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Abstract 23 

The Cladophoraceae (Cladophorales) includes branched (Cladophora) and unbranched 24 

(Chaetomorpha and Rhizoclonium) filamentous species, living in marine and freshwater 25 

environments. Species-level taxonomy is impeded by considerable morphological 26 

plasticity, related to environmental conditions, and switches between branched and 27 

unbranched morphologies have been reported within species. In this work, it was shown 28 

that Cladophora surera, a species widely distributed in streams in the Pampa Plains of 29 

Argentina, appears in two different morphotypes, branched and unbranched filaments. 30 

Phylogenetic analysis indicated that they correspond to the same species. The presence 31 

of these morphotypes could not be related with season or water flow. Moreover, under 32 

the same culture conditions it was possible to develop the branched morphotype from 33 

the unbranched one. The general structure of sulfated galactoxyloarabinans 34 

biosynthesized by the branched morphotype of this alga were studied previously. In this 35 

work, these sulfated 4-linked pyranosic arabinans were studied in relation to 36 

morphotype and season. It was shown that differences in structure of the water-soluble 37 

polysaccharides between samples could not be related to the morphotype but depend on 38 

the season. A detailed study by principal components analysis (PCA) of variables 39 

related with the main structural features showed clear differences between sulfated 40 

polysaccharides extracted from algae collected in spring, compared to those collected in 41 

other seasons. Structural analysis by chemical and spectroscopic methods of these 42 

sulfated arabinans collected in the different seasons are reported and discussed. 43 

 44 

Keywords: Green algae, Cladophora, Morphotype, Branched and unbranched 45 

filaments, Seasonal variation, Sulfated polysaccharides  46 
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 Introduction 47 

 48 

The green algae represent a large group of morphologically diverse photosynthetic 49 

eukaryotes that occupy virtually every photic habitat on the planet. Within them, the 50 

Ulvophyceae have fibrillar cell walls, which are additionally constituted by sulfated 51 

polysaccharides and glycoproteins [1]. 52 

In particular, the Cladophorales evolved in four main lineages, likely from a 53 

filamentous marine ancestor. The Cladophoraceae includes branched (Cladophora) and 54 

unbranched (Chaetomorpha and Rhizoclonium) filaments, and it is predominantly 55 

marine with some lineages having colonized freshwater habitats [2]. The branched, 56 

herbivory-resistant green algal genus Cladophora Kützing forms conspicuous nearshore 57 

growths along rocky shorelines of pristine to eutrophic marine, estuarine, brackish, and 58 

freshwater environments of temperate and tropical, high- and low-altitude biomes 59 

worldwide [3]. Species-level taxonomy was traditionally based on a few morphological 60 

characters, including overall thallus organization, branching pattern, and cell 61 

dimensions. However, species delimitation and identification are impeded by 62 

considerable morphological plasticity, which is displayed in most of the species. This 63 

morphological variability of Cladophora species depending on environmental 64 

conditions has been well documented [2,4], but there is scarce information about the 65 

factors determining these morphological changes. The degree and angles of branching 66 

vary with environment, allowing Cladophora to produce a tough, but flexible thallus 67 

that allows water to flow through and around it. In freshwater environments, high 68 

stream velocity has been reported to result in greater fragmentation and less frequent 69 

branching [5] for Cladophora glomerata (L.) Kütz. Conversely, Parodi & Cáceres 70 

(1991) [6] reported that the number of branches tended to increase with water velocity 71 
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in Cladophora surera E.R.Parodi & E.J.Cáceres. Because of the abovementioned 72 

problems related to morphology-based taxonomy, species identification in the 73 

Cladophoraceae is preferably guided by molecular phylogenetic analysis. 74 

The biomass of Cladophora can be successfully applied as raw material for production 75 

of value-added products. A wide range of potential applications have been identified, 76 

including human and animal health, agriculture, environmental protection, renewable 77 

source of energy, and high-tech composite materials [7]. Many bioactive compounds 78 

have been isolated from species of Cladophora, including sulfated polysaccharides [8]. 79 

They occur in seaweeds where they are biosynthesized as key components of their cell 80 

walls. These sulfated polysaccharides are potentially interesting as biologically active 81 

compounds and have been thoroughly studied in some species of Cladophoraceae [9]. 82 

Pioneering chemical studies on the structure of sulfated polysaccharides from 83 

Cladophora rupestris showed major amounts of arabinose and galactose, and lesser 84 

quantities of xylose, rhamnose, and glucose, as well as about 20% sulfate (as SO3Na). A 85 

highly branched structure, including 6-linked and/or 6-sulfated galactofuranose units, 86 

was proposed. Partial hydrolysis experiments led to identification of L-arabinose 3-87 

sulfate, D-galactose 6-sulfate, 3-linked and 6-linked D-galactobioses, 4- or 5-linked L-88 

arabinobiose 3-sulfate, 4-linked D-xylobiose, a mixture of trisaccharides containing 89 

sulfated galactose and arabinose, and a mixture of pentasaccharides in which the molar 90 

ratio of arabinose to galactose was 4:1 [10]. The sulfated polysaccharides from 91 

Cladophora socialis obtained by extraction with dilute acid [11] showed similar 92 

structural features, even though this species is known to be distantly related from the 93 

bona fide Cladophora clade containing the type species of the genus [2]. More recently, 94 

studies carried out by Arata et al. (2016) [12] on the sulfated polysaccharides from the 95 

seaweed Cladophora falklandica showed that they are xylogalactoarabinans constituted 96 
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by a backbone of 4-linked -L-arabinopyranose units, partially sulfated on C-3, and also 97 

on C-2. Besides, partial glycosylation mostly on C-2 with single stubs of -D-98 

xylopyranose, and/or -D-galactofuranose or short chains comprising (1→5)- and/or 99 

(1→6)- -D-galactofuranose linkages, was also found. In addition, 3-linked -D-100 

galactopyranose units sulfated on C-6 and rhamnose units were present in minor 101 

amounts. Recently, a pyranosic 4-linked arabinan sulfated on C-3 and with branches on 102 

C-2 composed by galactopyranose and rhamnopyranose units was isolated from 103 

Cladophora oligoclada. The most obvious differences regarding the structures 104 

previously reported were the absence of xylose and the long 4- and 4,6-linked 105 

galactopyranose side chains [13]. 106 

Some chemical studies about sulfated polysaccharides from species of the unbranched 107 

genus Chaetomorpha showed structural characteristics close to those found for 108 

Cladophora [10,14], although [15] a very different structure was proposed for a sulfated 109 

polysaccharide fraction from Chaetomorpha linum, comprising 6-linked β-D-110 

galactopyranose and 5-linked α-L-arabinofuranose residues with sulfate groups on C-2 111 

or C-3 of the latter units and on C-2 or C-4 of 6-linked β-D-galactopyranose residues.  112 

Biosynthesis of sulfated polysaccharides has been proposed to be a physiological 113 

adaptation to the high ionic strength of the marine environment [9,16]. However, it is 114 

now emerging that at least some freshwater macroalgae also have sulfated 115 

polysaccharides in their cell walls that could have important support and protective 116 

functions through their moisture retention capacity. For the freshwater alga Cladophora 117 

surera, collected in Las Cascadas (Quequén Grande River, Argentina), sulfated 118 

polysaccharides with structures closely related to those reported before for marine 119 

Cladophora species, were found [17].  120 
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During subsequent collecting campaigns it was found that in the same collection site 121 

sometimes profusely branched C. surera was present in major quantities, while in other 122 

cases, an unbranched unidentified species of Cladophoraceae (provisionally named 123 

“unbranched morphotype”) was present in the same area. This fact was so noteworthy, 124 

that samples were collected to study this phenomenon. In this work, by molecular 125 

phylogeny it was determined that both morphotypes correspond to the same species, 126 

Cladophora surera. The cell wall sulfated polysaccharides from both morphotypes were 127 

studied in great detail. In addition, culture experiments showed that the “unbranched 128 

morphotype” could switch to the “branched morphotype”. 129 

 130 

2. Materials and Methods  131 

2.1 Algal samples and description of the collection site 132 

Specimens of Cladophora surera and the unidentified “unbranched morphotype” were 133 

collected in Las Cascadas, Quequén Grande River, Necochea, Buenos Aires Province 134 

(38º27'39" S 58º45’39” W) (Fig. 1A) in April 2015, June 2016, March, 2017, January 135 

and October 2018, March, June, and September 2019, and January 2020. This area is 136 

separated 15 km in a straight line from the River mouth. Besides, it has been reported 137 

that 5 km upstream, the vertical water column is homogeneous with no salinity. 138 

Additional specimens were collected in other locations of the Pampa Plains, Buenos 139 

Aires Province: Arroyo Napaleufú, Tandil (June 2016, unbranched), Arroyo Medio 140 

Campo, Benito Juárez (October 2017, branched; January 2018, branched; October 2018, 141 

unbranched), Puente Blanco, La Dulce, Necochea (January 2018, unbranched; October 142 

2018, branched), being all these collection sites part of the Quequén Grande River 143 

catchment (Figure 1B), which covers an area of 935.533 ha of the Buenos Aires 144 
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Province (Argentina) (Figure 1A and Figure S1). It is 173 km long, and presents a 145 

dendritic drainage pattern, constituted by an important number of tributaries, with a 146 

North-South general direction, and finally flows into the Atlantic Ocean. The mean 147 

annual precipitation is around 1100 mm, and the less rainy season is winter. It is a 148 

mixed agricultural and livestock production area; a very important part is dedicated to 149 

wheat and barley production [18]. The climate is humid temperate, with an average 150 

annual temperature of 14 °C, July being the coldest month with a mean value of 7.3 °C, 151 

and January the warmest with a mean value of 21 °C.  152 

The samples used in this work were in the vegetative state. For their transfer to the 153 

laboratory within 24 h, algae were maintained in stream water and refrigerated. Thalli of 154 

the algae were washed with distilled water and analyzed for epiphytic and epizoic 155 

contaminants in a Nikon AFX-II macroscope (Nikon, Japan). Specimens for culture and 156 

phylogenetic analyses were maintained in 1000 ml beakers with 800 ml of stream water, 157 

natural photoperiod, at room temperature, and air from a fish tank bubbler, until the 158 

time when the experiments were performed. As only unbranched specimens were found 159 

in Las Cascadas in March 2017 (beginning of autumn) (Table 1), a sample composed of 160 

branched specimens collected in October 2017 in Arroyo Medio Campo, Benito Juarez, 161 

Buenos Aires Province (37°40′48″S 59°37′″W) was used for the phylogenetic studies 162 

(both locations are separated by around 140 km linear distance, and they belong to the 163 

same catchment). 164 

On the other hand, specimens for polysaccharide extractions were dried in open air. 165 

It is important to remark that when this work was initiated, it was not known that 166 

“branched” and “unbranched” morphotypes corresponded to the same species, which 167 

was demonstrated during this study. Thus, provisionally, the samples were called 168 

“branched” and “unbranched” Cladophoraceae. 169 
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Voucher specimens were deposited in the herbarium of the Museo Bernardino 170 

Rivadavia, Buenos Aires, Argentina (Index Herbariorum code: BA) (collection numbers 171 

BA 54253 (March 31, 2019, unbranched); BA 54254 (June17, 2019, unbranched); BA 172 

54255 (January 7, 2020, unbranched); BA 54256 (September 29, 2019, branched); BA 173 

54257 (September 29, 2019, unbranched). 174 

For specimens obtained in 2019-2020, some environmental parameters were 175 

determined: surface water temperature, dissolved oxygen (oxygen electrode DO-5510, 176 

Lutron, Coopersburg, Pensilvania, USA), conductivity (senior5 conductimetry meter, 177 

Hach,  Ames, Iowa,USA), pH (pHmeter SenspH Duo, Trans Instruments, Petro Centre, 178 

Singapore). Air and stream water temperature mean values in Las Cascadas were 179 

provided by the Fish Culture Station of Necochea city. The concentration of phosphate 180 

[19], nitrates [20], and ammonia [21] were determined in the stream water samples. 181 

2.2. Unialgal culture  182 

Samples of C. surera and the “unbranched morphotype” of Cladophoraceae were 183 

thoroughly rinsed with filtered and sterilized water from the collection site in a laminar 184 

flow hood. Filaments were placed in 24-well plates containing 2 ml of stream water.  In 185 

order to prevent bacterial contamination, several dilutions (0,05, 0,1, 0,2, 0,4, 0,6 y 186 

0,8% v/v) of a mixture of penicillin G (12000 U) and streptomycin sulfate (5 mg l-1) 187 

were added to the wells.  Incubation proceeded at 25C and cool-white continuous 188 

fluorescent light (100 mol photons m-2 s-1). After 4 days the algae were axenically 189 

transferred to 6-well plates containing 5 ml of BBM-3N [22] without antibiotics and 190 

0.05 GeO2 (w/v) was added to prevent proliferation of diatoms.  191 

https://www.google.com/search?rlz=1C1JZAP_esAR976AR977&sxsrf=ALiCzsbBJgBAsnPIo5PfWDs_I2-WUqYGQg:1652481288971&q=Coopersburg&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLQ0yTZQ4gAx441TyrS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYuZ3z8wuArKTSovQdrIy72Jk4GABO4O3DWQAAAA&sa=X&ved=2ahUKEwirnejBxN33AhUGg5UCHfBUAT4QmxMoAXoECFUQAw
https://www.google.com/search?rlz=1C1JZAP_esAR976AR977&sxsrf=ALiCzsbL92mcPE1cP6vIqkxbXd93vxK9ng:1652481394207&q=Ames,+Iowa&stick=H4sIAAAAAAAAAOPgE-LSz9U3SM6LT6osVGIHsfNys7RUs5Ot9POL0hPzMqsSSzLz81A4Vmn5pXkpqSmLWLkcc1OLdRQ888sTd7Ay7mJn4mAAAE1-rMZTAAAA&sa=X&ved=2ahUKEwj9o__zxN33AhU6ppUCHYrfASMQmxMoAXoECFAQAw
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Additionally, a batch culture of each morphotype was maintained in a beaker containing 192 

sterilized water from the collection site. The beakers were aerated with a fish tank 193 

bubbler and received natural sunlight from a laboratory window. 194 

Examination of algal growth in the wells proceeded periodically in an inverted 195 

microscope (Olympus CK40, Tokyo, Japan) with the Arcano 9.0 video camera (Beijing, 196 

China).  197 

2.3. DNA-based species identification and phylogenetic analysis 198 

REDExtracts-N-Amp Tissue PCR Kit (SIGMA-ALDRICH) was employed. The 199 

nuclear-encoded small and large subunits (SSU and LSU, respectively) rDNA gene 200 

fragments from the “unbranched morphotype” and the LSU from Cladophora surera 201 

were amplified and sequenced using primers and temperature profiles as indicated in 202 

refs. [23,24]. Sequences were inspected and aligned using Geneious version 7.0 203 

(Biomatters). The identity of LSU and SSU fragments from the unbranched morphotype 204 

was initially verified using blastn (https://blast.ncbi.nlm.nih.gov/), optimized for highly 205 

similar sequences, with the default algorithm options. 206 

The identity and phylogenetic position of the unbranched morphotype was further 207 

investigated through the analyses of 31 species of Cladophorales, including several 208 

representatives of Chaetomorpha, Cladophora and other genera of Cladophorales 209 

(Table S1). Phylogenetic analyses were conducted in BEAST v.2.5.1 [25]. Matrices 210 

were assembled using each of the genes involved as a different partition. We estimated 211 

substitution models for each partition with MrModeltest 2.3 [26] and the model selected 212 

was GTR+I+G [27,28,29]. We used Tracer 1.6.0 [30] to determine posterior distribution 213 

convergence; trees were summarized with the maximum clade credibility (MCC) option 214 

using Tree Annotator 2.4.4 [25]. The tree parameters were linked through the partitions 215 
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and a strict clock was used. The analysis was performed by running two independent 216 

MCMC replicas, each of 30 million generations, sampling trees every 3000 generations. 217 

Convergence was evaluated in Tracer v1.6 [30] by checking that the effective sample 218 

size (ESS) for each estimated parameter was >200. 219 

2.4. Extraction of the polysaccharides 220 

The milled algae (100 g) were extracted twice with EtOH 70 % (20g/L) for 3 h at room 221 

temperature. The residue from the alcohol extraction was extracted with H2O (20 g/L) 222 

at 90°C for 3 h giving a product, which was recovered from the supernatant by dialysis 223 

and freeze dried. This procedure was performed for each field collection carried out in 224 

2019-2020 by quintuplicate, giving samples Ma1-Ma5, Ju1-Ju5, Ja1-Ja5, all of them 225 

corresponding to the unbranched morphotype. In September 2019, both morphotypes 226 

were present in important amounts, so they were separated in the laboratory, Sb1-Sb5 227 

and Sub1-Sub5, respectively, for the branched and unbranched morphotypes. All the 228 

samples were analyzed independently. 229 

2.5. Chemical analyses.  230 

The total sugars content was analyzed by the phenol-sulfuric acid method, D-galactose 231 

was used as standard [31]. Sulfate was determined turbidimetrically [32]. To determine 232 

the monosaccharide composition, samples were submitted to reductive hydrolysis and 233 

acetylation to give the corresponding alditol acetates [33]. 234 

2.6. Solvolytic desulfation. The pyridinium salt form of the native polysaccharides 235 

corresponding to a pool of samples 1-5 (Ja, Ma, Ju, Sb, and Sub, 30 mg), was prepared 236 

by dialysis against aqueous pyridinium hydrochloride (0.1 M, adjusted to pH 6.5) 237 

several times, then against distilled water, and finally lyophilized. The resulting material 238 

was dissolved in 89:10:1 Me2SO-MeOH-pyridine, 0.4 mL/mg. The mixture was heated 239 
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for 4 h at 100ºC [34]. The desulfated material was cooled, dialyzed against tap water, 240 

then distilled water, and isolated by lyophilization to give JaD, MaD, JuD, SbD and 241 

SubD, respectively. 242 

2.7. Methylation analysis.  243 

Samples Ja, Ma, Ju, Sb, and Sub (10-20 mg) were converted into the corresponding 244 

triethylammonium salt [33] and methylated according to [35]. The sample was 245 

dissolved in dimethylsulfoxide; finely powdered NaOH was used as base. The 246 

methylated samples were submitted to reductive hydrolysis and acetylation to give the 247 

alditol acetates in the same way as the parent polysaccharides [33]. 248 

2.8. Gas Chromatography (GC).  249 

GC of the alditol acetates were carried out on a Agilent 7890A gas-liquid chromatograph 250 

(Avondale PA, USA) equipped with a flame ionization detector and fitted with a fused 251 

silica column (0.25mm i.d. x 30 m) WCOT-coated with a 0.20 m film of SP-2330 252 

(Supelco, Bellefonte PA, USA). Chromatography was performed: from 200°C to 240°C 253 

at 2 °C min -1, followed by a 10-min hold for alditol acetates. For the partially methylated 254 

alditol acetates, the initial temperature was 160 ºC, which was increased at 1 ºC min-1 to 255 

210 ºC and then at 2 ºC min-1 to 230 ºC. N2 was used as the carrier gas at a flow rate of 1 256 

mL min-1 and the split ratio was 80:1. The injector and detector temperature was 250°C.  257 

2.9. Gas Chromatography-Mass spectrometry (GC–MS).  258 

GC–MS of the methylated alditol acetates was performed on a Agilent 7890A gas-liquid 259 

chromatograph equipped with the SP-2330 interfaced to a Agilent 5977A Series mass 260 

spectrometer, working at 70 eV. He flow rate was 1.3 ml min-1, the injector temperature 261 

was 250 ºC. Mass spectra were recorded over a mass range of 30–500 amu. Partially 262 
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methylated alditol acetates were identified based on previously published mass spectra 263 

[36]. 264 

2.10. FTIR spectroscopy 265 

Fourier Transform Infrared spectra were recorded from 4,000 to 4000 cm-1 with a iS50 266 

Nicolet FT- IR spectrophotometer (Madison, WI, USA) equipped with a DTGS ATR 267 

detector. Thirty-two scans were taken with a resolution of 4 cm-1. Spectra were 268 

processed using Spectragryph - optical spectroscopy software, version 1.2.15, 2020 269 

[37]. 270 

2.11. Principal Component Analysis 271 

Principal components analysis (PCA) was used to compare results from chemical 272 

analyses and FTIR. It was performed using PAST software [38].  273 

2.12. NMR spectroscopy. 274 

Preparation of samples with low solubility in water: Partial acid hydrolysis was carried 275 

out according to [39]. The sample (50 mg) was heated in 1% CH3COOH (10 mL) for 4 h 276 

at 100 ºC, the solution was neutralized with NaHCO3, dialyzed, and lyophilized to give 277 

the water soluble polysaccharides derivatives (JaH, SuH, and SubH). The desulfated 278 

samples were not treated in this way, as they were soluble enough in D2O (10 mg/mL). 279 

500 MHz 1H NMR, proton decoupled 125 MHz 13C NMR spectra, and two-dimensional 280 

NMR experiments (HSQC, HMBC, and COSY) were recorded on a Bruker AM500 at 281 

room temperature, with external reference of TMS. The samples (20 mg) were exchanged 282 

in 99.9 % D2O (0.5 mL) four times. Chemical shifts were referenced to internal acetone 283 

(δH 2.175, δCH3 31.1). Parameters for 13C NMR spectra were as follows: pulse angle 51.4º, 284 

acquisition time 0.56 s, relaxation delay 0.6 s, spectral width 29.4 kHz, and scans 25,000. 285 
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For 1H NMR spectra: pulse angle 76º, acquisition time 3 s, relaxation delay 3 s, spectral 286 

width 6250 Hz and scans 32. 2D spectra were obtained using standard Bruker software. 287 

3. Results and Discussion 288 

3.1. Field observations 289 

In the field, the branched morphotype, identified as Cladophora surera, which 290 

corresponded morphologically to the original description [40], was previously found in 291 

April 2015. A pool of the collected algae was studied in detail regarding molecular 292 

phylogeny and the structure of sulfated cell wall polysaccharides [17]. During 2016-293 

2018, new collections were carried out, and each time it was found that only “branched” 294 

or “unbranched” specimens of Cladophoraceae were predominant (Table 1). 295 

Independently of its morphology, the algae appeared firmly attached to the rocks, 296 

streamlined in areas of high-water flow, e.g., rapids, as well as forming loose tufts of 297 

filaments associated with lower water flow. Therefore, it was not possible to correlate 298 

the “branched” and “unbranched” morphotype to differences in water flow, as had been 299 

done in previous studies [5,6]. In addition, the different morphotypes did not seem to 300 

correlate with season. 301 

Figure 1A shows the location and appearance of the collection site, and Figure 1B 302 

shows details of both morphotypes.  303 

 304 
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 305 

Figure 1. A. Location and appearance of the collection site (for details, see Figure S1). 306 

B. Filament of an unbranched specimen, scale bar= 200µm (left). Filaments of a 307 

branched specimen, scale bar= 500µm (center). Detail of the cell wall, scale bar= 80µm 308 

(right).  C. Bayesian tree, showing the phylogenetic position of the unbranched 309 

specimen (letters in red) collected in Las Cascadas, Quequén Grande River (Buenos 310 

Aires Province, Argentina). Left color bar indicates higher (red) to lower (green) 311 

posterior probabilities. D. Transition from unbranched to branched filaments in 312 

laboratory culture; day 0 (above), scale bar=250µm; day 4 (center), scale bar=250µm 313 

and day 14 (below), scale bar=300µm. 314 

 315 
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September 2019 was the only collection time, when both morphotypes were present in 316 

detectable quantities at the same time (Table 1). From these data, it is evident that the 317 

morphotype is not related to the season.  318 

 319 

Table 1. Cladophora surera and “unbranched” specimens of the Cladophoraceae 320 

collected at Las Cascadas. 321 

Date season Morphology Water1 

temperature 

January 7th, 2020 summer Unbranched 25.2 

September 29th, 

2019 

spring 
Unbranched and branched 

14.4 

June 17th, 2019 winter Unbranched 12.3 

March 31st, 2019 autumn unbranched (only a few 

branched specimens were 

found) 

20.8 

October 15th, 2018 spring Branched 17.7 

January 20th, 2018 summer Branched 22.1 

March 11th, 2017 autumn Unbranched 20.5 

June 15th 2016 winter Unbranched 9.6 

April 2015 autumn Branched 17.3 

1Mean value of the monthly temperatures taken every day at 8 am and 4 pm.  322 

 The physicochemical analysis of water samples taken at the collection site during 2019-323 

2020 are shown in Table S2. Analyses of water from Quequén Grande River have been 324 

previously reported [41], and data this study fall in range of those previously reported; 325 

moreover, in most cases, they are close to the average values of the determinations 326 

(Table S2), except for phosphates content, which was considerably lower than the 327 

average value, although they fall in the range. 328 
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3.2. Phylogenetic position of the “unbranched” morphotype  329 

Blastn analyses of LSU and SSU ribosomal fragments from the unbranched morphotype 330 

showed 99,62% and 99,71% sequence identity, respectively, with several unidentified 331 

Cladophora species (for instance, KU904739.1, and KU904721, among many others); 332 

99.58% and 99.43%, respectively, with Cladophora surera (OP481212, MF001434.1); 333 

99.42% and 99.57%, respectively, with Cladophora glomerata (KM676861.1, 334 

MZ520630.1); and 99.23% and 99.57, respectively, with Rhizoclonium sp. 335 

(KP683370.1, KP683362.1), to mention only a few top accessions with the highest 336 

homology.  337 

Accordingly, the phylogenetic analysis of 31 species of Cladophorales with both LSU 338 

and SSU partitions revealed the unbranched morphotype as sister to Cladophora surera 339 

with low posterior probability (PP) (Figure 1C). The two sequences are included within 340 

a clade supported by maximal PP, containing other freshwater Cladophora species, 341 

including C. glomerata. This clade of exclusively freshwater species has also been 342 

recovered in previous phylogenetic analyses, and species boundaries within this clade 343 

are known to be very difficult to resolve based on morphological data because of 344 

rampant phenotypic plasticity and lack of diagnostic characteristics, as well as 345 

molecular data because of low sequence divergence [2,42,43].  Most of the Cladophora 346 

and Chaetomorpha species are grouped together with maximal PP within a clade 347 

described as the Cladophora clade [17]. 348 

Based on the phylogenetic position of the unbranched morphotype, this specimen is 349 

assigned to Cladophora surera (Figure 1C) and will be hereafter referred to as 350 

unbranched Cladophora surera. Analysis of the more variable ITS region could further 351 

refine species identification [42]. 352 
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3.3. Laboratory cultures of Cladophora surera 353 

In batch cultures subjected to aeration the unbranched morphotype persisted after 14 354 

days with stream water and natural photoperiod. The filaments consisted of sections of 355 

larger cells (753,8±149,52µm L, 586,45±35,75µm W, L/W ratio 1,29±0,25) 356 

interspersed with smaller cells (490,51±63,01µm L, 582,93±41,27µm W, L/W ratio 357 

0,84±0,10), indicating intercalary mitotic activity (Figure 1B). 358 

Different culture conditions, including solid and liquid media, were assayed with the 359 

aim of obtaining the branched morphotype from the unbranched one. Finally, after 4 360 

days in well plates with stream water and antibiotics, lateral branch primordia began to 361 

develop in the specimens of the unbranched morphotype (Figure 1D). 362 

When transferred to well plates with BBM-3N, the primordia gave origin to a profuse 363 

branching pattern. Algae were maintained in culture for 14 days (Figure 1D).  364 

On the other hand, specimens of originally branched morphotype maintained their 365 

initial morphology in cultures in cell plates, in similar conditions as described above. 366 

These results clearly show the phenotypic plasticity of Cladophora surera, as it was 367 

possible to obtain in culture the branched morphotype from the unbranched one. The 368 

reversion of branched morphotype to the unbranched one was not obtained in the 369 

assayed conditions. This might indicate that either culture conditions were inadequate or 370 

that once stimulated, formation of branches is irreversible. Other studies have also 371 

shown that under laboratory culture conditions, the filaments of Chaetomorpha 372 

antennina and C. valida frequently produce lateral branches indicating that the 373 

unbranched morphology is not entirely genetically constrained, but at least in part 374 

subject to morphological plasticity [44,45]. 375 
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3.4. Sulfated polysaccharides from both morphotypes of C. surera obtained in 376 

different seasons in the period 2019-2020. 377 

The hot water extracts were analyzed by quintuplicate regarding their carbohydrate, 378 

sulfate content, and their monosaccharide composition (Table S3). The mean values are 379 

given in Figure 2A and B. At first sight, the results are similar between collections, and 380 

also similar to those obtained in the study of Arata et al. (2017) [17], being arabinose, 381 

the predominant monosaccharide, xylose and galactose were also present in important 382 

amounts. However, the molar ratio Ara:Xyl:Gal registered significant variations 383 

between samples from algae collected in different seasons. In addition, the degree of 384 

sulfation was in the range of 0.58-0.84 per sugar unit, indicating an important variability 385 

in this parameter, which was 0.9 for the sample collected in April 2015 [17]. 386 

 387 
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 388 

Figure 2. Chemical analysis of the hot water extracts obtained from algal samples 389 

collected in January, March, June, and September, Ja, Ma, Ju, and Sb and Sub, 390 

respectively. A. Carbohydrate composition. B. Monosaccharide composition. C. PCA 391 

biplots and dendrograms obtained by HCA. 392 

The variability of these chemical features was explored by PCA (Figure 2C). Results 393 

showed a clear separation between the samples collected in September (branched (Sb) 394 

and unbranched (Sub)), and the other samples collected in January, March and June (Ja, 395 

Ma, Ju, respectively), being March samples closer to those collected in September than 396 

the others. The main variables that explain this differentiation were the content of 397 

arabinose and galactose, which operated in opposite directions (see loadings in Figure 398 

S2A).  399 

To investigate these differences in detail, methylation analyses were carried out with 400 

pools of the 5 samples available from each collection, the results are given in Table 3.  401 

Table 3. Methylation analysis of hot water extracts from samples Ja, Ma, Ju, Sub, and 402 

Sb, and the corresponding desulfated derivatives, JaD, MaD, JuD, SubD, and SbD. 403 

  Extracts   

Monosaccharidea,b Assignment Ja JaD Ma MaD Ju JuD Sub SubD Sb SbD 
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2,3,4- Xyl Xylp (1→ 18.0 19.3 23.0 22.0 22.2 21.0 17.3 20.0 20.9 19.0 

2,3,4 -Ara Arap (1→ 5.7 5.5 5.2 3.7 5.6 5.9 2.5 4.0 3.5 5.0 

2,3-Ara →4) Arap (1→ 7.2 21.6 5.2 23.0 3.9 18.9 3.8 30.2 2.6 26.8 

2-Ara →4) Arap3S (1→ 5.4 1.2 7.4 1.2 5.5 1.0 8.3 2.1 10.0 - 

3-Ara →4) Arap2S (1→ 19.5 19.2 25.6 22.0 23.6 23.2 23.2 20.5 21.7 20.0 

Ara →4) Arap2,3S (1→ 12.5 2.3 12.9 2.0 12.3 1.8 21.4 4.2 23.3 5.1 

2,3,5,6 Gal Galf (1→ 9.5 9.3 5.2 6.2 7.2 7.5 4.2 5.0 5.2 4.5 

2,3,6 Gal →5) Galf (1→ and/ or 

10.0 12.2 4.2 5.2 5.7 5.4 3.0 2.5 2.2 3.0  →4) Galp (1→ 

2,3,5 Gal  →6) Galf (1→ 3.7 2.7 5.2 6.2 4.9 4.2 2.9 4.0 3.9 3.1 

2,3 Gal →5,6) Galf (1→ and/or 

2.8 2.5 1.8 2.0 3.7 4.0 4.3 3.5 3.4 4.3  →4,6) Galp (1→ 

2,4 Gal →3,6) Galp (1→ 1.9 2.3 3.4 4.2 3.7 4.2 5.2 2.3 2.2 7.2 

Gal Ndc 2.8 2.0 1.0 2.0 2.0 2.9 2.0 1.6 1.0 2.0 
aMonosaccharides having methyl groups at the positions indicated (for example, 2,3-Ara 404 

corresponds to 1,4,5-tri-O-acetyl-2,3-di-O-methylarabinitol, etc.). bIn mol %. cNd, not 405 

assigned. 406 

 407 

These data were also analyzed by PCA (Figure 3A). Again, the samples collected in 408 

September (Sb and Sub) appeared clearly differentiated from the rest, the distance being 409 

even greater than that found for chemical analysis. Here, the loadings showed that the 410 

main variables that explain this behavior were those related to the degree of sulfation of 411 

arabinose units (Figure S2B). These results showed that there were some differences in 412 

the structure of the polysaccharides collected, but these differences were not linked to 413 

the morphotype.  414 
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 415 

Figure 3. A. PCA biplots and dendrograms obtained by HCA of partially methylated 416 

monosaccharides obtained by methylation analysis of hot water extracts from samples 417 

Ja, Ma, Ju, Sb, and Sub. B and C. Second derivative of ATR-FTIR spectra of hot water 418 

extracts from samples Ja, Ma, Ju, Sb, and Sub, and the corresponding PCA for Sb and 419 

Sub. 420 

ATR-FTIR spectra of the samples showed the expected bands corresponding to the 421 

presence of sulfate groups (S=O of sulfate esters at around 1250 cm-1), and the 422 

predominance of these groups linked to equatorial secondary carbon atoms (broad bands 423 

with maxima at approximately 830 cm-1) [46] (Figure 3B). In order to inquire into the 424 

variability between the branched and unbranched morphotypes collected in September 425 

2019, a PCA was carried out, on the basis of FTIR spectra of 20-25 samples of each 426 

type. FTIR spectra of these materials are very complex, with peaks often overlapping 427 

with each other. For this reason, second derivatives were used, which enhance the 428 

separation of overlapping peaks. PCA plot showed a separation between both 429 
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morphotypes. When observing the loadings (Figure S2C), which were also difficult to 430 

interpret, for both axes the variables with the greatest weight corresponded to 431 

wavelengths related to the polysaccharide backbone rather than to its sulfation [47].  432 

3.5. Structural details of the sulfated arabinans obtained in the different seasons. 433 

Although the general structure of the sulfated polysaccharides from C. surera has been 434 

studied before [17], in this work, it was possible to determine seasonal variation of this 435 

structure. Chemical analysis, comprising methylation, desulfation-methylation analysis, 436 

and NMR spectroscopy of the sulfated polysaccharides allowed comparing structures in 437 

detail. Besides, some new structural features were found. 438 

Methylation analysis showed major amounts of mono- and disubstituted 4-linked 439 

arabinopyranosyl units and terminal xylopyranosyl units. In the case of extract from Ja, 440 

terminal galactofuranosyl units were present in important amounts. In addition, 2,3,6-441 

tri-O-methylgalactitol, which could derive from 4-linked galactopyranosyl or 5-linked 442 

galactofuranosyl residues was also obtained in higher amounts than in the other extracts. 443 

To determine the position of the sulfate esters, a desulfation reaction was carried out for 444 

all the extracts, and the desulfated derivatives were methylated. Comparison of both 445 

methylated samples (the original and the desulfated) for each extract (Table 3) showed a 446 

decrease in 2,3-disubstituted and 3-substituted 4-linked arabinopyranosyl units, and an 447 

increase of non-substituted units, while the percentages of 2-substituted units remained 448 

similar to those of the parent sample. These results indicate that the arabinan was 449 

mainly constituted by 4-linked 3-sulfated, 2,3-disulfated and 2-glycosylated 450 

arabinopyranosyl residues (mostly with non-reducing xylopyranosyl residue). Another 451 

possibility is that part of the 2,3-disubstituted arabinopyranosyl residues correspond to 452 

2-glycosylated, 3-sulfated units, and that part of the 2-substituted units correspond to 4-453 

linked arabinopyranosyl 2-sulfate units. Regarding the galactose derivatives they could 454 
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be part of the arabinan structure side chains or other complex, highly branched 455 

structure, or both. 456 

Taking into account results from methylation analysis (see Figure 3 and Table 3) the 457 

most important differences were found between the samples obtained in September (Sb 458 

and Sub, branched and unbranched, respectively) and January (Ja, only unbranched 459 

specimens) regarding the distribution of the substituted arabinose units, which constitute 460 

the backbone of the polysaccharide and the percentage of galactofuranose units. Water 461 

extracts from Sb and Sub showed a higher degree of disubstituted and 3-substituted 462 

arabinopyranose units, and less quantities of galactofuranose units than that from Ja.  463 

It was not possible to dissolve the samples in the concentration required for NMR (~15-464 

20 mg/mL), so they were partially hydrolyzed in conditions in which sulfate was not 465 

lost [12,17,39]. In these conditions, good NMR spectra were obtained, and only a small 466 

signal corresponding to reducing end units was detected (anomeric signal at 97.7/4.50 467 

ppm, that could correspond to terminal reducing β-D-galactose or -L-arabinose, the 468 

other anomer, that should be present in lesser amounts, was not detected in any of the 469 

spectra). In addition, the HSQC spectra showed the absence of the galactofuranose 470 

units, this observation agrees with the well-known acid lability of these units. 471 

Conversely, signals due to terminal non-reducing β-D-galactopyranosyl and β-L-472 

arabinopyranosyl 3-sulfate units were detected (Figure 4 and Figure S3). The fact that 473 

these units were not detected by methylation analysis of the original extracts, confirmed 474 

that they were produced by the small degree of hydrolysis of the polysaccharide 475 

backbone, which gave an increased solubility.  476 

On the other hand, solubility of the desulfated samples was high enough to give good 477 

spectra without previous partial hydrolysis, so these spectra showed the complete 478 
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backbone of the parent polysaccharides. In this way, β-D-galactofuranose non reducing 479 

end units were clear in the corresponding HSQC spectra. It was also important to see 480 

the disappearance of the signals corresponding to the sulfated carbons (at 76.7/4.63, 481 

75.5/4.64, 73.6/4.70, and 78.2/4.54 ppm). Figures 4 and Figure S3 show the HSQC 482 

spectra of partially hydrolyzed extracts from samples Ja, Sb, and Sub (JaH, SbH, and 483 

SubH) and desulfated extracts JaD, SbD, and SubD, with the assignment of the signals, 484 

showing the same units, but in different amounts, as expected considering results from 485 

the chemical determinations. Table S4 gives the assignments of the signals in detail.  486 

A 487 

488 

B 489 
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 490 

 491 

Figure 4. A. HSQC NMR spectra of SubH and SubD. Left, anomeric region, right, 492 

significant region corresponding to other C/H. B. A possible sequence for the proposed 493 

structure of the sulfated galactoxyloarabinans from Cladophora surera (4-Ap, 4-linked 494 

β-L-arabinopyranosyl units; S, sulfate; X; major, single stubs of β-D-xylopyranosyl, but 495 

also, non-reducing β-D-galactofuranosyl and/or β-L-arabinopyranosyl residues). 496 

These assignments were done considering chemical analyses, analyses of different 497 

NMR experiments, and literature values [12,17]. In the anomeric region, the signals at 498 

97.4/5.02 (4Arap, 4-linked β-L-arabinopyranosyl residues), 98.1/5.18 (4Arap2X and 499 

4Arap 2X,3S), 97.9/5.07 (4Arap3S), 96.7/5.34 (4Arap2,3diS and 4Arap2S) ppm were 500 

detected. In these spectra it was not possible to distinguish between the anomeric 501 

signals corresponding to 4Arap2X and 4Arap 2X,3S, and to 4Arap2,3diS and 4Arap2S, 502 

these units were differentiated by signals due to other C/H. Moreover, in the region of 503 

the spectra of JaH, SbH, and SubH corresponding to sulfated positions, 4 signals were 504 

evident at, 76.7/4.63, 75.5/4.64, 73.6/4.70, and 78.2/4.54 ppm. Three of them were 505 

assigned based on previous results, but that at 73.6/4.70 ppm was not detected before. 506 

Based on results from chemical analysis, it was tentatively assigned to C-3/H-3 of 507 

4Arap 2X,3S. Besides, the signal at 76.6/4.20 ppm was assigned to C-2/H-2 of this 508 

structural unit. If this unit could be confirmed, according to the chemical analyses of the 509 

extracts, 4Arap2S should also be present, and C-2/H-2 of this unit should be part of the 510 

broad signal at around 77-75/4.70-4.60 ppm. 511 
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Other signals in the anomeric region at 105.7/4.42, 108.8/4.98, 103.6/4.51, and 512 

102.5/4.66 ppm correspond to single ramification of β-D-xylopyranose, β-D-513 

galactofuranose, β-D-galactopyranose units, and rhamnopyranose units, respectively. 514 

The signal of C-6/H-6 of the latter units is also clear in the spectra at 17.9/1.27; 515 

however, it was not possible to determine the linkage pattern, nor the anomericity of 516 

this units which were present in very small amounts in all the samples analyzed (< 3%, 517 

Figure 2, Table S3). The structure of the β-D-galactan moiety could not be established. 518 

It is still not known whether it is part of the arabinan side chains of a separate structure. 519 

All the efforts carried out to determine this were unsuccessful [12,17]. For the arabinan 520 

of Cladophora oligoclada, [13] side chains composed of galactose and rhamnose were 521 

proposed. However, strong evidences for this proposal were not presented. The fact that 522 

the β-D-galactans were not lost in any of the fractionations assayed, and that the NMR 523 

signals did not match with any of the very well-known structures of β-D-galactans from 524 

seaweeds and plants [39,48-50] indicates a possible complex and novel structure that 525 

could not be determined in the present work. In view of the signals present in the 526 

spectra, the possibility of having 6-linked 3-sulfated the β-D-galactopyranosyl units was 527 

suggested here (Figure 4, Table S3), but other structural units could be also present. 528 

Despite this β-D-galactopyranosic structural units, all the chemical and spectroscopic 529 

analyses presented in this work are in very good agreement regarding the major 530 

structure of the arabinan. This fact and the important number of samples analyzed 531 

allowed to propose a putative fragment containing all the main structural features in 532 

accordance with the data observed, improving the structure proposed before [17] 533 

(Figure 4B). 534 

 535 

4. Conclusions 536 
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The freshwater green alga Cladophora surera appeared in two different morphotypes, 537 

branched and unbranched. The predominance of one of them did not depend on season 538 

or water flow. It was possible to obtain the branched morphotype from the unbranched 539 

one in culture conditions, indicating phenotypic plasticity. The structure of the sulfated 540 

polysaccharides from cell walls of algae harvested in different seasons, showed that 541 

those collected in September were more sulfated and comprised less quantities of 542 

galactofuranose chains, independently of their morphotype. In addition, when the 543 

second derivatives of FTIR spectra of branched and unbranched morphotypes collected 544 

in September 2019 were analyzed by PCA separation between both morphotypes related 545 

to the polysaccharide backbone rather than to its degree of sulfation. A detailed 546 

structural analysis of the samples showed new evidence about structural features of 547 

these complex sulfated arabinans substitution pattern. 548 
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