 2009)
20-154 mg L', 25 °C, 24 h, 154 mgL™h
200 rpm
Cladophora sp. (F) Cr(VD), Cs02-2gL" Cy50-250mg L', (L): 100 mg g ' (Cr(VI); pH 2); (Rangabhashiyam and
mala- pH 2-10, 120 rpm 143 mg g~' (malachite green, pH 7) Balasubramanian
chite 2018)
green
C. glomerata (F) Cr(11D) CslgL, Cy25400mg L™, pH (L):107 mgg " (Godlewska et al.
5,3 h, 20 °C, 150 rpm 2018)
C. hutchinsiae (M) Se(IV) Cs120g L', Cy10-400 mg L', (L):749mg g ' (pHS5,8 gL', 60 min, (Tuzen and Sari 2010)
pH 2-8, 5-120 min, 20-50 °C, 20 °C)
120 rpm
C. crispata (F) Zn(Il) Cs1gL Co10-100mg L, pH (L):31.1mgg ' (Ozer et al. 2000)

5,2 h, 25 °C, 150 rpm
Cladophora sp. immobilized Hg(Il)
in alginate beads and
silica gel
C. hutchinsiae (M)

5,1h,25°C

Ul
5,1 h,20 °C, 120 rpm

Cs10g L™, Cy1-100 mg L', pH

Cs12 g L™, Cy10-400 mg L', pH

(L): Alginate beads: 1724 mg g ' ;
(L): Silica gel: 121.9 mg g

(Mokone et al. 2018)

(L):152mg g’ (Bagda et al. 2017)

Cs content of the biomass in the solution (g L"), C, initial concentration of metal ions in the solution, (L) maximum biosorption capacity (mg g ')

determined from Langmuir equation

as a biosorbent for wastewater treatment, but also as a valuable
soil amendment.

Most of the experiments concerning biosorption of pollut-
ants by Cladophora species were performed on a laboratory
scale. There is still a need to examine the industrial application
of biosorption and algal biosorbents using continuous flow
studies.

Cladophora species as a source of energy

Algae are also proposed as a renewable source of energy
due to their advantages such as fast growth rate and less
requirement of cultivation area (without competition with
the food production sector for cultivation space)
(Chaiwong et al. 2012; Yuvarani et al. 2017). Therefore,

Cladophora biomass can also find a utilization for the
production of biofuels. Nowadays, marine and freshwater
macroalgae constitute the third generation of biofuels
(Behera et al. 2015; Norouzi et al. 2016). The main algal
biomass conversion processes for the production of
biofuels are as follows: biochemical conversion (anacro-
bic digestion for the production of biogas; fermentation—
ethanol; photobiological hydrogen production—hydro-
gen), thermochemical conversion (pyrolysis for the pro-
duction of bio-oil, syngas, biochar; gasification—syngas;
liquefaction—bio-oil; combustion—electricity), chemical
conversion (transesterification for the production of bio-
diesel) (Behera et al. 2015; Michalak 2018). Due to high
water content in macroalgae, hydrothermal processes are
the most suitable and ecofriendly for the production of
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biofuels. Algal biomass can be used for the production of
biogas or bioethanol. There are some examples in the
literature, suggesting that this solution has advantages
such as waste management and avoidance of natural re-
source extraction (Dorella et al. 2018). The biomass of
Cladophora sp. can be processed alone or with other
waste biomass. Dorella et al. (2018) proposed the produc-
tion of biogas from Cladophora species mixed with wheat
straw. Jachniak et al. (2018) produced biogas from
Cladophora collected from the Baltic Sea but the amount
of the obtained methane was not impressive—0.198
L g '. The obtained biogas contained 73.3% of methane
and 12.8% of carbon dioxide.

Macroalgae due to high content of carbohydrates con-
stitute a suitable material for ethanol production, but their
utilization depends on the material resources, which are
different in each country (Vo Thanh Trung et al. 2013).
Boonprab et al. (2018) proposed to use freshwater
C. glomerata as a polysaccharide resource (cellulose) for
bioethanol processing. Algae produce glucose—a substrate
for microorganism (fungus Monascus sp. NP1) to convert
into ethanol. In this work, it was shown that during fer-
mentation in algal extract that lasted for 12 days, the mold
produced twofold more ethanol than the yeast—
Saccharomyces cerevisiae TISTR 5049. Vo Thanh Trung
et al. (2013) showed that the biomass of marine
Cladophora sp. including C. prolifera, C. socialis, and
C. crupila was easily hydrolyzed using sulfuric acid and
enzymatic hydrolysis with cellulose. The content of total
sugar was comparable for these two methods and the ob-
tained solution was easily fermented by S. cerevisiae at
30 °C for 72 h.

Sharmila and Jeyanthi (2012) used the biomass of fresh-
water C. vagabunda for the production of biodiesel. For
the extraction of oil, the mixture chloroform-methanol and
isopropanol was used. The oil yield was 8.1% and 4.5%,
respectively. Methanol and base as catalyst were used for
transesterification. Chloroform-methanol solvent system
produced more biodiesel (3.3 mL per 10 g of dry algae)
than isopropanol system (2.6 mL per 10 g). Yuvarani et al.
(2017) also found that the extraction of oil from freshwater
C. glomerata using Soxhlet extraction was the most effi-
cient (18%), when the methanol-chloroform solvent mix-
ture was used at 65 °C for 3.5 h. The authors examined also
other solvents such as hexane-isopropanol (14.9%), hexane
(11.8%), isopropanol (9.8%), toluene (9.0%), methanol
(8.6%), and chloroform (7.6%). What is important, the
content of sulfur in algal oil is low, which makes it envi-
ronment friendly with less corrosion and pollution.

In the case of C. glomerata, the following process can
be used: hydrothermal liquefaction for the production of
biocrude oil and biochar (Neveux et al. 2014; Parsa et al.
2018); hydrothermal gasification for the production of
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hydrogen, bio-oil, and hydrochar, as a solid residue
(Safari et al. 2016); pyrolysis for the production of
hydrogen-rich gas, bio-oil, and biochar (Chaiwong et al.
2012; Plis et al. 2015; Norouzi et al. 2016; Gao et al.
2017). Solid biochar produced during pyrolysis of
C. glomerata can be used as a catalyst for enhancement
of hydrogen production and upgrade the bio-oil (Norouzi
et al. 2016).

Other applications

There are several high-tech applications of the Cladophora
biomass, especially its constituent—cellulose (Mihranyan
2011). Cellulose from Cladophora species found application
as a substrate material in filter membranes (e.g., filter paper,
dialyzer membranes). Cladophora cellulose can be also used
as a drug carrier. Due to high surface area of Cladophora
cellulose powder, it is a suitable substrate for the manufactur-
ing of highly porous composite paper materials (Mihranyan
et al. 2008; Mihranyan 2011). Mihranyan et al. (2008) pro-
duced a conducting paper material characterized by a high
specific surface area through polymerization of pyrrole in
the presence of FeCl; on a cellulose substrate derived from
Cladophora sp. Moreover, this material is light, compact, me-
chanically stable, and moldable into paper sheets. Therefore,
separation or electrochemically controlled ion exchange de-
vices and sensors can be applied. Cellulose extracted from
Cladophora can be also used for the fabrication of a compos-
ite material together with polyaniline. The presence of a nano-
layer of polyaniline on the cellulose fibers preserves its high
surface area and thus good sorption properties. This composite
was proposed for the remediation of toxic hexavalent
chromium—very toxic Cr(VI) ions are reduced to less toxic
Cr(III) ions (Camacho et al. 2013).

The biochar from marine C. glomerata characterized with
high thermal stability and macro-/microporous structure can
be used as a renewable, low-cost, and environmentally friend-
ly electrode material for Li-ion batteries, which are commonly
used in energy storage devices (Salimi et al. 2017). NMR
spectroscopy of lipidic extract of marine C. rupestris showed
that it contains also polyhydroxybutyrate, which is a natural
biodegradable and biocompatible polymer that has a potential
to be used in many biotechnological applications such as com-
postable plastic or medical devices (Stabili et al. 2014).

Conclusions

Based on the ecological characteristics of Cladophora
highlighted in this study and on the previous knowledge about
the habitat tolerance of this genera, we predict its consolida-
tion in aquatic communities potentially changing their struc-
ture and dynamics. This analysis confirmed the described
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seasonality of occurrence of filamentous green algae. Growth
patterns for the common filamentous algae Cladophora indi-
cate the occurrence of both an early spring species and typi-
cally summer species in inland ecosystems. Thus, the algae
biomass harvesting for industrial purposes will be character-
ized by seasonality. Cladophora glomerata has a wide toler-
ance range for temperature changes and has low light require-
ments. It is a dominant species in filamentous algae commu-
nities and develops in different habitat conditions than other
Cladophora taxa. This species prefers fertile waters and cre-
ates large patches in the surface water. It has the features of
pioneer species and is resistant to stress factors. The presence
of different species of mats leads to changes in the abiotic
elements of the habitat of the studied aquatic ecosystems.
Cladophora species have a label as ecological engineers
which suggests diverse opportunities for technological appli-
cations. This is possible due to their abundance and the con-
tent of bioactive compounds. Cladophora species serve as a
novel source of natural agents for pharmaceutical, nutraceuti-
cal, food, and cosmetic industries. Macroalgae show also very
good biosorption and bioaccumulation properties; this is why
they are recommended for the removal of metal ions from
contaminated areas.
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