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opportunity to combine molecular, physiological, and morphological data, we have 

indeed taken advantage of the major techniques of this century to provide a thorough 

description of this interesting microalgal strain. Remarkably, we found that it manifests at 

least two peculiar traits never or rarely previously described in Chlorella-like 

microorganisms, such as the association with endobacteria, and the formation of 

“doublets”, i.e., aggregates formed by two cells. These findings, combined with the 

obtained molecular phylogenetic reconstructions and the observed metabolic features, led 

to the hypothesis that the strain might possibly represent a new species of the Chlorella-

Micractinium clade. 
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Abstract  20 

More than a hundred taxa of green unicellular coccoid organisms have been up to now wrongly 21 

included under the genus Chlorella. This is mainly due to a kind of characterization not relying on a 22 

study approach adopting and integrating different techniques for describing cell appearance and 23 

metabolic and genomic features. In this work, we describe a new native Chlorella-like microalgal 24 

strain named “SEC_LI_ChL_1”, which was isolated from a pond where municipal landfill leachate 25 

flowed before wastewater treatment, through a multimethod study. The molecular characterization 26 

and the phylogenetic reconstructions based on two different DNA marker regions (i.e. the 27 

concatenated SSU and ITS rRNA gene and the complete 18S rRNA gene) were combined with 28 

observations with light and transmission electron microscope, and the analysis of metabolic traits 29 

under four different growing conditions (i.e., autotrophy, heterotrophy, mixotrophy and reduced 30 

autotrophy). The two separate phylogenetic analysis highlighted that our strain falls within the 31 

Chlorella-Micractinium clade, although with two different placements. According to the 32 

morphological-ultrastructural and metabolic analyses, “SEC_LI_ChL_1” shares some features with 33 

different Chlorella-like microalgae. Interestingly, two peculiar traits never or rarely previously 34 

described in Chlorella-like microalgal strains were observed: the association of the cells with 35 

endocellular bacteria, and the presence of doublets (i.e. two-celled microalgae aggregates not due to 36 

cell division).  37 

 38 

Keywords 39 

Bacterial endosymbionts, Chlorella-like organism, Light microscopy, Phylogeny, Physiological 40 

characterization, Ultrastructure  41 
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1. Introduction 43 

 44 

Microorganisms belonging to Chlorella genus are morphologically defined as coccoid unicellular 45 

green algae with globular or ovoid cells, whose reproduction occurs exclusively by 46 

autosporogenesis (asexual reproduction) [1]. Autospores develop simultaneously within maternal 47 

sporangium without any flagellated or sexual stages [1], although the disclosure of meiotic genes 48 

suggest the possible occurrence of cryptic sexuality at least in C. variabilis and other 49 

Trebouxiophyceae [2]. Since the first description of Chlorella vulgaris provided in 1890 [3], more 50 

than a hundred taxa of green unicellular coccoid organisms has been wrongly included under the 51 

genus [4]. The wrong identification of microalgal strains is mainly due to the diffuse lack of a 52 

multidisciplinary approach that simultaneously adopts and integrates different techniques for 53 

describing cell morphology, metabolic characteristics, and genomic features. Indeed, traditionally, 54 

microalgal classifications were performed solely according to gross morphology as often the main 55 

interest was in describing algal physiology and growth cycle (e.g., [5]). Unfortunately, the simple 56 

morphology of Chlorella (and Chlorella like-species), always led to taxonomical difficulties [6-7]. 57 

Later, data on the cell surface features and ultrastructural identity under the Scanning Electron 58 

Microscope (SEM) and Transmission Electron Microscope (TEM) respectively, were added to 59 

microalgal descriptions (e.g., [8-9]), also in combination with cell wall’s chemical composition 60 

analysis (e.g. [7]). Finally, the development of molecular techniques and the phylogenetic approach 61 

based on 18S rRNA gene sequencing appeared (e.g., [6, 10]). Several papers pointed out that the 62 

application of single approach study in microalgal investigation may result in misidentification, 63 

since species sharing a similar morphology can be found in different phylogenetic lineages, and 64 

morphologically different species can be closely related forming monophyletic lineages [11]. Thus, 65 

as well as for other protists such as ciliates (as example see [12-14]), the use of such an integrated, 66 

multimethod study approach has gained ground (e.g. [4, 15-19]).  67 

Chlorella-like microalgal strains are almost ubiquitous [20], being found not only in freshwater [21] 68 

and seawater environments [22] but also in terrestrial [23] and aerial niches [24]. Some of them are 69 

in symbiotic association (i.e., as endosymbionts) with other organisms [25, 26, 27]; sometimes they 70 

can also be found in extremophilic environments [7]. Many authors reported Chlorella sp. as the 71 

most common microalgae strains used in wastewater treatments [28]. Interestingly, Chlorella sp. is 72 

a good candidate for Integrated Multi-Trophic Aquaculture (IMTA) systems, where the fish 73 

consume algae and provide the inorganic carbon for their autotrophic growth while algae purify the 74 

water and generate the oxygen required by fishes [29, 30]. 75 
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In this work, we describe the strain SEC_LI_ChL_1, a green native microalgae isolated from a pond 76 

in which the municipal landfill leachate flowed before wastewater treatment. We used an integrated 77 

study approach, in which the phylogenetic analysis of the strain based on two different molecular 78 

markers was combined with the morphological-ultrastructural characterization by means of light 79 

microscope and TEM observation, and the analysis of the metabolic traits after exposition to 80 

different environmental conditions. Four different metabolic conditions were tested through the 81 

alteration of the fundamental growth and trophic parameters (i.e., light and nutrients availability): 82 

autotrophy, heterotrophy, mixotrophy, and reduced autotrophy. Besides some features in common 83 

with different Chlorella-like microalgae, the morphological-ultrastructural analysis revealed the 84 

presence of interesting, peculiar morphological traits of strain SEC_LI_ChL_1.  85 

 86 

2. Materials and methods 87 

 88 

2.1. Strain: isolation, growth condition, characteristics  89 

The monoclonal strain SEC_LI_ChL_1 was isolated from a water sample collected in an artificial 90 

lake within the “R.E.A. S.p.A. Company” (currently renamed “Scapigliato Energia s.r.l. Company”) 91 

in Rosignano Marittimo (LI), Italy (43° 27’ 45.34’’ N, 10° 28’ 24.42’’ E), in April 2014. Since 92 

then, the strain is part of the laboratory collection at the Department of Agriculture, Food and 93 

Environment of the University of Pisa. In the artificial like, the company collected the excess of the 94 

municipal leachate. Water sample was collected in 1-liter sterile plastic bottle at 10 cm depth, and 95 

immediately brought to the laboratory for processing. The following parameters were measured: 96 

pH: 9.5; conductivity: 8.5 dS m-1; B.O.D.: 20 mg O2 L
-1; C.O.D.: 147 mg O2 L

-1; nitrates content: 97 

10 ppm [31]; total nitrogen content: 110 ppm [30]; phosphates: 4.5 ppm [32]; total phosphorus: 3.5 98 

ppm [33]. Afterwards, an enrichment of the original sample by diluting it (1/1 v/v) with Tris-99 

Ammonium Phosphate (TAP) medium [34] was performed. The enriched sample was maintained 100 

for two weeks in the growth chamber under controlled temperature (24/22 °C), and under a 16/08 h 101 

day-night cycle with PPFD of 120 μmol photons m−1 s−1 from cool-white light lamps (Gavita Lep 102 

330 Plasma fixtures, Gavita Holland Light Emitting Plasma, Netherlands). After two weeks, some 103 

replicates (100 µl each) of the enriched water sample were streaked on a TAP agar plates, which 104 

were then kept in the growth chamber as described above. This process was further repeated until 105 

the colonies appeared well isolated and purified (i.e. until a single morphology indicating the 106 

presence of a single strain was visible). A colony was randomly chosen from one of the streaked 107 

plates and pre-inoculated in liquid TAP medium (100 ml). A massive dense pre-culture (500 ml) 108 

was obtained from the pre-inoculum by adding fresh sterile TAP medium every three days.  109 
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The culture has been maintained under laboratory conditions as described in Chiellini et al., [35]. 110 

Briefly, the strain was maintained at 1,100 ppm salinity as mono-strain culture under continuous 111 

agitation and grown in TAP medium. The exhausted medium was periodically replaced with fresh 112 

one. The microalgal culture was kept in the growth chamber under controlled temperature (23 ± 113 

1°C), and under the following light conditions: 16/08 h day-night cycle and a PPFD of 120 μmol 114 

photons m−1 s−1 from cool-white light lamps (Gavita Lep 330 Plasma fixtures, Gavita Holland Light 115 

Emitting Plasma, Netherlands). Some liquid culture aliquots (about 200 ml each) were also 116 

periodically stored at 4°C, in dark and static conditions, to be preserved overtime. Interestingly, 117 

even after three years-long storage in such conditions, the culture was able to recover and start 118 

reproducing within two days once replaced in fresh medium and put in its optimal growth 119 

conditions (A. Ciurli, pers. obs., 2019). A periodical check under the light microscope (Nikon 120 

TMS-F 301434, Japan) was also performed to monitor the general health status of the culture and to 121 

ensure the absence of any eukaryotic contamination. 122 

 123 

2.2. Molecular characterization of strain SEC_LI_ChL_1  124 

2.2.1 Total DNA extraction and sequence obtainment  125 

Total genomic DNA was extracted according to the protocol described by Saba et al., [36], starting 126 

from a frozen cellular pellet. The pellet was obtained by centrifugation (5’ at 14,000 g) of 2-ml 127 

mono-strain microalgal culture, derived from a single colony grown on solid TAP medium. We first 128 

amplified a portion of ~ 1,800 bp from the nuclear DNA region comprising the final portion of 18S, 129 

the complete ITS1-5.8S-ITS2, and the initial portion of 28S. A 25-µl PCR was performed using 130 

0.25 mM deoxynucleoside triphosphates (2.5 mM each), 0.6 pmol µl-1 of primer forward (18S 131 

F919: ATT GAC GGA AGG GCA CCA, [37]), 0.6 pmol µl-1 of primer reverse (RG D2: GGT CCG 132 

TGT TTC AAG ACG GG, [38]), 2.5 µl of template DNA, and 0.03 u µl-1 of taq polymerase (Ex 133 

Taq, TAKARA, Japan). Thermocycling was performed using a C1000™ Thermal Cycler (Bio-Rad) 134 

at 94°C for 10 min followed by 30 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 2 min with a 135 

final extension step at 72°C for 10 min [37]. The complete 18S rRNA gene was also amplified 136 

according to Chiellini et al., [39], using primers 18S F9 5’-CTG GTT GAT CCT GCC AG-3’ [40] 137 

and reverse 18S R1513 Hypo 5’-TGA TCC TTC YGC AGG TTC-3’ [41], following the same 138 

amplification protocol described above. A 25-µl PCR was performed using 0.25 mM 139 

deoxynucleoside triphosphates (2.5 mM each), 0.6 pmol µl-1 of each primer, 1 µl of the same 140 

template DNA used for the previously described amplification, and 0.03 u µl-1 of taq polymerase 141 

(Promega, U.S.A.). Thermocycling was performed using a Bio-Rad Gene Cycler Thermal Cycler. 142 

Amplicons were purified by ethanol/EDTA/Na-acetate precipitation as follows: 2.25 µl EDTA (125 143 
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mM), 2.25 µl Na-acetate (3M, pH 5.6) and 50 µl cold EtOH (95%) were added to 20 µl amplicon; 144 

after 15 min at room temperature, the mixture was centrifuged 15 min at maximum speed; the 145 

supernatant was then removed without moving the pellet; after that, the pellet was washed with 100 146 

µl cold EtOH (70%) and left at room temperature 10 min; it was subsequently centrifuged 10 min at 147 

maximum speed and the supernatant was removed; finally, the pellet was air-dried and resuspended 148 

in 20 µl sterile distilled water. 149 

The purified amplicons were sequenced using the same primers as for the amplification (i.e., 18S 150 

F919 and RGD2 in the first case, and F9 and R1513 Hypo for 18S rRNA gene) from the company 151 

Eurofins Genomics (Germany) in the first case, and BMR Genomics (Padova, Italy) in the case of 152 

18S rRNA gene. The obtained sequences were deposited in GeneBank under accession numbers 153 

MT734796 and MT734757 respectively. 154 

 155 

2.2.2 Phylogenetic analysis  156 

The obtained DNA sequences were separately submitted to NCBI Blast analysis [42] to determine 157 

their preliminary affiliation through comparison with all the sequences present in the international 158 

databases. After an accurate review of the BLAST results, a selection of 49 high quality sequences 159 

was performed for the first amplified region (i.e., final portion of 18S, complete ITS1-5.8S-ITS2, 160 

and initial portion of 28S), according to similarity criterion. Analogously, a selection of 54 high 161 

quality sequences was performed for the complete 18S rRNA gene sequence. Then, the 162 

phylogenetic analysis was conducted as described in Chiellini et al., [43]. Briefly, a total of 50 163 

sequences in the first case and 55 sequences in the second case were aligned with the BioEdit 164 

Software [44]. MEGA5 Software [45] was used for phylogenetic tree construction in both cases, by 165 

means of the maximum likelihood method; the robustness of the inferred trees was evaluated by 166 

500 bootstrap resampling and the parameters chosen for the analysis were the following: 167 

Model/Method=General Time Reversible model; Rates among sites=Gamma distributed with 168 

invariant sites (G+I); Gaps=Use all sites; ML heuristic method=Nearest neighbor Interchange 169 

(NNI); Branch swap filter=Strong.  170 

2.3 Morphological characterization of strain SEC_LI_ChL_1: light microscope and TEM 171 

observation 172 

To perform light microscope and TEM observations, a liquid culture of the strain was prepared by 173 

resuspending a single isolated colony grown in solid TAP medium in 20 ml of sterile liquid TAP 174 

medium. The liquid culture was kept in agitation in the growth chamber, in the same conditions as 175 
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for maintenance culture, for 5 days and then employed. Live cells were observed for morphological 176 

description using Differential Interference Contrast (DIC) microscope with a Leitz Orthoplan 177 

microscope (Weitzlar, Germany). TEM analysis was carried out to investigate the subcellular 178 

structure of the strain. Cells were fixed in 1.5-ml Eppendorf tubes and all the solutions (fixatives, 179 

ethanol, acetone, and Epon araldite embedding mixture-from now on referred to as “resin”; [13]) 180 

were directly added. At each step, samples were collected by centrifugation for 3 min at 2,000 × g, 181 

except for the steps in resin diluted in acetone and the first step in pure resin, when the centrifuge 182 

speed was always set at 3,000 × g; then, after discharging the supernatant, the next solution was 183 

added, and the pellet was re-suspended. Cells were prefixed for 90 min at room temperature in 2.5% 184 

glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4); then, after a wash in the same buffer, they were 185 

post-fixed for 1h at room temperature in 1% OsO4 in 0.1 M cacodylate buffer (pH 7.4). After a 186 

wash in distilled water, cells were ethanol-dehydrated (a single step in 30-50-70-90-95% ethanol, 187 

each step 15 min; two steps in 100% ethanol, 5 min each) and transferred to 100% acetone (30 188 

min). Pre-embedding was accomplished transferring the cells to a graded series of resin-acetone 189 

mixture (three steps, respectively: 1:3, 20 min; 1:1, overnight; 3:1, 20 min); then, for embedding, 190 

cells were put in pure resin (two steps: first step 20 min, second-final - step up to hardening). 191 

Samples in pure resin were left under the flow hood for 4 h at room temperature to assure complete 192 

cell penetration by the resin and then put in oven at 60°C for resin polymerization (72 h). Cell 193 

ultrathin sections obtained from TEM preparations were placed on copper grids and stained with 194 

uranyl acetate and lead citrate prior to observation with a JEOL 100S TEM. 195 

2.4. Metabolic characterization of strain SEC_LI_ChL_1 196 

2.4.1. Trophic conditions for metabolic characteristic evaluation: autotrophy, mixotrophy 197 

heterotrophy, and reduced autotrophy. 198 

The metabolic traits of the isolated strain were evaluated in different trophic growth conditions: 199 

autotrophy, heterotrophy, and mixotrophy. Under autotrophic growth two different light-levels were 200 

tested and indicated as “autotrophy” and “reduced autotrophy”. To obtain the algal solution to be 201 

used in the different treatments, purified algal colonies from Petri dishes were selected and 202 

transferred into Pyrex glass flasks containing 100 mL of sterile liquid TAP medium. Then, fresh 203 

TAP medium was added to the algal solution to reach a 6-L volume (pre-culture) to be used for the 204 

next bioassays. When the pre-culture reached an optical density at 530 nm (OD530) of 2.5, and the 205 

chlorophyll pigments were 38.7±0.1 mg L-1, the microalgae were harvested by centrifugation (1000 206 

× g, for 10 min), rinsed twice in sterile saline solution (0.9% NaCl), and re-suspended in fresh TAP 207 

medium until OD530 0.7±0.2. The obtained algal solution was distributed among the treatments by 208 
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inoculation in Pyrex flasks for a volume of 500 ml each. The flasks were capped with air-permeable 209 

stoppers and constantly shaken (agitation rate of about 120 rpm) to keep the algae in suspension and 210 

to facilitate the CO2 transfer. The cultures were continuously bubbled with an aeration rate of 0.5 L 211 

min-1 (ambient CO2 concentration). All the tests were carried out in three replicates for each 212 

treatment, for a total of 12 flasks. The flasks with growing algal solution were put in a dedicated 213 

growth-chamber at the following conditions: 24/22°C, 16/08 h day-night cycle and a PPFD of 100-214 

120 mol photons m-1 s-1 from cool-white light lamps (Gavita Lep 330 Plasma fixtures, Gavita 215 

Holland Light Emitting Plasma, Netherlands). The microalgal growth was monitored at the 216 

beginning of the experimental set up (T0), and after 3, 4, 7, 8, 9 days. All tests were performed in 217 

TAP medium and under constant and sterile growth conditions but modifying the light and the 218 

carbon sources according to the different test. The growth on autotrophy was assessed by 219 

cultivating the strain in glass flasks i) under a PPFD of 100-120 μmol photons m−1 s−1, which 220 

represented the optimal growth condition (“autotrophy” and “control test” according to [35]), and ii) 221 

under a PPFD of 50-60 μmol photons m−1 s−1 (“reduced autotrophy”, obtained by lining the flasks 222 

with non-woven fabric). The growth conditions of “mixotrophy” iii) were induced in the cultures by 223 

adding 3 g L-1 of glucose monohydrate to the growth medium, as previously described [46, 47] 224 

under a PPFD of 100-120 μmol photons m−1 s−1. Finally, iv) the “heterotrophy” condition was 225 

induced by keeping the flasks in the dark 24h/day (0 μmol photons m−1 s−1, obtained by lining the 226 

flasks with aluminum foil) and by adding 3 g L-1 of glucose monohydrate to the growth medium. 227 

The whole experiment lasted 10 days. A periodical sampling for physiological parameters 228 

measurements was performed at day 0, 3, 6, and 10. 229 

2.4.2. Physiological parameters measured for metabolic characterization 230 

The evaluation of the microalgal response in the tested metabolic conditions has been assessed 231 

through: i) the measurement of the variation of OD530 during the experiment and in presence of the 232 

different treatments; ii) the measurement of biomass variation; iii) the quantification of 233 

photosynthetic pigments; iv) the growth rate and v) the cell count in all the tests. Glucose 234 

quantification in the culture medium was performed in “mixotrophy” and “heterotrophy” tests. The 235 

biomass production was determined by measuring the dry weight (DW) of the culture during the 236 

whole experiment. For each sampling point, three 3-ml replicate aliquots of each culture-test were 237 

collected under sterile conditions and centrifuged at 1,500 × g for 10 min. The pellet was dried in 238 

oven at 60°C until the complete evaporation of the liquid phase. The dried biomass was then 239 

weighted in an analytical balance (Ohaus® Pioneer™ Plus Model PA114C). Total chlorophyll and 240 

carotenoids were extracted with methanol (Sigma Aldrich, Michigan, U.S.A.) and quantified [48], 241 
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as described in Chiellini et al., [35]. Briefly, 1-ml samples were centrifuged at 1500 × g for 5 min at 242 

4 °C (Speedmaster 14R, Euro Clone, Milano, Italy). The pellet was resuspended in 1-ml methanol, 243 

sonicated for 10 min (Branson 1210, Bransonic Ultrasonic Cleaner, U.S.A.), and kept in the dark at 244 

4 °C. After an overnight time period, they were centrifuged at 10,000 × g for 5 min (Speedmaster 245 

14R, Euro Clone, Milano, Italy) and the absorbance of the supernatant was spectrophotometrically 246 

analyzed (UV-1800 Spectrophotometer, Shimadzu, Japan) with respect to blank at 665.2, 652.4, and 247 

470.0 nm. Cell count was performed for all tests at each sampling point through optical microscope 248 

observation (Nikon TMS-F 301434, Japan), using a Burker counting chamber. Finally, glucose 249 

quantification was carried out in “mixotrophy” and “heterotrophy” treatments, according to the 250 

colorimetric method described in Miller [49], followed by a spectrophotometric measurement with 251 

respect to the blank. Briefly, a 5-ml aliquot for each sample was collected and centrifuged (1,500 × 252 

g, 5 min); 3 ml of the supernatant were collected and added to 3 ml of 1% 3,5-dinitrosalicylic acid 253 

solution. Samples were left in a warm bath (about 40°C) for 15 min, and then 1 ml of 40% 254 

potassium sodium tartrate solution (Rochelle salt) was added. Samples were rapidly cooled and the 255 

spectrophotometric measurement at OD 575 nm was performed and compared to the previously 256 

obtained calibration curve (i.e., constructed with known glucose concentrations).  257 

The collected data were subject to two-way Anova analysis of variance, with the time and the 258 

treatments (trophic growth conditions) as the sources of variation. Statistical analysis was 259 

performed using Prism version 6.05 (GraphPad Software, Inc). Data are shown as mean values ± 260 

SD of three replicates. 261 

3. Results and discussion 262 

3.1 Molecular characterization and phylogenetic analysis 263 

The molecular characterization of strain SEC_LI_ChL_1 was performed in parallel on two different 264 

markers: the concatenated SSU and ITS rRNA gene sequences and the complete 18S rRNA gene 265 

sequence. The use of multiple gene sequencing for phylogenetic reconstruction has been 266 

demonstrated to be more resolutive for microalgal taxonomic identification [50]. This is especially 267 

true for Chlorella like-strains, whose taxonomy has been widely revised during the past decades 268 

[51, 52]. A 1,860 bp long sequence including the final portion of 18Sr RNA gene, the complete 269 

ITS1-5.8S-ITS2, and the initial portion of 28S rRNA gene were obtained and submitted to NCBI 270 

Blast analysis. According to NCBI, our strain is phylogenetically related to the species 271 

Micractinium inermum, Pseudochlorella pringsheimii, Chlorella vulgaris, and Micractinium 272 

reisseri (Supplementary Table S1). After the analysis of Blast results, a total of 50 sequences 273 

(including the sequence obtained in this work) were used for ML phylogenetic reconstruction To 274 
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better visualize the position of our strain in the phylogenetic tree, a “subtree” was extrapolated with 275 

the specific tool in MEGA 5 software (Fig. 1). The phylogenetic tree revealed a 100% similarity of 276 

strain SEC_LI_ChL_1 with Chlorella vulgaris strain CCAP 211/79 (Acc. FR865683.1). The latter 277 

is the only C. vulgaris included in a clade of Micractinium (Supplementary Fig. S1 and Fig. 1); 278 

moreover, it is phylogenetically not related with other C. vulgaris strains that are included in the 279 

analysis (i.e., AB699112.1, FR865682.1, MH703753.1, FR865681.1 and AY948419.1). Thus, in 280 

our opinion, it cannot be excluded that strain CCAP 211/79 (FR865683.1) deposited in GenBank as 281 

“Chlorella vulgaris” was incorrectly assigned. However, Germond and colleagues [53] somehow 282 

previously made the same observation because they considered CCAP 211/79 a Micractinium strain 283 

without bristles, instead of a Chlorella strain. Unfortunately, the lack of morphological and 284 

ultrastructural data about CCAP 211/79 precludes any comparison of this strain with our isolate. 285 

Based on the phylogenetic analysis of the concatenated SSU and ITS rRNA gene sequences, the 286 

Chlorella clade can be divided into six distinct lineages representing six genera: Chlorella, 287 

Micractinium, Didymogenes, Actinastrum, Meyerella, and Hegewaldia [54]. According to available 288 

literature and both to phylogenetic and morphological data on these six lineages, and the whole 289 

investigation herein presented (as for morphological data see below), our strain SEC_LI_ChL_1 290 

should not be included in any of them. The second phylogenetic analysis based on the complete 18S 291 

rRNA gene sequence allowed us to obtain a 1,702 bp long sequence. According to NCBI Blast 292 

analysis, the first 10 queries to which the obtained 18S rRNA gene sequence is similar to, are 293 

phylogenetically related to Chlorella sorokiniana, Micractinium sp. and Chlorella sp. 294 

(Supplementary Table S2). A total of 55 sequences (including the 18S rRNA gene sequence 295 

obtained from our strain) were accurately selected on the base of their length and quality and used 296 

for ML phylogenetic reconstruction (Fig. 2). Analogously to the previous reconstruction (Fig.1), 297 

based on 18S rRNA gene our strain clusters with both Micractinium spp. and Chlorella spp. (Fig. 298 

2). Interestingly, the 18S rRNA gene sequence of C. vulgaris strain CCAP 211/79 (FR865683.1) 299 

does not show a 100% similarity with the one of our strain, in disagreement with results obtained 300 

with concatenated SSU and ITS rRNA gene sequences (Fig. 1). Accordingly, strain 301 

SEC_LI_ChL_1 is phylogenetically more closely related with strains Chlorella sp. MDL4-1 302 

(AY197624.1), Chlorella sp. NMX37N (JF767012.1), Micractinium sp. KNUA034 (KM243325.1), 303 

C. sorokiniana NKH6 (LC505542.1) and Micractinium sp. KSF0094 (MN414469.1). As shown in 304 

Fig. 2, our hypothesis that strain CCAP 211/79 (FR865683.1) might have been wrongly attributed 305 

to C. vulgaris is supported by 18S rRNA gene analysis as well, as it is the only C. vulgaris strain 306 

clustering with Micractinium sp., Chlorella sp., and C. sorokiniana. Interestingly, C. sorokiniana 307 

strain LC505542.1, which is the most similar to our strain, is the only representative of the species 308 
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within the whole clade. Indeed, C. sorokiniana strains are mainly grouped in the upper side of the 309 

tree (although with weak support) (Fig.2). Therefore, the sequence LC505542.1 might represent 310 

another wrongly attributed species. The molecular phylogenetic investigation carried out on two 311 

different gene markers disclosed two different placements of our strain SEC_LI_ChL_1. Although 312 

its phylogenetic placement was not univocally determined, the strain was always included in the 313 

Chlorella-Micractinium clade (Fig. 1, 2; Supplementary Tables S1 and S2). According to the 314 

available literature, some authors preferentially selected one molecular marker respect to another 315 

for phylogenetic analysis. For this reason, not all the genes of a single strain are sequenced and 316 

deposited in public database. This brings to a possible lack of information since for all the described 317 

strains there are not all the genetic data available. This might be an explanation to the fact that the 318 

use of two different molecular markers in phylogenetic reconstruction brings to different taxonomic 319 

attributions. Moreover, when the amplified regions are merged in a single 3,006 bp-long sequence 320 

comprising the complete 18S gene, ITS1, 5.8S, ITS2 and the first portion of 28S, Blast analysis 321 

provides a third different result (i.e. the first most similar sequence is Micractinium inermum 322 

KF597304.1, with 98.42% similarity on 99% query coverage, followed by Chlorella-like strain 323 

KU641127.1 with 98.26% similarity on 99% query coverage). Unfortunately, just three out of the 324 

100 best hits are of the same length as this merged sequence (C. Chiellini, pers. obs., 2020), 325 

preventing any kind of possible sequence comparison. Thus, in this context, we preferred to provide 326 

two separated phylogenetic reconstructions instead of a single one. However, in this work, we 327 

would like to stress that each single study approach (i.e. molecular vs morphological vs 328 

physiological) is not resolutive for the description of a microalgal strain, and multiprospectivity is 329 

far more appropriate. 330 

3.2 Light microscope and TEM observation 331 

Under the light microscope, cells of strain SEC_LI_ChL_1 usually show a solitary life form; 332 

vegetative cells are spherical in shape, and ~ 3-7 µm in diameter (Fig. 3A-C). Cell diameter varies 333 

based on cell age: younger cells appear smaller than older ones. All these characteristics agree with 334 

previous descriptions of C. vulgaris [7, 55]. In Fig. 3 most of the cells appear in division and 335 

contain different autospores, each apparently surrounded by its membrane. The diameter of 336 

autospore-forming cells ranges between 7 and 9 µm. Inside the mother cells, the number of 337 

autospores observed under the light microscope ranges from 2 to 7, which, according to binary 338 

fission, indicates that the “lacking” 8th autospore was out of visible plane (respectively indicated 339 

with “ii” and “vii” in Fig. 3A). This feature disagrees with previous descriptions of C. vulgaris, that 340 

produces a maximum of 4 autospores (mainly 2) before their release through mother cell breakage 341 
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[7, 55]. However, our findings are in agreement with previous findings ([56]. In fact, Yamamoto 342 

and colleagues [56] reported that, during autospore-forming, the protoplast of C. vulgaris Beijerinck 343 

divides into two, four, eight and so on within the mother cell wall. In our strain, several newly 344 

divided daughter cells can be observed (Fig. 3B, D). In some cases, just after the rupture of the 345 

mother cell wall and autospore release in the environment, some transparent, filamentous structures 346 

are present and seem to keep somehow together the daughter cells (Fig. 3B, D, black arrow). These 347 

are likely the residuals of the mother cell-wall remaining stuck with daughter cells as also observed 348 

in TEM processed cells (see below). The putative cell-wall residuals were no more visible once the 349 

cells undergo the next phase of their life cycle (Fig. 3). This observation suggests that neither true 350 

connecting strands nor bristle-like structures are present among the cells as typical of Chlorella at 351 

difference from Chlorella-like genera (such as Micractinium; [16]),Observation with TEM revealed 352 

cells in different vegetative/reproductive stages. Diameter of vegetative cells is about 3.5-6 µm 353 

(Supplementary Fig. S2 A). Some cell measurement reduction with respect to in vivo data was 354 

expected since TEM procedure generally brings to cell shrinkage (as example in protists see [11, 355 

13]). In our case, cell shrinkage was about 1.5% with respect to the maximum diameter measured in 356 

vivo. Nuclear size is variable; in cells soon before the first division nuclear size is ~ 1.5-2.5 µm in 357 

diameter, while in triangular autospores soon after their release from mother cell the diameter is ~ 358 

1.3-1.8 µm. Cells do not show mucilaginous envelopes or other cell wall ornamentation which are 359 

distinctive characters for other taxa according to [54] (Supplementary Fig. S2, S7, Fig. 4, 5A-C). 360 

Cell wall is well visible and monolayered, while in the description of C. vulgaris Beijerinck 1890 361 

strain R-06/2 it has a multilayered structure [7]. We did not investigated the possible presence of 362 

layered microfibrils in cross-sections of adult cell walls, which was reported by Němcová and 363 

Kalina [9] in C. vulgaris and other Chlorella spp. (i.e., C. sorokiniana and C. luteoviridis). As for 364 

the cytoplasm, starch granules of variable shape (mainly oval), sizes and abundance are present 365 

inside the unique chloroplast which shows a double membrane, in agreement with previous 366 

description of C. vulgaris [7, 55]. Lipid globules, ~ 0.2 µm in diameter, can often be visible in cell 367 

cytoplasm, while they were never observed inside the chloroplasts (Supplementary Fig. S2 A) as 368 

previously described in C. vulgaris [55], although Moriyama and colleagues [57] demonstrated that 369 

lipid droplets only exist in close association with the chloroplast (or are largely engulfed by the 370 

chloroplasts), not inside the chloroplast. A single chloroplast with a pyrenoid (~1.5-2 µm in length) 371 

is observed. Several elongated mitochondria are located close to the chloroplast. The latter is 372 

usually parietally positioned and spindle shaped; only seldom, in cells at early stage of development 373 

it appears cup-shaped (Supplementary Fig. S2A, 5B) as previously reported in C. vulgaris [7]. The 374 

chloroplast divides with the typical binary fission pattern, in which a central constriction ring is 375 
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formed. The single pyrenoid is covered by a starch envelope, usually consisting in 2/3 large, 376 

distinct, irregular pieces. It is traversed by 1-3 similarly oriented double-layered thylakoid 377 

membranes. The latter features are in disagreement with the study by Gӓrtner and colleagues [7], 378 

who reported that in typical C. vulgaris two large concave convex cup-shaped starch plates cover 379 

the pyrenoid which is divided into two almost similar halve by only a single thylakoid. As for other 380 

Chlorella and Chlorella-like spp., in C. luteoviridis the pyrenoid is bisected by four or two 381 

thylakoids, and in Parachlorella keissleri (previously known as C. keissleri), it is bisected by only 382 

two thylakoids [9]. TEM observations confirmed light microscope findings concerning the presence 383 

of a variable number of autospores derived from a single cell (i.e., 2-8 autospores at maximum, 384 

included autospores out of visible plan) (Fig. 4). In sporangia with a higher number of autospores, 385 

these are usually packed in a triangular shape (Fig.4 C-E), which is unknown in Chlorella, but 386 

described in Heveochlorella hainangensis [58]. Less frequently autospores appear spherical; 387 

smaller autospores are often observed (i.e., unequal division of the parent cell often occurred, Fig 4 388 

F). The latter feature, observed in H. hainangensis as well, has been attributed to an unequal 389 

division of the chloroplast [58]. Although we did not perform any analysis of the cell’s wall 390 

chemical composition, along with the study of cell wall’s ultrastructure, we roughly investigated its 391 

development (Fig. 4). According to several studies [7, 9, 56, 59], in C. vulgaris, when the mother 392 

cell wall breaks, each daughter cell continues the synthesis of its own cell wall started within 393 

mother cell, finalizing it shortly after the release from the autosporangium. The observation that 394 

young autospores within the sporangium are covered by an electron dense layer of the developing 395 

cell wall, clearly visible around the young daughter protoplasts, is a feature shared by C. vulgaris 396 

with other Chlorella spp. such as C. sorokiniana and C. luteoviridis P. kessleri [9], independently 397 

from the chemical composition of cell wall. According to our TEM images, this should not be the 398 

case of our strain SEC_LI_ChL_1. Indeed, often no electron-dense layer is visible on the young 399 

daughter protoplasts inside the mother cell (Fig. 4 D, F). Although it might be possible that they 400 

start synthetizing their own cell wall before being released in the environment, inside the mother 401 

cell, autospores with uncomplete cell walls are usually visible. According to Němcová and Kalina 402 

[9], at difference with Chlorella spp., P. keissleri shows the lack of this electron-dense layer as 403 

well; however, the latter species differs from our strain in several other ultrastructural traits, such as 404 

the visibility of the adult cell wall (hardly visible vs well visible respectively) (Fig. 4 A-B; 5A-B; 405 

S2; S7). After hatching and before autospore release, mother cells show a thicker wall with respect 406 

to previous stages (~ 0.10-0.13 µm vs ~ 0.02-0.03 µm) (Supplementary Fig. S3), as previously 407 

reported [59]. Interestingly, after their development, autospores seem to be released in the 408 

environment by cell wall rupture not due to apical rupturing of sporangia, as previously described in 409 
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C. vulgaris and other Chlorophyta (i.e., [59-61]). However, according to Bock and colleagues [51], 410 

mother cell rupture might occur in different ways in different Chlorella spp.. In C. pituita and C. 411 

pulchelloides autospores are horizontally or obliquely released; in C. singularis the release of 412 

autospores occurs after ruptures of mother cell wall into four flaps; in C. chlorelloides the rupture of 413 

mother cell wall occurs by 180° slanting. As for strain SEC_LI_ChL_1 the pathway seems to be 414 

somehow different from the above-mentioned ones: indeed, the process presumably start 415 

simultaneously in different sites of the cell wall, next to the border areas between daughter cells 416 

(Fig. 4 B, C, F). However, as a result, residual limbs of mother cell wall still remain stuck with 417 

daughter cell wall as remnants (Fig. 4 E), likely until daughter cells undergo the next phase of their 418 

life cycle (see also Fig. 3 B, C). The presence of remnants of the broken maternal cell walls 419 

persisting in culture medium has apparently been reported only in species of Chlorella (i.e., C. 420 

viridis, C. sorokiniana, and C. luteoviridis) [9]. In Fig. 6, a graphical artwork representation of the 421 

strain SEC_LI_ChL_1 is provided; the image is based on the observation of cells from liquid 422 

culture. Different stages during the lifetime of a typical representative are shown according to both 423 

in vivo and TEM observation. 424 

3.3 Physiological characterization 425 

Microalgae are eukaryotic autotrophic unicellular organisms able to convert sunlight energy and 426 

inorganic compounds into organic matter (energy supply) by means of the photosynthetic process, 427 

analogously to plant species [62]. Some microalgal strains are also able to perform heterotrophy in 428 

the dark and to obtain energy from organic compounds produced by other organisms or supplied 429 

artificially. Among them, C. vulgaris [63, 64], C. pyrenoidosa [65], Scenedesmus acutus [66], and 430 

Haematococcus pluvialis [63] were observed to grow on glucose and/or acetate, although their 431 

specific growth rate was lower than under autotrophic or mixotrophic conditions [67]. Our strain 432 

SEC_LI_ChL_1 showed the ability to grow under autotrophic, mixotrophic, and heterotrophic 433 

conditions (Fig. 7), and to consume almost completely the exogenous glucose in “mixotrophy” and 434 

“heterotrophy” tests after 10 days of experimentation (Fig. 7f). Accordingly, our native 435 

SEC_LI_Chl_1 strain demonstrated a high adaptation tendence; this was also demonstrate by its 436 

ability to grow under excess of trace elements in the growth medium [68]. All our data 437 

demonstrated that both the time and the treatments (i.e. trophic conditions) influence the growth of 438 

the microalgal strain (Two way-Anova, p<0.05 in all the tests, Supplementary Table S3). On the 439 

other side, in the glucose consumption, the interaction between treatment and time is not 440 

statistically significant (p=0.9117, Supplementary Table S3). The OD values of “autotrophy” and 441 

“reduced autotrophy” treatments shared similar trends while the lowest OD values were measured 442 
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in the “heterotrophy” test (Fig. 7a). It has been reported that the maximum specific growth rate of 443 

algae heterotrophically cultured on simple sugars and organic acids is lower than in autotrophic 444 

cultures [62]. C. vulgaris is one of the exceptions as autotrophic and heterotrophic maximum 445 

specific growth rates are comparable [63, 64, 67]. Our strain deviates from what expected for a C. 446 

vulgaris strain, suggesting that it might be a different Chlorella-like strain not yet described. On the 447 

other side, the highest OD530 values of our experiment have been registered in “mixotrophy” test 448 

(Fig. 7a). Mixotrophy in microalgae is a growth strategy in which CO2 and organic carbon are 449 

simultaneously assimilated and both respiration and photosynthesis operate at the same time [67]. 450 

The cell count monitored over the 10-days experiment (Fig. 7b) reflects the same trend as the total 451 

chlorophyll content quantification (Fig. 7c): the highest number of cells was counted in 452 

“mixotrophy” test while the lowest in “heterotrophy” test. Similarly to that observed in our 453 

experiment, in C. sorokiniana mixotrophy led to a rapid increase in the cell number compared with 454 

photoautotrophy [69]. The same observation can be formulated for the biomass quantification (Fig. 455 

7d). These results are in agreement with the observation that the growth rate of a mixotrophic 456 

microalgal culture is about the sum of the specific growth rates of the culture grown under 457 

photoautotrophic and heterotrophic conditions, suggesting that under mixotrophic metabolism the 458 

microalgal population grows more than in autotrophy and/or heterotrophy [67]. One of the most 459 

distinctive characteristics of Chlorella sp. is its color due to the chlorophyll pigments, which can 460 

reach 1-2% of the dry weight [55]. Chlorella contains chlorophyll a and b, along with a range of 461 

carotenoids such as -carotene, lutein, zeaxanthin, violaxanthin, neoxanthin and antheraxanthin 462 

[70]. Analogously to the OD and biomass quantification results, the highest chlorophyll content was 463 

measured in “mixotrophy” test during almost the whole experimental period, while the lowest one 464 

was measured in “heterotrophy” test (Fig 7c). As expected, since lowest light values bring to a 465 

decrease in photosynthesis, the “autotrophy” treatment showed higher total chlorophyll content 466 

values with respect to “reduced autotrophy” (Fig. 7c). In parallel, the total content of carotenoids 467 

(Fig. 7e) reached its highest values in “autotrophy” and “mixotrophy” treatments. Interestingly, the 468 

latter two tests were performed at PPDF level of 100-120 μmol m-2 s-1: this suggests that an 469 

enhanced synthesis of photosynthetic pigments by microalgae may improve the light use efficiency 470 

with simultaneous protection against the negative effects of excessive excitation energy in 471 

chloroplasts and the over-production of radicals [71].  472 

Our research disclosed that strain SEC_LI_ChL_1 has better growth performances under a 473 

mixotrophic metabolism than under heterotrophy or autotrophy. Mixotrophy is a nutritional strategy 474 

widely adopted by microorganisms (both eukaryotes and prokaryotes). It represents an evolutionary 475 

successful modality to overcome stress conditions associated with the shortage of light and nutrients 476 
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[72, 73] and represents a competitive advantage in terrestrial habitats [74]. Some examples of 477 

freshwater microalgae that could be cultured mixotrophically are Chlorella spp. (i.e., C. vulgaris, C. 478 

sorokiniana, C. minutissima, C. regularis), Euglena gracilis, Chlorococcum sp. [67]. The green 479 

alga Apatococcus lobatus, typically inhabiting terrestrial environments such as concrete walls, 480 

showed the ability to grow mixotrophically [74].  481 

3.4 Peculiar features of strain SEC_LI_ChL_1 482 

3.4.1 Association with putative endosymbiotic bacteria  483 

In the majority of in vivo (Supplementary Fig. S4) and TEM observed (Supplementary Fig. S2 C, 484 

D; Fig.4B; 5A) mother cells with still intact wall (i.e., before autospore release), rod shaped 485 

structures were observed in the inner portion. These structures were considered putative bacterial 486 

endosymbionts (with symbiosis simply meaning an even-temporary association of organisms from 487 

different species) according to their general appearance and morphology. In TEM processed 488 

SEC_LI_ChL_1 cells, endobacteria were ~ 1.0-1.5 µm x ~ 0.25-0.4 µm in size and showed an inner 489 

electron dense network-like structure, delimited by a surrounding clearer layer covered by a wavy, 490 

double membrane (Fig. 5 B-E). Inside microalgae, endobacteria were localized in the space among 491 

forming autospores without any association to any cellular structure except for some mucous 492 

(Supplementary Fig. S2 C, D; Fig. 4F; 5A). Several bacterial cells with the same morphology and 493 

size of endosymbionts were also observed outside the cells, among the microalgae (Supplementary 494 

Fig. S4 and Fig. 5 B-E), and sometimes, almost in direct contact with microalgal wall with their 495 

membrane (Fig. 5C). Endobacterial release outside of the mother cell into the medium was also 496 

observed; in this case, the mother cell wall appeared broken and some mucous was concurrently 497 

produced (Fig. 5B). The observation of endobacteria in both light microscope and TEM 498 

investigated cells is in line with laboratory tests. Indeed, experiments demonstrated that even when 499 

microalgae were cultivated for one week in agar plates in presence of antibiotics (ciprofloxacin and 500 

penicillin, up to 10 µg/ml, Supplementary Fig. S5) and re-inoculated in liquid medium, the presence 501 

of these bacteria persisted both in liquid culture and in agar plates. Interestingly, when we 502 

inoculated in fresh TAP liquid medium a single algal colony picked up from a TAP medium agar 503 

plate, the algal culture started to grow very soon. Initially the inoculum was clear, and the algal cells 504 

appeared green, but as soon as the algal cells grew, the medium became turbid and the algal strain 505 

concentrated on the bottom of the flask. The culture turbidity during algal growth was presumably 506 

due to the release of endobacterial cells into the medium. Once free in the medium, the bacterial 507 

cells were still alive and duplicating, thus they were able to grow when re-streaked in bacterial agar 508 
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medium as shown in schematic representation in Supplementary Fig. S6 (C. Chiellini, pers. obs., 509 

2020).  510 

Although we cannot a priori exclude a transmission of bacteria from a mother cell to daughter cells, 511 

it could be hypothesized that the endobacterial release in the environment might possibly due not 512 

only to mother cell division but also due to cell death, and the re-entering the eukaryotic host might 513 

possibly occur in a specific phase of the algal life cycle. In 2005 Watanabe and colleagues [75] 514 

observed with SEM the presence of bacteria on the surface of C. sorokiniana (i.e. ectobacteria) 515 

representing an associated natural microbial consortium. More recently, Haberkorn and colleagues 516 

[76] observed cells of Tistrella sp., a polyhydroxyalkanoate-producing alphaproteobacterium on the 517 

surface of SEM processed C. vulgaris cells. The bacterial cells were observed i) within aggregates 518 

of extracellular structures, ii) in proximity of some portion of the microalgal external layer 519 

exhibiting rough surfaces, and iii) closely attached to C. vulgaris cells losing outer membranous 520 

structures. No descriptions of endobacteria associated to Chlorella-Micractinium clade members, 521 

and particularly to C. vulgaris, are available in literature, while associations with ecto/endobacterial 522 

symbionts are very frequent in other protists such as ciliates (e.g. [26, 77-80]). Other microalgae 523 

known for the presence of bacterial endosymbionts are: i) the euglenophycean Euglena spirogyra, 524 

Lepocinclis ovum, Strombomonas conspersa, and Trachelomonas oblonga var. punctate [81] 525 

hosting rod-shaped inclusions in the nuclei and/or cytoplasm identified as living populations of 526 

bacteria by reference to size, shape and ultrastructure; ii) the freshwater diatom Rhopalodia gibba, 527 

hosting cyanobacteria [82]; iii) Carteria cerasiformis and colonial Pleodorina japonica [83], the 528 

Euglenophycean Eutreptiella sp. [84], Volvox carteri [85] and Mesostigma viridae [86], all hosting 529 

Rickettsiales endosymbionts. 530 

At present we could only putatively consider the relationship between the endocellular bacteria and 531 

the microalgae as a kind of “mutualistic non-obligate” symbiosis. Indeed, this interesting aspect, 532 

especially the physiological aspects of bacteria-algae interaction, will be a matter of investigation of 533 

future research, along with the investigation aimed at characterizing the bacterial endosymbionts 534 

from a multidisciplinary viewpoint (i.e., covering endobacterial molecular, morphological-535 

ultrastructural, physiological, and metabolic features). 536 

 537 

3.4.2 Doublets  538 

Under the light microscope we could occasionally observe doublets, i.e. aggregates formed by two 539 

cells; these somehow contacted each other along a small portion of their walls but maintaining their 540 

spherical shape (Fig. 3C red arrow). TEM analysis confirmed this observation, which might indicate 541 
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a higher degree of phenotypic plasticity then previously supposed, although this feature was 542 

highlighted since the first produced monograph [1] (Supplementary Fig. S7). Only a few cells of the 543 

strain were observed in such a connection, which was not the result of mother cell division as 544 

neither cells were enveloped in any mother cell wall, nor any residual limb of mother cell wall was 545 

visible (Supplementary Fig. S7). To the best of our knowledge, only two works have been 546 

published with evidences of the occurrence of dobluetes in C. pyrenoidosa [87, 88]. The first article 547 

includes a picture ([87], Fig. 3, p. 542) of a doublet during a study on the influence of 548 

environmental conditions of algal ultrastructure. The second research [88] reports that doublets are 549 

visible in culture among other algal aggregates formed in response to nutrient stress (glyoxylate), 550 

but unfortunately no pictures are available for a morphological comparison. According to the 551 

picture provided by Budd et al. [87], the doublet cells possess their own wall and it is not fully clear 552 

whether some thin space is still present between the facing walls, while in our work cells were 553 

observed before the first division, coupled by their adhering walls. In the doublets the upper cell’s 554 

lateral side contacts the apical portion of the lower cell (Supplementary Fig. S7). In this work, we 555 

could not focus on the analysis of these aggregates. Without any specific analysis, we cannot 556 

exclude that these doublets represent stages of algal cells development/life cycle, perhaps less 557 

common, or play a role in the cell-to-cell communication by means of or in response to, for 558 

instance, specific molecule (e.g. secondary metabolites) like in coenobial microalgae [89]. 559 

Moreover, we cannot a priori exclude the possible capability of SEC_LI_ChL_1 strain to 560 

occasionally perform oogamy (i.e., sexual reproduction) as well. Indeed, it has been previously 561 

documented that Micractinium can facultatively reproduce by oogamy [90, 91]. On the other side, 562 

within the Chlorella subclade, H. parvula is the only species that can reproduce sexually by 563 

oogamy [54, 92]. However, according to morphological data, such as the presence of bristles, the 564 

colonial life style, and to the molecular phylogenetic investigation, our strain is not related to the 565 

genus Hegewaldia. 566 

 567 

Conclusions  568 

The native Chlorella-like strain SEC_LI_ChL_1 has been characterized through a multidisciplinary 569 

integrated approach including phylogenetic, morphological-ultrastructural, and metabolic analyses. 570 

The phylogenetic reconstructions performed on two marker genes (i.e., the concatenated SSU and 571 

ITS rRNA and the complete 18S rRNA genes) agree with each other including our strain in the 572 

Chlorella-Micractinium clade. Although this evidence, the molecular analysis based on the first 573 

marker gene indicated as closest relative a Chlorella vulgaris strain, while the second pointed out a 574 

similarity with Chlorella sp., Micractinium sp. and Chlorella sorokiniana. The complete 3006 bp 575 
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long sequence comprising both the over mentioned molecular markers gave a third result providing 576 

as closest relative Micractinium inermum. Morphological-ultrastructural investigation showed that 577 

strain SEC_LI_ChL_1 shares some characteristics not only with C. vulgaris but also with other 578 

Chlorella and Micractinium microalgae. Moreover, we identified two peculiar traits that were never 579 

or rarely previously described in Chlorella-like microalgal strains: i) the presence of associated 580 

bacteria (i.e, putative endosymbionts) that might be transmitted along the different generations; ii) 581 

the presence of doublets (i.e., two-celled aggregates), which might suggest a kind of cell-to-cell 582 

communication system or some kind of sexual reproduction (e.g. oogamy) Up to now, no described 583 

species belonging to the Chorella-like clade share all the described characteristics with our strain. 584 

These findings suggest that the strain SEC_LI_ChL_1 might possibly be assigned to a novel species 585 

within the clade. Work is in progress for the species assignment of the strain by means of the 586 

genome sequencing, and for the deep characterization of the bacteria-microalgae interaction.  587 
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Figure Captions 853 

Figure 1: Subtree extrapolated from the phylogenetic tree reconstruction (fully shown in 854 

Supplementary Fig. S1) based on the concatenated SSU and ITS rRNA gene obtained with 855 

maximum likelihood method (see Materials and methods for details) on a total of 50 high quality 856 

sequences selected among those most similar to strain SEC_LI_ChL_1 sequence (Acc. N° 857 

MT734757). 858 

Figure 2: Phylogenetic tree reconstruction based on complete 18S rRNA gene, obtained with 859 

maximum likelihood method (See Materials and Methods for details) on a total of 55 high quality 860 

sequences selected among those most similar to strain SEC_LI_ChL_1 sequence (Acc. N° 861 

MT734796). 862 

Figure 3: In vivo observation under DIC microscope of strain SEC_LI_ChL_1 cells from liquid 863 

culture. A. Several cells with different age and size: younger cells are smaller than older; ii: a 864 

mother cell containing two autospores; vii: a mother cell containing 7 visible autospores (the 8th 865 

autospore is out of the focal plane). B. Daughter cells after sporulation; some cells appear somehow 866 

kept together by filamentous structures (black arrow), likely remnants of mother cell wall. C. Red 867 

arrow: a doublet (two-celled aggregate) with cells adhering by their walls. D. Black arrow: 868 

filaments (shorter with respect to those in picture b) apparently derive from a single cell. Scale bars 869 

represent 10 µm. 870 

Figure 4: TEM observation of strain SEC_LI_ChL_1 cells from liquid culture: mother cells and 871 

autospores. A. Mother cell with three visible autospores (the 4th autospore is not visible in the 872 

section); in two of them the chloroplast is in division. B-D. Mother cell with respectively 7, 5, and 6 873 

autospores; B. Mother cell is still intact with autospores without any clear electrodense layer (i.e., 874 

developing wall) covering their protoplast. (the 8th autospore is not visible in the section). C. Fresh 875 

released autospores are still in contact to each other with their own wall now visible; the 6th 876 

autospore is not visible in the section. D. The triangular autospores have been already separated 877 

from each other. E. Several mother cell wall remnants (electron-dense covering pieces) are visible 878 

on the released autospores. F. The autospore is larger than the other two daughter cells due to 879 

unequal division of the mother cell. Scale bars represent 1 µm. 880 

Figure 5: TEM observation of strain SEC_LI_ChL_1 cells from liquid culture: the bacterial 881 

endosymbionts. A. Mother cell with autospores: in the space among the forming daughter cells 882 

several putative endosymbiotic bacteria (arrow) are visible. Note that autospores do not show any 883 

clear electrodense layer (i.e., developing wall) covering their protoplast. B. Bacteria in the medium 884 
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apparently released from the cell in the middle, whose wall appears somehow broken (arrowhead). 885 

Arrow indicates a remnant of the broken maternal cell walls. C-E. Putative endosymbiotic bacteria 886 

released in the medium. C. Several bacteria in longitudinal section; a bacterium is in proximity, 887 

almost in contact, with the microalgal wall. D, E. Bacteria in longitudinal (D) and cross (E) sections 888 

respectively; they show an inner electron dense network-like structure, delimited by a surrounding 889 

clearer layer covered by a wavy, double membrane. Scale bars represent 500 nm. 890 

Figure 6: Artwork representing strain SEC_LI_ChL_1 cells from liquid culture. Different stages 891 

during the lifetime of a typical representative are shown according to both in vivo and TEM 892 

observation. 893 

Figure 7: Physiological growth parameters of strain SEC_LI_ChL_1 measured during the 10-days 894 

experiment under different trophic conditions:. OD530 of the growing culture cell number count, dry 895 

biomass and  the concentration of total chorophills, carotenoids and glucose in the TAP medium. 896 

 897 

Supporting Material 898 

Supplementary Figure Captions 899 

Supplementary Figure S1: Phylogenetic tree reconstruction obtained with maximum likelihood 900 

method (see Materials and Methods for details) on a total of 50 high quality sequences selected 901 

among those most similar to strain SEC_LI_ChL_1 sequence (Acc. N° MT734757). 902 

Supplementary Figure S2: TEM observation of strain SEC_LI_ChL_1 cells from liquid culture. A. 903 

Cells in early stage of development, with a cup-shaped chloroplast (Ch); Lg, lipid globules; Sg, 904 

starch granules; star indicates starch envelope around pyrenoid (Py). B. A cell after chloroplast 905 

division; N, nucleus. C. cell after its first division leading to two autospores; these do not show any 906 

clear electrodense layer covering their protoplast; note the apical presence of putative 907 

endosymbiotic bacteria (arrow) and mucous material in the clear space between the autospores; 908 

arrowheads indicate thylakoid membranes traversing pyrenoid. D. enlargement of the apical part of 909 

mother cell in C; arrow indicates putative bacteria. Scale bars represent 1 μm. 910 

Supplementary Fig. S3: TEM observation of strain SEC_LI_ChL_1 cells from liquid culture. Two 911 

mother cells during autospore development showing different wall thickness depending on their 912 

different growth phases: the cell on the right side (older according to its morphology) show a 913 

thicker cell wall with respect to the cell on the left side (younger). Note that autospores do not show 914 

any clear electrodense layer (wall) covering their protoplast. Scale barsrepresent 1 μm. 915 
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Supplementary Figure S4: In vivo observation under the DIC microscope of strain SEC_LI_ChL_1 916 

cells from liquid culture. A group of algae where putative endosymbiotic bacteria are visible inside 917 

(red arrow) all the cells and are apparently released outside by the cell on the bottom (black arrow). 918 

Scale bar represents 10 μm. 919 

Supplementary Figure S5: 1-week growth of strain SEC_LI_ChL_1 in presence of different 920 

concentration of antibiotics. Once the strain was grown in solid medium, it was re-inoculated in 921 

liquid medium where the presence of associated bacteria was persistent. 922 

Supplementary Figure S6: schematic representation of release and recovery in solid medium of the 923 

putative endosymbiotic bacterial cells associated to strain SEC_LI_ChL_1. Bacteria are released in 924 

the liquid medium during microalgal growth. The morphology of the bacterial colonies is unique, 925 

suggesting the presence of a single bacterial species. 926 

Supplementary Figure S7: TEM observation of strain SEC_LI_ChL_1 cells from liquid culture. A 927 

doublet (i.e., two-celled aggregate). The two cells, each showing a duplicated chloroplast, are 928 

coupled by their contacting wall;upper cell’s lateral side contacts the apical portion of the lower 929 

cell. Scale bar represents 1 μm. 930 

 931 

Supplementary Tables 932 

Supplementary Table S1: NCBI blast analysis results of amplicon sequence final 18S-ITS1-5.8S-933 

ITS2-initial 28S, showing the 10 closely related hits in public databases. Max Score: the highest 934 

alignment score calculated from the sum of the rewards for matched nucleotides and penalities for 935 

mismatches and gaps; Tot Score: the sum of alignment scores of all segments from the same subject 936 

sequence. Query Cover: the percent of the query length that is included in the aligned segments. 937 

Ident: the highest percent identity for a set of aligned segments to the same subject sequence. 938 

Description Accession Max score Total score Query Cover Per. Ident 

Chlorella-like algae voucher HS26 KU641127.1 3165 3165 99.00% 98.00 

Micractinium inermum strain NLP-F014 KF597304.1 3160 3160 99.00% 98.05 

Pseudochlorella pringsheimii KY364701.1 2686 2686 99.00% 92.06 

Chlorella vulgaris FR865683.1 2648 2648 79.00% 99.86 

Micractinium reisseri AB506071.1 2612 2612 99.00% 91.15 

Micractinium reisseri AB506070,1 2612 2612 99.00% 91.15 

Micractinium reisseri AB437244.1 2609 2609 99.00% 91.10 

Micractinium inermum KM114868.1 2476 2476 78.00% 97.87 
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 939 

 940 

  941 

Chlorellaceae sp. MCWWS28 KP204570.1 2351 2351 74.00% 97.82 

Micractinium sp. NIES-2171 JX889641.1 2335 2335 74.00% 97.61  1 
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Supplementary Table S2: NCBI blast analysis results of complete 18S rRNA gene sequence, 942 

showing the 10 closely related hits in public databases. Max Score: the highest alignment score 943 

calculated from the sum of the rewards for matched nucleotides and penalities for mismatches and 944 

gaps; Tot Score: the sum of alignment scores of all segments from the same subject sequence. 945 

Query Cover: the percent of the query length that is included in the aligned segments. Ident: the 946 

highest percent identity for a set of aligned segments to the same subject sequence. 947 

Description Accession Max score Total score Query Cover Per. Ident 

Chlorella sorokiniana NKH6  LC505542.1 3048 3048 100% 99.76 

Chlorophyta sp. SL-2016 isolate BSC-24  KX395732.1 3048 3048 100% 99.76 

Micractinium sp. KNUA034  KM243325.1 3048 3048 100% 99.76 

Chlorella sp. NDem 9/21 T-13d  AY197628.1 3048 3048 100% 99.76 

Chlorella sp. MDL4-1  AY197624.1 3048 3048 100% 99.76 

Chlorella sp. NMX37N  JF767012.1 3047 3047 99% 99.76 

Micractinium sp. KNUA029 KM243319.1 3044 3044 100% 99.71 

Chlorella sp. EO5-4C  FJ946889.1 3044 3044 100% 99.71 

Chlorella sp. WO10-1  FJ946886.1 3044 3044 100% 99.71 

Chlorella sp. VI11  FJ946884.1 3044 3044 100% 99.71 
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Supplementary Table S3: Results of Two-Way ANOVA analysis; α=0.05. Data were analyzed 950 

considering the sampling time and the trophic conditions (treatments) as factor affecting the 951 

microalgal growth. Data are shown as mean values ± SD of three replicates. P-values highlighted in  952 

bold indicate statistically significant values (p<0.05). 953 

  p value SS DF F 

Optical density Interaction 0.021 1.007 21 F (21. 64) = 1.958 

Treatment < 0.0001 2.306 3 F (3. 64) = 31.39 

Time < 0.0001 20.34 7 F (7. 64) = 118.7 

Residuals  1.567 64  

Number of cells Interaction < 0.0001 4.46E+12 9 F (9. 32) = 85.50 

Treatment < 0.0001 7.96E+12 3 F (3. 32) = 457.8 

Time < 0.0001 1.58E+14 3 F (3. 32) = 9079 

Residuals  1.85E+11 32  

Total chlorophyll Interaction 0.0009 69.67 21 F (21. 62) = 2.788 

Treatment < 0.0001 152.5 3 F (3. 62) = 42.71 

Time < 0.0001 310.4 7 F (7. 62) = 37.25 

Residuals  73.79 62  

Dry biomass Interaction < 0.0001 1.747 9 F (9. 32) = 12.98 

Treatment < 0.0001 4.647 3 F (3. 32) = 103.6 

Time < 0.0001 9.667 3 F (3. 32) = 215.5 

Residuals  0.4785 32  

Carotenoids Interaction < 0.0001 4.725 21 F (21. 64) = 5.241 

Treatment < 0.0001 10.79 3 F (3. 64) = 83.80 

Time < 0.0001 13.74 7 F (7. 64) = 45.72 

Residuals  2.748 64  

Glucose concentration Interaction 0.9117 0.005911 2 F (2. 12) = 0.09317 

Treatment 0.0127 0.2713 1 F (1. 12) = 8.554 

Time < 0.0001 21.41 2 F (2. 12) = 337.5 

Residuals  0.3807 12  
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