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ABSTRACT 

 

Ciliates and bacteria occupy the most diverse ecological niches and developed various types of 

association ranging from mutualism to parasitism, from facultative to obligatory interactions. Many 

bacterial species belonging to the class of Alpha, Beta, and Gamma-proteobacteria were identified 

from the different groups of ciliates. Several ciliate samples were collected from diverse habitats and 

those ciliates were investigated for the isolation of culturable bacterial species. We were able to isolate 

some bacterial species that belong to the class of Alpha, Beta, and Gamma-proteobacteria from the 

different ciliates including Paramecium caudatum, Spirostomum cf. yagiui, Stentor tartari, Diaxonella 

pseudorubra, and Levicoleps biwae jejuensis and a multidisciplinary approach was applied to identify 

their taxonomic position. Aforesaid results as bacterial sample 1: A Gram-negative, oxidase- and 

catalase-negative, motile, rod-shaped bacterial strain PCS8
T
 isolated from the ciliate Paramecium 

caudatum. Based on the distinct phenotypic, phylogenetic, chemotaxonomic, and G+C content results, 

strain PCS8
T
 represents a currently undescribed species within the genus Pseudaeromonas in the 

family Aeromonadaceae, for which we suggest the name Pseudaeromonas paramecii sp. nov. and an 

amendment description of the genus Pseudaeromonas is also provided.; bacterial sample 2: A 

bacterial strain, designated Sp-1
T
, was isolated from the heterotrichs ciliate Spirostomum cf. yagiui. 

On the basis of the polyphasic taxonomic evidence presented in the results section, we concluded that 

strain Sp-1
T
 is considered to represent a novel species in a new genus within the order Rhizobiales, for 

which the name Segnisochrobactrum spirostomi gen. nov., sp. nov. is proposed.; bacterial sample 3: A 

Gram-type negative, rod-shaped bacterium S18 was isolated from the heterotrichs ciliate Stentor 

tartari the 16S rRNA gene sequence analysis demonstrated that this isolate was included in the genus 

Pseudomonas within the family Pseudomonadaceae and its closest relative was Pseudomonas 

koreensis with the greatest degree of similarity (99.86%). The strain was distinguished from its close 

relatives by phenotypic characteristics. On the basis of the phylogenetic analysis in combination with 

the physiological biochemical and cellular fatty acids profile and G+C content data, this strain is 

considered to represent a new species candidate of the genus Pseudomonas.; bacterial sample 4: A 

Gram-negative, rod-shaped and aerobic bacterial strain D-1 isolated from the ciliate Diaxonella 

pseudorubra. The morphological, biochemical, physiological properties and chemotaxonomic data of 

it give us that our new isolate is close to the members of genera Pseudacidovorax and Acidovorax but 

not matched exactly previously known strains or species. In addition, phylogenetic analyses based on 

16S rRNA gene sequences indicate that the closest relative of our bacterial strain is Pseudacidovorax 

intermedius with 100% sequence similarity. Based on these results, we concluded that this strain 

represents a currently undescribed taxon belongs to the Pseudacidovorax genus.; and bacterial sample 



III 

 

5: A Gram-stain-negative, motile and rod-shaped bacterium, strain LBJS4, was isolated from the 

ciliate Levicoleps biwae jejuensis. The strain is distinguishable from closely related members of the 

genus Aquitalea by its several differential biochemical and physiological characteristics, and distinct 

fatty acids compositions. Phylogenetic analyses based on 16S rRNA gene sequences showed that 

strain LBJS4 constituted a tide clade with its closest phylogenetic relative Aquitalea pelogenes with 

99.12% of 16S rRNA gene sequence similarity. On the basis of those results, we suggest that this 

bacterial strain could be assigned as representing a novel taxon within the genus Aquitalea. In addition, 

fluorescence in situ hybridization (FISH) and Transmission electron microscopy (TEM) showed that 

symbionts were localized in the host cytoplasm and survived intracellularly. This study also highlights 

that ciliates may be foremost hosts for different bacterial species. Our present study will enrich the 

prokaryotic diversity that is associated with the different ciliates through the multidisciplinary strategy. 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: NA, nutrient agar; TSA, tryptic soy agar; TSB, tryptic soy broth; MHA, Mueller-Hinton agar; 

EMB, eosin methylene blue; NJ, neighbor-joining; ME, minimum evolution; MP, maximum parsimony; ML, 

maximum likelihood; BI, Bayesian inference. 

 

Nucleotide accession number 

The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of (Pseudaeromonas paramecii) 

strain PCS8
T
 is MF185818. 

 

The GenBank/EMBL/DDBJ accession number for the 18S rRNA gene sequence of Paramecium caudatum 

strain (PC8) is MF185817. 

 

The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of (Segnisochrobactrum 

spirostomi) strain Sp-1
T
 is MF370560. 
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1. Introduction  

 

Ciliates are one of the most important components of the aquatic ecosystem and its play a vital role in 

the functioning of the ecosystem (Shukla & Gupta, 2001). The body and oral kinetids make up the 

infraciliature, an organization unique characteristic to the ciliates and important in their classification. 

Another characteristic feature of ciliates is nuclear dualism, possessing a macronucleus expressed the 

phenotype of the organism and micronucleus passed on during sexual reproduction (conjugation) 

(Borror, 1972; Corliss, 2002; Hammerschmidt et al., 1996; Lynn et al., 2002). It is reported that 

approximately 30,000 species of ciliates have been estimated whereas 3,500 species have been 

described (Adl et al., 2007). Ciliated protists are considered as the great consumers of different 

microbes including bacteria, fungi, algae and other protists in the aquatic environment, and can also 

evolve various associations ranging from mutualism to parasitism, from facultative to obligatory 

interactions under certain circumstances (Vannini et al., 2003; Fokin, 2004 & 2012). Ciliate-symbiont 

system might provide a clue for a better understanding of the origin and evolution of the eukaryotic 

cell (Fujishima & Kodama, 2012). The relationship exists between protists and diverse 

microorganisms, having great impact on their ecology and evolution (Senra et al., 2016). Their 

coexistence synergistically affects each other's physiology and metabolism (Gast et al., 2009). 

Heterotrichea, Sprirotrichea and Oligohymenophorea are the most promising groups of Ciliophora for 

the investigation of symbiosis (Fokin, 2012). To date, at least 200 ciliate species containing bacterial 

symbionts have been recorded, which is likely to be only a minuscule piece of a whole (Senra et al., 

2016). Most of the bacterial symbionts belong to the four classes of the phylum Proteobacteria, 

namely Alpha, Beta, Gamma, and Delta-proteobacteria (Gong et al., 2014). The class 

Alphaproteobacteria comprises of the seven orders naming Caulobacterales, Parvularculales, 

Rhizobiales, Rhodobacterales, Rhodospirillales, Rickettsiales, and Sphingomonadales and 

Betaproteobacteria also containing seven orders, including Burkholderiales, Hydrogenophilales, 

Methylophilales, Neisseriales, Nitrosomonadales, Procabacteriales, and Rhodocyclales (Garrity et al., 

2005a & 2005b). The members of the class Alphaproteobacteria and Betaproteobacteria are highly 

diverse in nature ranging from free living to symbiotic and found in diverse habitats including 

seawater, marine sediments, activated sludge, and soil, and in association with plants, animals and 

humans. Several members of this order are pathogenic for humans, animals and plants (Garrity et al., 

2005a & 2005b). The class Gammaproteobacteria contains the orders Acidithiobacillales, 

Aeromonadales, Alteromonadales, Cardiobacteriales, Chromatiales, Enterobacteriales, Legionellales, 

Methylococcales, Oceanospirillales, Pasteurellales, Pseudomonadales, Thiotrichales, Vibrionales, 

and Xanthomonadales (Garrity et al., 2005c). The members of the class Gammaproteobacteria 



2 

 

occupy the most diverse ecological niches including fresh, marine, and especially estuarine 

environments and in association with aquatic animals such as medicinal leeches; also found in sewage, 

surface waters, sediments, and biofilms; several species are pathogenic for humans, other warm-

blooded animals, fish, eels, frogs, as well as other vertebrates and invertebrates, such as leeches 

(Garrity et al., 2005c). The relationship between protists and bacteria is also beneficial allowing both 

partners to take advantage by development of new characteristics, adaptation to new environments as 

well as an important condition favouring their spread in the environment (Heinz, 2007). We found 

several reports that most of the bacterial species associated with the ciliates were non-culturable or 

researchers failed to obtain the bacterial species in a pure culture state, outside of the host cells (Fokin 

et al., 2005; Fokin, 2012; Boscaro et al., 2012; Gong et al., 2014; Senra et al., 2016; Lanzoni et al., 

2016). To the best of our knowledge, very few bacterial species have been isolated from the ciliates in 

a pure culturable state (Hwang et al., 2009). In an attempt to study the culturable bacterial species 

associated with the different ciliate groups, five previously undescribed bacterial strains were isolated 

from the different ciliates including Paramecium caudatum, Spirostomum cf. yagiui, Stentor tartari, 

Diaxonella pseudorubra and Levicoleps biwae jejuensis and their taxonomic position was identified 

using a multidisciplinary approach. Several reports have been found to be applied the Fluorescence in 

situ hybridization (FISH) and Transmission electron microscopy (TEM) experiments to study the 

endosymbionts (Fokin et al., 2005; Fokin, 2012; Fujishima & Kodama, 2012). We also applied the 

similar approach (FISH and TEM) on the Korean ciliates population including Paramecium caudatum 

and Spirostomum cf. yagiui to observe the bacterial symbiont and understand the ciliate-symbiont 

system (endocytobiosis). 
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2. Materials and Methods 

 

2.1. Sampling sites and sampling 

Site-1: Samples of Paramecium caudatum were collected from the Taehwagang River, a brackish-

water river in Ulsan, South Korea (35º33ʹ0.15ʺN 129º17ʹ16.0ʺE) on 5 August, 2015. 

 

Site-2: Samples of Spirostomum cf. yagiui were collected from a fresh water reservoir in Jeong gol, 

Daehak-ro, Nam-gu, Ulsan, South Korea (35º32ʹ35.2ʺN 129º14ʹ51.2ʺE) on 3 August, 2016.  

 

Site-3: Ciliate sample of Stentor tartari was collected from a pond in Cheongnyang-myeon, Ulju-gun, 

Ulsan, South Korea (35º31ʹ47.0ʺN 129º31ʹ41.0ʺE) on March 19, 2016.  

 

Site-4: Ciliate sample of Diaxonella pseudorubra was collected from Cheonggancheon freshwater 

stream, Toseong-myeon, Goseong-gun, Gangwon-do, South Korea (38º15ʹ52ʺN 128º33ʹ27ʺE) on 12 

January 2017.  

 

Site-5: Ciliate sample of Levicoleps biwae jejuensis was collected from a pond in Gonggeom-ji, 

Gonggeon-meyeon, Sangju-si, Gyeongsangbuk-do, South Korea (36º30ʹ45ʺN 128º9ʹ41ʺE) on 21 

August 2016. 
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Figure 1. Geographical location of the Republic of South Korea and sampling sites (Circle 

marks indicate five stations).  
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2.2. Ciliate samples and cultures 

Ciliate samples of Paramecium caudatum, Spirostomum cf. yagiui, S. tartari, D. pseudorubra, and L. 

biwae jejuensis were collected from the site-1, site-2, site-3, site-4, and site-5, respectively. Initially, 

the ciliate cells were identified by morphological analyses as P. caudatum (Foissner et al., 1994), 

Spirostomum cf. yagiui (Foissner et al., 1992), S. tartari (Foissner et al., 1992), D. pseudorubra 

(Helmut, 2006), and L. biwae jejuensis (Chen et al., 2016). A monoclonal xenic culture of the 

aforesaid ciliate samples was established and maintained using the method described previously 

(Soldo, 1960; Soldo et al., 1966; Barna & Weis, 1973; Weis, 1975; Yih et al., 2004). 

 

Ciliate cells from the monoxenic culture were picked up in sterilized micropipettes and washed by a 

serial transfer through 0.3 ml volumes of autoclaved source water in the wells of 9-spot depression 

slides and then transferred into autoclaved source water for starving without food for different time 

periods; 24 hours for P. caudatum, 8–9 hours for Spirostomum cf. yagiui 13–14 hours for S. tartari, 

48 hours for D. pseudorubra, and 7–8 hours for L. biwae jejuensis. After starving for surface 

sterilization or removing the bacterial contamination, cells were washed serially in the wells of sterile 

9-spot depression slides with antibiotics in autoclaved source water that usually contained penicillin 

and streptomycin (Barna & Weis, 1973). The source water contained the concentration of penicillin G 

5000 U ml
−1

, neomycin sulfate at 50 µg ml
−1

 (Soldo & Merlin, 1972) and streptomycin 4000 µg ml
−1

 

(Vannini et al., 2004). After washing with antibiotics ciliate cells were washed by autoclaved source 

water 3–4 times.  Finally the starved, sterile ciliate cells from ciliate culture were used for further 

analyzing. 

 

2.3. Sterility test  

The test for sterility was performed by the method described previously (Allen & Nerad, 1978). After 

transfer of the presumably bacteria free ciliate cells from well of sterile 9-spot depression slides 

containing supernatant water to the eppendorf tube for further analyzing, the supernatant water was 

examined over the next 2 weeks for signs of bacterial contamination. From well 0.1 ml supernatant 

water samples of the final wash were inoculated into test tubes containing 5 ml of Tryptic soy broth 

(TSB) and also plated onto Tryptic soy agar (TSA). All test tubes and plates are incubated at 20, 25 

and 37 °C for 2 weeks. We also performed PCR for supernatant water samples of the final wash. If no 

bacterial growth was observed after 2 weeks incubation and no positive result was found from PCR, 

ciliate cells were considered sterile. 
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2.4. Bacterial sample 1 (BS1): Strain PCS8
T
  

2.4.1. Bacterial strain and culture 

The ciliate cells were mechanically lysed using short pulses of vortexing, and spread on nutrient agar 

(NA), tryptic soy agar (TSA), and Mueller-Hinton agar (MHA) plates (all from Sigma-Aldrich, St. 

Louis, MO, USA), and incubated at 20, 25 and 37 °C for 7 days. Bacterial growth was appeared on 

the plates after incubation of 48 hours at 37 °C. Strain PCS8
T
 was isolated and subsequently streaked 

onto fresh TSA plates incubated at 37 ˚C. This strain was maintained in both soft agar at room 

temperature and Luria-Bertani broth supplemented with 30% (v/v) glycerol at –80 °C. 

 

2.4.2. Morphological, physiological, and biochemical characterization 

Morphological, biochemical and physiological tests were performed as follows. Colony morphology 

was observed after their growth in aerobic condition for 24 and 48 hours at 37 °C on NA, TSA, MHA, 

MacConkey agar, and Eosin methylene blue agar medium (all from Sigma-Aldrich, St. Louis, MO, 

USA). The cellular morphological characteristics of strain PCS8
T
 were examined using an optical 

microscope (Axio Imager A1; Carl Zeiss, Oberkochen, Germany) with a differential interference 

contrast device using 24-hours culture in Mueller-Hinton broth. Gram staining was performed using a 

Gram staining kit (bioMérieux S.A., Marcy-l’Étoile, France) according to the manufacturer’s 

instructions. The temperature range for growth and the optimal growth temperature were tested at 4–

46 °C on NA, TSA, and MHA medium. The tolerable range and optimum pH were investigated on 

NA, TSA, and MHA plates at pH 4.0–12.0 (in increments of 0.5 pH units) adjusted by the addition of 

10 M NaOH or HCl prior to sterilization. The tolerance to NaCl of the strain was determined in 

nutrient broth, tryptic soy broth, and Mueller-Hinton broth supplemented with 0–6% (w/v) NaCl.  

 

The test for motility was carried out according to MacFaddin’s method (1972). The catalase activity 

was determined with a fresh culture (18 to 24 hours of growth) and 3% (v/v) H2O2 using the method 

of Taylor and Achanzar (1972). The assessment of oxidase activity was carried out after incubating 

the strain on TSA plates for 18–24 hours using an oxidase reagent (REF55635; bioMérieux S.A., 

Marcy-l’Étoile, France) according to the manufacturer’s instructions and using Kovacs’ solution 

(Kovacs, 1956) as described previously (Isenberg, 1992; Koneman et al., 1992).  The oxygen 

requirements of strain PCS8
T
 were tested using thioglycolate broth (Sigma-Aldrich, St. Louis, MO, 

USA) in accordance with the manufacturer’s recommendations. API 20E test strips (bioMérieux S.A., 

Marcy-l’Étoile, France) were used to determine the β-galactosidase activity (ONPG), tryptophan 

deaminase activity, and citrate utilization of the strain after incubation at 37 °C following the 

manufacturer’s instructions. Other tests for phenotypic properties were performed using procedures 
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described previously (Isenberg, 1992; Koneman et al., 1992; Cowan & Steel, 1993; Smibert & Krieg, 

1994). 

 

The susceptibility of strain PCS8
T
 to various antibiotics was determined using the disc-diffusion 

method (Bauer et al., 1966) on MHA plates (Sigma-Aldrich, St. Louis, MO, USA) using the 

following antibiotic discs: ampicillin (10 µg), gentamicin (10 µg), kanamycin (30 µg), penicillin G 

(10 U), streptomycin (10 µg), doxycycline (30 µg), and tetracycline (3 µg). Susceptibility to the 

vibriostatic compound O/129 (150 µg; Oxoid, Hampshire, England) was measured on TSA (Sigma-

Aldrich, St. Louis, MO, USA) plates.  

 

2.4.3. Chemotaxonomy 

For fatty acid profile analysis, the cellular fatty acids of strain PCS8
T
 grown on MHA at 30 °C for 48 

hours were prepared according to the standard protocol described by the Microbial Identification 

System (MIDI). The cellular fatty acids were analyzed using gas chromatography and identified using 

the Sherlock Microbial Identification System, version 6.3 in combination with the TSBA6 6.21 library 

(Sasser, 2001). Strain PCS8
T
 was also grown on tryptic soy broth agar at 30 °C for 24 hours and the 

same procedure was followed for analysis.   

 

2.4.4. Determination of DNA G+C content 

For DNA G+C content analysis, the strain was cultivated on TSA at 30 °C for 2 days. Genomic DNA 

was prepared from the strain using the REDExtract-N-Amp Tissue PCR Kit (Sigma-Aldrich, St. Louis, 

MO). The DNA G+C content was determined using reversed-phase HPLC according to the method of 

Tamaoka & Komagata (1984). DNA from Escherichia coli (Sigma) was used as a standard and for 

calibration. The HPLC analysis was performed with two replications for strain PCS8
T
, and the mean 

of the two values is presented as the DNA G+C content (mol %). 

 

2.5. Bacterial sample 2 (BS2): Strain Sp-1
T
  

2.5.1. Bacterial strain and culture 

The ciliate cells were mechanically lysed using short pulses of vortexing, and spread on nutrient agar 

(NA), tryptic soy agar (TSA), and Mueller-Hinton agar (MHA) plates (all from Sigma-Aldrich, St. 

Louis, MO, USA), and incubated at 20, 25 and 37 °C for 15 days. Bacterial growth was appeared after 

5 days of incubation at 25 °C. Colony on TSA at 25 °C was selected for further characterization. 

Strain Sp-1
T
 was maintained on TSA plates in refrigerator at 4 °C and preserved in Luria-Bertani 

broth supplemented with 30% (v/v) glycerol at –80 °C. 
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2.5.2. Morphological, physiological, and biochemical characterization 

Morphological, biochemical and physiological tests were examined with the strain Sp-1
T
 grown on 

TSA medium for 7 days incubation at 28 °C. Colony morphology on NA, TSA, MHA, MacConkey 

agar, and Eosin methylene blue (EMB) agar medium (all from Sigma-Aldrich, St. Louis, MO, USA) 

was checked after growth aerobically for 7 days at 28 °C. Growth of strain SP-1
T
 and KACC 11936

T
 

were observed on NA, TSA, MHA, MacConkey agar, and EMB agar medium (all from Sigma-

Aldrich, St. Louis, MO, USA) after incubation for 15 days at 28 °C. Cell morphology of strain Sp-1
T
 

and KACC 11936
T
 were observed using an optical microscope (Axio Imager A1; Carl Zeiss, 

Oberkochen, Germany) with a differential interference contrast device using 24-hours culture in 

tryptic soya broth (TSB). Gram type of strain Sp-1
T
 and KACC 11936

T
 was examined using a Gram 

staining kit (bioMérieux S.A., Marcy-l’Étoile, France) according to the manufacturer’s instructions. 

The test for motility was carried out according to MacFaddin’s method (1972). Cells grown into TSB 

and acetic acid medium (g l
–1

: 10.9 CH3COONa.3H2O, 1.6 NH4Cl, 0.8 K2HPO4, 0.3 KH2PO4, 0.4 

MgSO4.7H2O) were tested for the poly-β-hydroxybutyrate granule accumulation under optical 

microscope (Axio Imager A1; Carl Zeiss, Oberkochen, Germany) with a differential interference 

contrast device after staining of the cells with Sudan black. Poly-β-hydroxybutyrate granule 

accumulation was also observed under a fluorescence microscope (Axioskop 2 plus; Carl Zeiss, 

Germany) after the staining of the cells with acridine orange (Kumar & Prabhakaran, 2006). For 

checking the growth temperature range and the optimal growth temperature cultures were incubated at 

4–46 °C on NA and TSA medium for up to 15 days. The tolerable range of pH and optimum pH were 

performed on NA at pH 4.0–12.0 (in increments of 0.5 pH units) adjusted by the addition of 10 M 

NaOH or HCl prior to sterilization. The tolerance to NaCl was tested on NA supplemented with 

different salt concentrations (0–6%, w/v at intervals of 0.5%) at 28 °C for up to 15 days incubation. 

The catalase activity was assessed by bubble production of slide (drop) and direct colony methods 

after the addition of 3% (v/v) hydrogen peroxide. The oxidase activity was confirmed using an 

oxidase reagent (REF55635; bioMérieux S.A., Marcy-l’Étoile, France) according to the 

manufacturer’s instructions and using Kovacs’ solution (Kovacs, 1956) as described previously 

(Isenberg, 1992; Koneman et al., 1992).  The oxygen requirements of strain Sp-1
T
 were tested using 

thioglycolate broth (Sigma-Aldrich, St. Louis, MO, USA) in accordance with the manufacturer’s 

recommendations. 

 

The following tests were performed with the procedures described previously (Isenberg, 1992; 

Koneman et al., 1992; Cowan & Steel, 1993; Smibert & Krieg, 1994): presence of spores; 

temperature tolerance; oxidation-fermentation (OF); acid production from various carbohydrates; 
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nitrate reduction; decarboxylase-dehydrolase activity; urease activity; gelatinase; indole production; 

methyl red and Voges–Proskauer reactions; H2S production; reactions on Kilgler iron agar (KIA);  

hydrolysis of starch, aesculin, casein, Tween 20 and 80; utilization of glycerol and citrate; and carbon 

source utilization.  

 

API 20E test strips (bioMérieux S.A., Marcy-l’Étoile, France) was used to assess the β-galactosidase 

activity (ONPG), tryptophan deaminase activity, and citrate utilization after incubation of up to 7 days 

at 28 °C following the manufacturer’s instructions using a saline solution (0.85%) for the preparation 

of the inocula. 

 

The susceptibility of the novel strain Sp-1
T
 to various antibiotics was performed by inhibition zone 

diameters around the discs according to the Kirby-Bauer disc diffusion susceptibility test protocol 

(Bauer et al., 1966) on MHA plates (Sigma-Aldrich, St. Louis, MO, USA) using the following 

antibiotic discs: ampicillin (10 µg), gentamicin (10 µg), kanamycin (30 µg), penicillin G (10 U), 

streptomycin (10 µg), doxycycline (30 µg), and tetracycline (3 µg). Susceptibility to the vibriostatic 

compound O/129 (150 µg; Oxoid, Hampshire, England) was undertaken on TSA (Sigma-Aldrich, St. 

Louis, MO, USA) plates.  

 

2.5.3. Chemotaxonomy 

For fatty acid profile analysis, cells were grown on tryptic soy broth agar at 28 °C for 7 days. Cellular 

fatty acids were prepared according to the standard protocol described by the Microbial Identification 

System (MIDI) and analyzed by gas chromatography using the Sherlock Microbial Identification 

System (version 6.3) in combination with the TSBA6 6.21 library (Sasser, 2001). 

 

2.5.4. Determination of DNA G+C content 

For the determination of the G+C content of the genomic DNA, strain Sp-1
T
 was grown on TSA at 

28 °C for 7 days. Genomic DNA was prepared from strain using the REDExtract-N-Amp™ Tissue 

PCR Kit (Sigma, St. Louis, MO). The DNA G+C content of strain Sp-1
T
 was determined by the 

reversed-phase HPLC according to the protocol of Tamaoka & Komagata (1984). DNA from 

Escherichia coli (Sigma) was used as a standard and for calibration. HPLC analysis was performed 

with two replications for the type strain. The mean of the two values was quoted as DNA G+C content 

(mol %). 
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2.6. Bacterial sample 3 (BS3): Strain S18, Bacterial sample 4 (BS4): Strain D-1, Bacterial 

sample 5 (BS5): Strain LBJS4 

2.6.1. Bacterial strains and cultures 

The ciliate cells were mechanically lysed using short pulses of vortexing, and spread on NA, TSA and 

MHA media plates and incubated at 20, 25, 37 °C for 7 days. Bacterial growth is visible on plates 

after 36 hours of incubation at 25 and 37 °C. Culturable bacterial strains were selected for further 

analysis. Bacterial strains were preserved in both soft agar at room temperature and Luria-Bertani 

broth supplemented with 30% (v/v) glycerol at –80 °C. 

 

2.6.2. Morphological, physiological, and biochemical characterization 

Morphological, biochemical and physiological characterization of the isolates was performed 

according to standard techniques, following the methodologies described in previously (Kovacs, 1956; 

MacFaddin, 1972; Taylor & Achanzar, 1972; Isenberg, 1992; Koneman et al., 1992; Cowan & Steel, 

1993; Smibert & Krieg, 1994). The oxidase reagent (REF55635; bioMérieux S.A., Marcy-l’Étoile, 

France) for also checking the oxidase activity of different isolates and API tests strips were also used 

for different tests following the manufacturer’s instructions.  

 

2.6.3. Chemotaxonomic characterization 

The fatty acids of whole cells of strain S18 grown on tryptic soy agar for 24 h at 30 °C and strain D-1 

on tryptic soy agar and strain LBJS4 on R2A agar for 48 h at 28 °C were prepared, separated and 

identified according to the standard protocol of the Sherlock Microbial Identification System (version 

6.3), and the database used was TSBA6 6.21(Sasser, 2001). 

 

2.6.4. Determination of DNA G+C content 

For the analysis of the genomic DNA G+C content, strain S18, D-1 and LBJS4 were grown on TSA at 

30 °C for 48 hours. The DNA G+C content was determined by the HPLC according to Mesbah et al. 

(1989). Bacteriophage lambda DNA was used as a standard and for calibration. HPLC analysis was 

performed with two replications for each strain. The mean of the two values was quoted as DNA G+C 

content (mol %). 

 

2.7. DNA extraction, PCR and Sequencing (BS1, BS2, BS3, BS4 & BS5) 

Bacterial strains PCS8
T
, S18, D-1, and LBJS4 were grown on TSA at 37 °C for 2 days and strain Sp-

1
T
 was cultivated on TSA at 28 °C for 7 days. Total genomic DNA of bacterial isolates was extracted 

using RED Extract-N-Amp Tissue PCR Kit (Sigma, St. Louis, MO, USA) in accordance with the 
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manufacturer’s recommendations. The eubacterial primers 8F (5 -́AGA GTT TGA TCA TGG CTC 

AG-3 )́ and 1492R (5 -́GTT TTG TTA CGACTT-3 )́ were used for amplifying the almost complete 

16S rRNA gene sequences of the bacterial strains (Boscaro et al., 2012).  All PCR reactions using a 

TaKaRa ExTaq DNA polymerase Kit (TaKaRa Bio-medicals, Otsu, Japan) according to the 

manufacturer’s instructions were performed in a C1000™ Thermal Cycler (Bio-Rad Laboratories, 

Inc.) with the following cycling program (Gong et al., 2014): an initial denaturation step at 94 °C for 

4 min, followed by 34 cycles of 94 °C for 30s, annealing for 1 min, and 72 °C for 2 min, with a final 

extension step of 72 °C for 7 min with the annealing temperature of 50 °C. Amplicons were visualized 

with SYBR safe under UV transillumination (SeouLin Bioscience Co., Ltd.) after 0.7% agarose gel 

electrophoresing of PCR products in 0.5X TAE buffer (80 V, 50–60 min). Successful PCR products 

were purified and directly sequenced in both directions by an ABI 3730 automatic sequencer 

(Macrogen Inc., Seoul, Korea).  

 

2.8. Phylogenetic analyses (BS1, BS2, BS3, BS4 & BS5) 

The newly obtained 16S rRNA gene sequences of bacterial strains were compared with available 

sequences in GenBank database using the BLASTn program (Edgcomb et al., 2011) and also on the 

also on the EzTaxon-e server by using identity analysis (Yoon et al., 2017) to get an idea about their 

phylogenetic neighbors. The pairwise 16S rRNA gene sequence similarities were calculated by the 

EzTaxon-e server. The 16S rRNA gene sequences of related taxa of those bacterial isolates were 

retrieved from the GenBank database and aligned using the ClustalW feature, version 1.6, in MEGA 

software, version 6.06 (Tamura et al., 2013).  

 

Phylogenetic consensus trees based on the aligned 16S rRNA gene sequences were constructed using 

the neighbor-joining (NJ) (Saitou & Nei, 1987), minimum evolution (ME) (Edwards & Cavalli-Sforza, 

1963), and maximum parsimony (MP) (Kluge & Farris, 1969) methods using MEGA, version 6.06 

(Tamura et al., 2013), the maximum likelihood (ML) method using PhyML, version 3.0 (Guindon et 

al., 2010), and the Bayesian inference (BI) method using MrBayes, version 3.2.1 (Ronquist & 

Huelsenbeck, 2003). Evolutionary distances were calculated by Kimura’s two-parameter model 

(Kimura, 1980) and the gaps/missing data treatment option chosen was pairwise-deletion using 

MEGA, version 6.06 (Tamura et al., 2013). The stability of the relationships in the trees was 

estimated using the bootstrap method with 1000 replicates (Felsenstein, 1985). 
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3. Results and Discussion 

3.1. Bacterial sample 1 (BS1): Strain PCS8
T
 

3.1. 1. Morphological, physiological, and biochemical characteristics 

Cells of strain PCS8
T
 are rod-shaped and 0.5–1.0 µm in diameter and 1.5–2.8 µm in length (Fig. 1). 

The results obtained from the morphological, biochemical and physiological tests of the culturable 

bacterial strain PCS8
T
 associated with P. caudatum are presented in Table 1 and in the species 

description. Strain PCS8
T
 could be clearly distinguished from P. pectinilytica and P. sharmana using 

several of the phenotypic characteristics reported in Table 1. 

 

3.1.2. Phylogenetic analysis 

Comparison against the EzTaxon-e database revealed that P. pectinilytica and P. sharmana were the 

closest phylogenetic neighbors, displaying 96.9%, and 96.3% sequence similarity, respectively, to 

strain PCS8
T
. These values are lower than the threshold value of 98.7% that is considered the cut-off 

value for separating a new species (Stackebrandt & Ebers, 2006). The members of the other genera of 

the family Aeromonadaceae were more distantly related to strain PCS8
T
 (<95% sequence similarity). 

The phylogenetic consensus tree based on the 16S rRNA gene sequences revealed a clear affiliation 

between strain PCS8
T
 and the genus Pseudaeromonas. Although the NJ, ME, and MP phylogenetic 

trees demonstrated that strain PCS8
T
 formed a robust cluster with P. pectinilytica, the ML and BI 

trees revealed that strain PCS8
T
 formed a distinct phylogenetic line within the cluster comprising the 

Pseudaeromonas species (Fig. 2). The phylogenetic results indicate that strain PCS8
T
 should be 

considered a unique taxonomic individual belonging to the genus Pseudaeromonas. 

 

3.1.3. Chemotaxonomy 

The predominant cellular fatty acids were C16:0 (35.77%), summed feature 3 (C16:1 ω7c and/or C16:1 

ω6c; 35.09%), and summed feature 8 (C18:1 ω7c and/or C18:1 ω6c; 10.80%). Although the predominant 

cellular fatty acid composition of strain PCS8
T
 was generally similar to the members of the genus 

Pseudaeromonas, there were differences in the fatty acids present in minor proportions. Strain PCS8
T
 

could be differentiated from the phylogenetically close relatives of P. pectinilytica and P. sharmana 

by the presence of fatty acids C16:0 3-OH, C18:1 ω9c, and summed feature 5 (C18:2 ω6,9c and/or C18:0 

ante) and by the presence or absence of various other fatty acids such as C10:0, C12:0 3-OH, C17:0, and 

C20:1 ω7c (Table 2). 
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3.1.4. G+C content 

The DNA G+C content of strain PCS8
T
 was 66.5 mol%, which is significantly higher than the range 

of values reported for the members of the phylogenetically related genus Pseudaeromonas (54.7–60.7 

mol%). 

 

3.1.5. Taxonomic conclusion 

On the basis of the phenotypic, chemotaxonomic, phylogenetic and DNA G+C content analyses, 

strain PCS8
T
 is considered an unknown, Gram-negative, rod bacterium that should be classified as a 

member of a novel species of the genus Pseudaeromonas within the family Aeromonadaceae, for 

which the name Pseudaeromonas paramecii sp. nov. is proposed. 

 

3.1.6. Amended definition of the genus Pseudaeromonas 

The definition or description of the genus was done by Padakandla & Chae (2017) recently, in 

addition, we added and improved it with following two characteristics: the susceptibility to 150 µg of 

the vibriostatic agent (0/129) is variable, and the G+C content of the genomic DNA is 54.7–66.5 

mol%. 

 

3.1.7. Description of Pseudaeromonas paramecii sp. nov. 

Pseudaeromonas paramecii (pa.ra’me.kia. L. gen. n. paramecii of Paramecium, the generic name of 

the oval-shaped protozoan ciliate organism paramecia, the source of the organism). 

 

Cells are Gram-negative, short, rod-shaped (0.5–1.0 µm in diameter and 1.5–2.8 µm in length), non-

spore-forming, and motile by means of flagella. They occur solitarily, in pairs, or occasionally in short 

chains. The strain shows the good growth on TSA compared with NA and MHA. The colonies grown 

on NA, TSA, and MHA plates at 37 °C for 24 hours are circular and convex with slightly irregular 

margins and a  smooth surface and are opaque and shiny white in color without the production of 

any diffusible pigment. Colonies produced on MacConkey agar plates appear pink in color resulting 

from lactose fermentation, and eosin methylene blue agar plates produce umbonate, dark-centered 

colonies with a green metallic sheen. The cells require NaCl to stimulate growth and can tolerate 3% 

NaCl (optimum, 1–2%), and growth occurs between 12 °C and 44 °C with an optimum temperature of 

36–37 °C. The pH range for growth is pH 6.0–10.0 (optimum, pH 7.0). The cells are facultatively 

anaerobic exhibiting both a respiratory and a fermentative type of metabolism. They produce acid 

from both the fermentation and oxidation of glucose without producing gas, but they are unable to 

produce H2S and indole. The strain is catalase and oxidase negative. It displays negative test results 
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for nitrate and methylene blue reduction, urease and gelatinase activity, arginine dihydrolase, lysine-, 

ornithine-, methionine- and leucine decarboxylases and Voges-Proskauer, but a positive result for 

methyl red. A positive reaction was observed for ONPG, but a negative reaction was observed for 

tryptophan deaminase activity. The cells can hydrolyze starch and aesculin but cannot hydrolyse 

casein or Tweens 20 and 80. They produce acid from sucrose, fructose, D-sorbitol, D-mannitol, 

inositol, L-arabinose, D-galactose, D-mannose, D-cellobiose, D-maltose, glycerol, and lactose and 

weakly produce acid from L-rhamnose but not from D-melibiose and D-amygdalin. They can utilize 

glucose, sucrose, fructose, D-sorbitol, D-mannitol, inositol, L-arabinose, D-maltose, D-galactose, D-

mannose, D-cellobiose, glycerol, and lactose and weakly utilize L-rhamnose but not citrate, D-

melibiose, or D-amygdalin as the sole carbon source. They are susceptible to the vibriostatic agent 

O/129, ampicillin (10 µg), gentamicin (10 µg), kanamycin (30 µg), penicillin G (10 U), streptomycin 

(10 µg), doxycycline (30 µg), and tetracycline (3 µg). The predominant cellular fatty acids of strain 

PCS8
T
 are C16:0, summed feature 3 (C16:1 ω7c and/or C16:1 ω6c), and summed feature 8 (C18:1 ω7c 

and/or C18:1 ω6c). The DNA G+C content of the strain is 66.5 mol%. 

 

The type strain PCS8
T
 (= KCTC 62038

T
 = JCM 32226

T
) was isolated from a monoclonal culture of 

the well-known ciliate protozoan P. caudatum collected from the Taehwagang River in Ulsan, South 

Korea.  
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Table1. Comparison of differentiating characteristics of strain PCS8
T
 compared to other 

Pseudaeromonas species. 

Taxa: 1, Strain PCS8
T
; 2, P. pectinilytica AR1

T
 (data from Padakandla & Chae, 2017); 3, P. sharmana DSM 

17445
T
 (Saha & Chakrabarti, 2006; Padakandla & Chae, 2017). +, positive; w+, weakly positive; –, negative; S, 

sensitive; R, resistant; ND, data not available/mentioned  

 

Characteristic 1 2 3 

Cell shape and size (µm) (length X diameter) 1.5-2.8 X 0.5-1.0 1.5-2.5 X 0.5-1.0 1.0-2.0 X 0.5 

Growth temperature range (°C) 12–44 10–45 10–45 

pH range 6.0–10.0 6.0–8.0 6.0–8.0 

NaCl tolerance (% w/v) 3 1.5 4 

0/129 (150 µg) S ND R 

ONPG + – + 

Hydrolysis of:    

Pectin  – + – 

Aesculin + + + 

Starch + + + 

Utilization of:    

D-sorbitol + – – 

myo-Inositol + – – 

L-rhamnose w+ – – 

L-arabinose + + – 

Mannose + – + 

Amygdalin – – + 

Glycerol + – – 

Lactose + + + 

Acid production from:    

D-sorbitol + – – 

myo-Inositol + – – 

L-rhamnose w+ – – 

L-arabinose + + – 

Glycerol + – – 

Lactose + – + 

Amygdalin – – + 

Susceptibility to:    

Penicillin G S R S 

Ampicillin S R S 

Mol% G+C 66.5 54.7 60.7 
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Table 2. Cellular fatty acid composition (%) of strain PCS8
T
 and species of the genus 

Pseudaeromonas. 

Taxa: 1, Strain PCS8
T
; 2, P. pectinilytica AR1

T
; 3, P. sharmana DSM 17445

T
 (2&3: data from Padakandla & 

Chae, 2017).  

 

Fatty acids 1 2 3 

Saturated fatty acids    

C10:0 0.15 – <0.5 

C12:0 3.85 7.3 6.3 

C12:0 3-OH 0.14 – <0.5 

C14:0 5.42 2.8 5.5 

C16:0 35.77 35.8 29.6 

C16:0 3-OH 0.08 – – 

C17:0 0.18 – <0.5 

C18:0 1.02 1.1 1 

Unsaturated fatty acids    

C18:1 ω7c 10.80‡ 8.4 23.9 

C18:1 ω9c 0.34 – – 

C20:1 ω7c 0.37 – <0.5 

Summed features†    

2 6.30 7.2 6.4 

3 35.09 37.4 26.3 

5 0.49 – – 

–, Not detected/reported 

†Summed features represent groups of two or three fatty acids that could not be separated by GLC with the 

MIDI system. In this study, summed feature 2 contained C14:0 3-OH and/or C16:1 iso I and/or C12:0 aldehyde?; 

summed feature 3 contained C16:1 ω7c and/or C16:1 ω6c; and summed feature 5 contained C18:2 ω6,9c and/or C18 : 

0 ante.  

‡Summed feature 8 contained C18: 1 ω7c and/or C18: 1 ω6c. 
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Figure 1. Micrograph of Gram staining of strain PCS8
T
; scale bar= 5μm 
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Figure. 2. Phylogenetic consensus tree based on 16S rRNA gene sequences showing the relationship 

between strain PCS8
T
 and other members of the genus Pseudaeromonas in the family Aeromonadaceae. 

The tree was constructed based on the neighbor-joining (NJ), minimum evolution (ME), maximum parsimony 

(MP), maximum likelihood (ML) and Bayesian inference (BI) methods, and the numbers at the nodes represent 

bootstrap values for the NJ, ME, MP and ML analyses and posterior probability for the BI analyses (based on 

1000 resamplings). Only bootstrap values above 50% and posterior probability values above 0.50 are shown. 

The symbols used to indicate the nodes recovered with various combinations of algorithms are as follows: filled 

circles = NJ, ME, MP, ML and BI, open circles = NJ, ME and MP, filled triangles = NJ, ME, MP and ML, open 

triangles = NJ and ME, filled stars = NJ, ME, ML and BI, open stars = NJ, ME, MP and BI, filled boxes = NJ, 

ME and ML, and open boxes = NJ, ME and BI. Vibrio cholera ATCC 14035
T
 (X74695) and Escherichia coli 

ATCC 11775
T
 (X80725) were used as the multiple outgroups. The sequence of strain PCS8

T
 is indicated in bold. 

The bar represents 0.01 substitutions per nucleotide position. 
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3.2. Bacterial sample 2 (BS2): Strain Sp-1
T
 

3.2.1. Morphological, physiological, and biochemical characteristics 

The cells of both the strains were rod shaped, Gram-staining-negative and non-spore forming. Cells of 

strain Sp-1
T
 were 1.5–2.5 μm in length and 0.5–1 μm in width whereas of strain KACC 11936

T
 were 

0.7–0.8 μm length and 1.4–1.8 μm width (Fig. 1). The cells accumulate granules of poly-β-

hydroxybutyrate (Fig. 2). Detailed phenotypic characteristic of the culturable bacterial strain Sp-1
T
 

associated with Spirostomum cf. yagiui are shown in Table 1 and in the genus and species descriptions. 

Several phenotypic characteristics differentiated the strain Sp-1
T
 from other phylogenetically closely 

related genera are presented in Table 1.  

 

3.2.2. Phylogenetic analysis 

The 16S rRNA gene sequence comparison against the EzTaxon-e database revealed that strain Sp-1
T
 

was showed less than 95% sequence identity with respect to the members of the genera Ochrobactrum 

(maximum of 94.77% sequence identity), Pseudoxanthobacter (94.62%), Mycoplana (94.53%), 

Tianweitania (94.47%), Brucella (94.47%), Mesorhizobium (94.45%), Kaistia (94.40%), Amorphus 

(94.39%), and Ensifer (94.32%). Strain Sp-1
T
 was most closely related to Ochrobactrum anthropi 

ATCC 49188
T
, O. cytisi ESC1

T
 and O. lupini LUP21

T
 with 94.77% 16S rRNA gene sequence 

similarity followed by Pseudoxanthobacter soli CC4
T
 (94.62%) and Mycoplana dimorpha IAM 

13154
T
 (94.53%). The 16S rRNA gene sequence similarities to the type strains of the other species in 

the order Rhizobiales were below 94.50%. These values are under the threshold value of 95% 

considering as a cut-off value for placing a strain to a new genus (Ludwig et al., 1998). Phylogenetic 

consensus tree based on the 16S rRNA gene sequences confirmed a fair affiliation between strain Sp-

1
T
 and the validly published members of the order Rhizobiales. In consensus tree, this strain 

constituted an independent evolutionary line within a clade containing the members of the genera 

Pseudoxanthobacter, Kaistia and Amorphus in the order Rhizobiales. This clade was readily separated 

from its other closest phylogenetic neighbors genera with the high support values (91, 91, 88 and 92% 

of bootstrap values in the NJ, ME, MP and ML trees and 1.00 posterior probability value in the BI 

tree, respectively) in consensus tree (Fig. 3). The low level of sequence similarity (Less than 95%) 

with related taxa and the distinct phylogenetic position indicated that strain Sp-1
T
 could be treated as a 

unique taxonomic representative of a new genus within the order Rhizobiales. Among the three 

closest species of the genus Ochrobactrum, the type strain of type species (O. anthropi ATCC 49188
T 

= KACC 11936
T
) of this genus was selected as reference strain for phenotypic characterization and 

fatty acid analyses under the same conditions.  
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3.2.3. Chemotaxonomy 

The major cellular fatty acids detected in the strain Sp-1
T
 were C16:0 (58.0%) and summed feature 8 

(C18:1 ω7c and/or C18:1 ω6c; 16.05%). Strain Sp-1
T
 can be differed from those members of the 

neighbouring genera Ochrobactrum, Pseudoxanthobacter, Tianweitania, Brucella, Mesorhizobium, 

Mycoplana, Kaistia and Amorphus by its major cellular fatty acids (Table 1). Furthermore, the cellular 

fatty acid profile readily distinguished strain Sp-1
T
 from the type strain of O. anthropi (ATCC 49188

T
 

= KACC 11936
T
) (Table 2). 

 

3.2.4. G+C content 

The G+C content of the genomic DNA of strain Sp-1
T
 was found to be 67.4 mol%. 

 

3.2.5. Taxonomic conclusion 

The low level of 16S rRNA gene sequence similarity, independent phylogenetic position and 

differences several phenotypic properties, cellular fatty acid compositions and DNA G+C content 

between strain Sp-1
T
 and its closest phylogenetic neighbours strongly indicate that strain Sp-1

T
 is not 

closely affiliated with any recognized taxa. Therefore, we suggest that strain Sp-1
T
 is representative of 

a new species under a new genus within the order Rhizobiales for which the name 

Segnisochrobactrum spirostomi gen. nov., sp. nov. is proposed. 

 

3.2.6. Description of Segnisochrobactrum gen. nov.  

Segnisochrobactrum (Seg ńis.o.chro.bac t́rum. L.adj. segnis, slow, lazy, inactive; N.L. neu. n. 

Ochrobactrum a bacterial genus name; N.L. neu. n. Segnisochrobactrum the slow, lazy, inactive 

Ochrobactrum). 

 

Cells are Gram-type negative, rod-shaped, non-motile and non-spore-forming. The strain is positive 

for catalase and oxidase activities but negative for nitrate reduction. Poly-β-hydroxybutyrate 

accumulation in the cell is observed.  The major cellular fatty acids of strain Sp-1
T
 are C16:0 (58.0%) 

and summed feature 8 (C18:1 ω7c and/or C18:1 ω6c; 16.05%). The DNA G+C content of the type strain 

of the species is 67.4 mol%. Based on 16S rRNA gene sequence analysis, the genus is affiliated 

within the order Rhizobiales. The type species is Segnisochrobactrum spirostomi. 

 

3.2.7. Description of Segnisochrobactrum spirostomi sp. nov. 

Segnisochrobactrum spirostomi (spi.ro śto.ma. L. gen. n. spirostomi of Spirostomum, the generic 

name of the animal-like protist, the source of the organism). 
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The species exhibits the following characteristics along with those described for the genus description. 

Cells are Gram-type negative, non-spore-forming, and non-motile. Cells are found to be rods with 

approximately 0.9–1.2 mm in width and 2.0–2.5 mm in length after 24 h of incubation in TSB at 

28 °C .They occur in singly, in pairs, or irregularly in short chains. Cells are found to contain poly-β-

hydroxybutyrate accumulating granules. The strain is able to grow on NA, TSA and EMB agar plates 

but not on MacConkey agar. Growth on NA, TSA and EMB plates appears after 2 days of incubation 

at 28 °C. The colonies on NA (about 1 mm in diameter) and TSA (1–2 mm in diameter) are observed 

to be circular, low convex with entire edge, smooth surface, opaque and cream colored after 7 days at 

28 °C. Colonies produced on EMB agar are convex, smooth surface and pale pink colored. The 

temperature for growth is between 15 and 37 °C with optimum 28–30 °C. The strain is unable to grow 

at over 40 °C but able to survive being heated at 60 °C for 30 min. The growth of strain can take place 

at pH 5.0–11.0 with optimum pH 7.0. It can grow in the 0% (w/v) NaCl but can also tolerate up to 3% 

(w/v) NaCl. The strain produces acid from glucose without producing gas. The cells exhibit positive 

reaction for catalase and oxidase but negative for ONPG. The strain is unable to reduce nitrate. It 

hydrolyzes esculin and Tween 20 but does not gelatin, starch, casein and Tween 80. It’s unable to 

produce H2S and indole. It shows positive test results for urease activity, arginine dihydrolase, lysine-, 

ornithine-, methionine- and leucine decarboxylases but negative results for Voges-Proskauer and 

methyl red. A positive reaction was observed for citrate utilization, but a negative reaction was 

observed for tryptophan deaminase activity. Acid is produced from D-fructose, L-arabinose, D-

mannose, D-galactose, and L-rhamnose and weakly from myo- inositol, D-sorbitol, and D-cellobiose 

but not from sucrose, D-mannitol, D-maltose, lactose, D-melibiose, D-amygdalin, and glycerol. D-

glucose, D-fructose, L-arabinose, D-mannose, D-galactose, myo-inositol, D-sorbitol, and D-cellobiose 

are utilized by the isolate as sole sources of carbon but sucrose, D-mannitol, D-maltose, lactose, D-

melibiose, D-amygdalin, and glycerol are not utilized. The cells are sensitive to the vibriostatic agent 

O/129, ampicillin (10 µg), gentamicin (10 µg), kanamycin (30 µg), penicillin G (10 U), streptomycin 

(10 µg), doxycycline (30 µg), and tetracycline (3 µg). The major cellular fatty acids detected in the 

strain Sp-1
T
 are C16:0 (58.0%) and summed feature 8 (C18:1 ω7c and/or C18:1 ω6c; 16.05%). The DNA 

G+C content of the type strain are 67.4 mol%. 

 

The type strain Sp-1
T
 (=KCTC 62036

T
 =JCM 32162

T
).was isolated from a monoclonal culture of the 

heterotrichs ciliate Spirostomum cf. yagiui collected from a fresh water reservoir in Ulsan, South 

Korea.  
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Table 1. Differential phenotypic characteristics of strain Sp-1
T
 and phylogenetically related genera in the order Rhizobiales. 

Taxa: 1, strain Sp-1
T
 (data from this study); 2, Ochrobactrum (data from Holmes et al., 1988; Kämpfer et al., 2014; Lebuhn et al., 2000; Li et al., 2016 & this study); 3, 

Pseudoxanthobacter (Arun et al., 2008; Liu et al., 2014); 4, Tianweitania (Han et al., 2016); 5, Brucella (Foster et al., 2007; Kämpfer et al., 2014; Scholz et al., 2008; 

Scholz et al., 2010; Scholz et al., 2016; Whatmore et al., 2014); 6, Mesorhizobium (Degefu et al., 2013; De Meyer et al., 2016; Guan et al., 2008; Han et al., 2008; 

Martínez-Hidalgo et al., 2015; Velázquez et al., 2001; Wang et al., 2007; Willems, 2014; Zhu et al., 2015); 7, Mycoplana (Kämpfer et al., 2014; Urakami et al., 1990); 8, 

Kaistia (Im et al., 2004; Jin et al., 2011; Jin et al., 2012; Kim et al., 2010; Lee et al., 2007; Glaeser et al., 2013; Weon et al., 2008;); 9, Amorphus (Hwang et al., 2013; 

Wang et al., 2010; Zeevi Ben Yosef et al., 2008). NR, not reported; +, positive; w+, weakly positive; –, negative. 

 

Characteristics 1 2 3 4 5 6 7 8 9 

Cell morphology Rods Rods Rods Rods 
Cocci/short 

rods 
Rods 

Irregular 

rods 
Rods/coccus Amorphous/rods 

Motility – + +/– + – + + – – 

Growth temperature 

range (ºC) 
15–37 4–45 10–40 20–35 20–40 15–42 ND 5–40 12–45 

Optimum growth 

temperature (ºC) 
28–30 20–37 30–37 28 37 28 30 37 25–37 

Growth at 42 ºC – + – – – + – – + 

pH range 5.0–11.0 3.0–10.0 5.0–10.0 6.0–8.0 NR 4.0–11.0 6.0–9.0 4.5–10.5 5.0–11.5 

Optimum pH 7.0 6.0–7.0 7.0–8 7.0 6.6–7.4 7.0 6.0–8.0 6.0–7.0 6.5–8.0 

NaCl tolerance (% 

w/v) 
3 3 NR 3 6 8 2 10 14 

Oxidase + + +/– + +/– +/– + + – 

Catalase + + + – + +/– + + + 

Reduce nitrates – + NR – +/– +/– – +/– +/– 

Urease + +/– + – + +/– + + + 

MR – NR NR NR – NR – NR – 

VP – + + NR +/– NR + – – 

H2S production – – NR NR +/– NR – – – 

Citrate utilization + + – + – +/– NR – +/– 
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Hydrolysis of:          

Gelatin – – – – – – – +/– +/– 

Starch – – NR – – – – +/– – 

Esculin + +/– – – – + NR + +/– 

Tween 20 + – – NR  NR NR – – 

Tween 80 – – – – – NR NR +/– – 

ONPG – +/– – + – +/– NR + – 

Lysine decarboxylase + – NR NR – NR NR – – 

Arginine dihydrolase + +/– + – – +/– NR – +/– 

Ornithine 

decarboxylase 
+ – w+ NR – NR NR – – 

Produce acid from 

glucose 
+ + – + – + + – – 

Acid production 

from: 
         

D-glucose + +/– – + +/– + + – – 

Sucrose – – – + – – +/– +/– – 

D-fructose + + + + + +/– +/– + NR 

D-mannitol – +/– +/– + – + +/– +/– – 

L-arabinose + +/– – + + + + +/– – 

D-maltose – + – + +/– – +/– + NR 

D-mannose + + – + NR +/– +/– w+/– NR 

D-galactose + + +/– + – +/– +/– w+/– NR 

myo-Inositol w+ +/– – + – – – w+/– – 

Lactose – +/– – – – – +/– w+/– NR 

D-sorbitol w+ +/– – – w+ w+/– +/– w+/– – 

D-cellobiose w+ + – + NR – NR +/– NR 

L-rhamnose + +/– – + – w+/– NR +/– – 

D-melibiose – +/– – – – – NR +/– – 
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D-amygdalin – – NR + – – NR – – 

Glycerol – + NR + NR + +/– – NR 

Utilization of:          

D-glucose + + + NR +/– +/– + + + 

Sucrose – + – NR +/– +/– +/– + +/– 

D-fructose + + + NR +/– +/– + + +/– 

D-mannitol – + + NR – + + + +/– 

L-arabinose + + + NR +/– +/– + + +/– 

D-maltose – + – NR +/– +/– +/– + + 

D-mannose + + + NR + +/– + + + 

D-galactose + + +/– NR +/– +/– + + – 

myo-Inositol + + + NR +/– +/– – + – 

Lactose – + – NR NR +/– – + – 

D-sorbitol + + + NR NR +/– + + +/– 

D-cellobiose + + – NR NR + NR + +/– 

L-rhamnose + + + NR NR +/– – + – 

D-melibiose – – – NR NR +/– NR + +/– 

D-amygdalin – +/– NR NR NR +/– NR NR – 

Glycerol – + + NR NR +/– + – +/– 

G+C (%) 67.4 56.0–59.0 68.4 –70.1 59.6 57.9–59.0 57.9–65.1 63.0–65.0 61.6–67.8 61.3–67.1 

Predominant fatty 

acids 

C16:0 & 

summed 

feature 8* 

C18:1 ɷ7c, C19:0 

cyclo ɷ8c 

C19:0 cyclo ɷ8c, 

C16:0 & C18:1 ɷ7c 

*Summed 

feature 4 & 8 

C14:0, C16:1, 

C18:0 & C18:1 
C18:1 ɷ7c 

C18:1, C16:0 & 

C16:1 

C18:1 ɷ7c, C19:0 

cyclo ɷ8c 

C18:1 ɷ7c & 

C19:0 cyclo ɷ8c 

* Summed feature 4 (iso-C17:1 I and/or anteiso-C17:1 B) & 8 (C18:1 ɷ 7c and/or C18:1 ɷ 6c) 
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Table 2. Cellular fatty acid compositions (%) of strains Sp-1
T
 and O. anthropi ATCC 49188

T
 = 

KACC 11936
T
. All data were from this study.   

 

Fatty acids Strain Sp-1
T
 O. anthropi KACC 11936

T
 

Saturated fatty acids   

C12:0 0.13 – 

C14:0 0.62 0.19 

C16:0 58.0 8.69 

C16:0 3-OH 0.88 – 

C17:0 cyclo 0.60 0.75 

C17:0 – 1.24 

C18:0 2.88 7.09 

C18:0 3-OH 2.19 0.15 

C19:0 cyclo ω8c – 29.43 

Unsaturated fatty acids   

C16:1 ω11c 0.52 – 

C17:1 anteiso ω9c 0.27 – 

C17:1 ω8c – 0.17 

C18:1 ω9c 0.47 – 

C18:1 ω5c – 0.14 

C18:1 2-OH – 0.81 

C18:1 ω7c 11-methyl 0.24 0.15 

C20:1 ω7c – 0.38 

C20:2 ω6,9c 0.23 – 

Summed features†   

2 3.03 0.19 

3 1.99 1.41 

5 0.28 – 

8 16.05 49.21 

–, Not detected 

†Summed features represent groups of two or three fatty acids that could not be separated by GLC with the 

MIDI system. In this study, summed feature 2 contained C14:0 3-OH and/or C16:1 iso I and/or C12:0 aldehyde?; 

summed feature 3 contained C16:1 ω7c and/or C16:1 ω6c; summed feature 5 contained C18:2 ω6,9c and/or C18: 0 

ante; and summed feature 8 contained C18:1 ω7c and/or C18:1 ω6c. 
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Figure 1. Optical micrograph of strains (a) Sp-1
T
 and (b) KACC 11936

T
; scale bar= 5μm 
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Figure 2. Photomicrograph of the bacterial strain Sp-1
T
 showing the poly-β-hydroxybutyrate (PHB) granules (a) Black color granules in the 

bacterial cells were seen by sudan black staining and (b) The isolated bacterial PHB granules were fluorescence by acridine orange stain. 
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Figure 3. Phylogenetic consensus tree based on 16S rRNA gene sequences showing the phylogenetic 

relationship of strain Sp-1
T
 among the closest related species of the order Rhizobiales. The tree was 

constructed based on the neighbor-joining (NJ), minimum evolution (ME), maximum parsimony (MP), 

maximum likelihood (ML) and Bayesian inference (BI) methods, and the numbers at the nodes represent 

bootstrap values for the NJ, ME, MP and ML analyses and posterior probability for the BI analyses (based on 

1000 resamplings). Paracoccus acridae SCU-M53
T
 (KT634253) and Roseinatronobacter monicus ROS 35

T 

(DQ659236) of the family Rhodobacteraceae of the order Rhodobacterales were served as the multiple 

outgroups. The sequence of strain Sp-1
T
 is indicated in bold. The bar represents 0.01 substitutions per nucleotide 

position. 
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3.3. Bacterial sample 3 (BS3): Strain S18 

3.3.1. Results 

A Gram-type negative, motile and rod-shaped bacterium S18 was isolated from the heterotrichs ciliate 

Stentor tartari (Fig. 1). The results obtained from the morphological, biochemical and physiological 

tests of the culturable bacterial strain S18 associated with S. tartari are presented in Table 1 and in the 

description of the new bacterial strain. The phylogenetic analysis based on the 16S rRNA gene 

sequence of strain S18 showed it to be closely related to Pseudomonas koreensis (99.86%), 

Pseudomonas reinekei (99.57%), Pseudomonas jessenii (99.50%) and Pseudomonas moraviensis 

(99.43%) (Table 2). With regard to unculturable bacteria, strain S18 showed the highest similarity 

(99.9%) with the uncultured Pseudomonas sp. Clone (JQ994170). The phylogenetic consensus tree 

based on the 16S rRNA gene the new isolate formed a cluster with the type strain of P. koreensis, P. 

moraviensis and uncultured Pseudomonas sp. Clone (JQ994170) (Fig. 2). The dominated cellular fatty 

acids were C16:0 (19.33%), C17:0 cyclo (15.80%) and summed feature 8 (C18:1 ω7c and/or C18:1 ω6c; 

14.71%); other cellular fatty acids were listed in Table 3. Strain S18 showed the DNA G+C content of 

68.7 mol%. 

 

3.3.2. Remarks 

Pseudomonas (Palleroni, 1984) is a genus of the family Pseudomonadaceae that belongs to the class 

Gammaproteobacteria. The genus has undergone repeated taxonomic revision. Polyphasic taxonomic 

studies and 16S rRNA gene sequence analysis have largely contributed to the stabilization of the 

taxonomy of Pseudomonas. The genus Pseudomonas comprises almost 100 species with validly 

published names (Clark et al., 2006). Members of the genus Pseudomonas are ubiquitous occurring 

diverse natural habitats and also known as pathogens of animals and plants (Tryfinopoulou et al., 

2002). Pseudomonads are well known for displaying a broad metabolic versatility. Even though the 

newly isolated bacterial strain S18 was close to the members of genus Pseudomonas of the family 

Pseudomonadaceae, this strain can be distinguished from those members by several differentiating 

phenotypic characteristics (Table 1). The present target bacterial strain S18 distinguished from closet 

relatives by its inability of catalase activity. The other most discriminatory test found for this bacterial 

strain were acid production from glucose and its ability to grow at 37 °C. As early as 1994, two 

strains were considered as belonging to distinct species if they shared 16S rRNA gene sequence 

similarities lower than 97% (Stackebrandt & Goebel, 1994). In 2006, the cut-off value at the species 

level was re-evaluated at 98.7% (Stackebrandt & Ebers, 2006). However, several authors have 

demonstrated that these cut-offs, initially designed to standardize the use of 16S rRNA gene 

sequences in taxonomy, do not apply to several genera and species. As an example, the interspecies 
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16S rRNA sequence similarity values range was between 96.7 and 100% in genus Aeromonas 

(Martínez-Murcia et al., 1992; Saavedra et al., 2007). The type strains of Edwardsiella species (such 

as E. tarda, E. hoshinae, & E. ictaluri) exhibited 99.35 to 99.81% similarity to each other, and those 

species were clearly distinguishable biochemically (Janda & Abbott, 2007). Though P. koreensis 

showed the highest 16S rRNA gene sequence similarity (99.5%) to P. pavonaceae (Kwon et al., 2003) 

but this two species can be clearly separated each other by differentiating biochemical characteristics. 

The current target strain can be discriminated from P. koreensis by its ability to grow at 37 °C, 

absence of catalase activity, inability of gelatin and urea hydrolysis and acidification of glucose with 

the greatest sequence similarity (99.86%). The dominated cellular fatty acids of strain S18 are C16:0, 

C17:0 cyclo and summed feature 8 (C18:1 ω7c and/or C18:1 ω6c) whereas its closest phylogenetic 

member P. koreensis contains C16:0, summed feature 3 and 8 as the dominated cellular fatty acids. The 

fatty acid C12:0 2-OH and C17:0 iso were found in P. koreensis but it was not found in strain S18. In 

addition, this strain is well separated from P. koreensis by the presence of many saturated (such as 

C14:0 2-OH & C16:0 2-OH) and unsaturated fatty acids (such as C16:1 ω5c & C16:1 2-OH) (Table 3). The 

DNA G+C content of strain S18 was 68.7 mol%, which is higher than that (60.7 mol%) reported for 

the type strain of P. koreensis (Table 1). Literature data indicate that within-species variation in DNA 

G+C content is at most 3 mol% (Mesbah et al., 2011).  

 

3.3.3. Taxonomic conclusion  

Based on the physiological, biochemical, cellular fatty acid compositions, G+C content and 

phylogenetic data, we suggest that this bacterial strain (S18) is a new taxonomical candidate of the 

bacterial genus Pseudomonas within the family Pseudomonadaceae of the class 

Gammaproteobacteria associated with ciliate S. tartari. 

 

3.3.4. Description of new bacterial strain of Stentor tartari  

Cells are Gram-negative and short rods (0.5–0.8 x 1.5–2.0 μm) occurring in singly, in pairs, or 

occasionally in short chains. Cells are motile and non-spore former. They are metabolically aerobic 

organism. Colonies grown on TSA plates at 37 °C for 24 h are approximately 1–2 mm in diameter, 

circular, convex with entire edge, smooth surface, opaque, and cream in color without the production 

of any diffusible pigment. They are positive for oxidase but negative for catalase test. They have 

ability to grow at 0.5% NaCl (w/v). They are able to oxidize the D-glucose. They are unable to reduce 

nitrate to nitrite. They show the positive results for urease activity and citrate utilization but negative 

for the gelatin hydrolysis. They are unable to produce H2S and indole. It shows negative reaction for 

Voges-Proskauer and hydrolysis of Tween 20 and 80. Arginine dihydrolase is produced, but lysine 
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and ornithine are not decarboxylated. Acid is produced from D-glucose, D-galactose, and D-mannose, 

weakly from L-arabinose, D-mannitol and glycerol but not from myo-inositol, D-sorbitol, L-rhomnose, 

sucrose, D-cellobiose. The dominated cellular fatty acids of strain S18 are C16:0 (19.33%), C17:0 cyclo 

(15.80%) and summed feature 8 (C18:1 ω7c and/or C18:1 ω6c; 14.71%). The DNA G+C content of 

strain S18 is 68.7 mol%. 
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Table 1. Comparison of differentiating characteristics of bacterial strain (S18) with closed 

relatives of the family Pseudomonadaceae. ND, Data not found; +, positive; –, negative; +/–, variable. 

Characters Strain S18 P. koreensis1 P. reinekei 2 P. jessenii3 P. baetica4 P. moraviensis5 

Catalase – + + + + + 

Reduction of 

nitrate 
– – – + – – 

Arginine 

dihydrolase 
+ + – – + – 

Growth at 

37ºC 
+ – + – – – 

Gelatin 

hydrolysis 
– + – – + + 

Urease – +/– – – – – 

Acid from 

glucose 
+ – – ND + – 

G+C 

content 
68.7 60.7 ND 57–58 ND ND 

1 Data from Kwon et al., 2003; 2 Data from Cámara et al., 2007; 3 Data from Verhille et al., 1999; 4 Data from 

López et al., 2012; 5 Data from Tvrzová et al., 2006 

 

Table 2. The 16S rRNA gene sequence identity values of bacterial strain S18 with closest 

phylogenetic neighbors derived by the EzTaxon-e server.   

Taxa Strain S18 (%) 

P. koreensis 99.86 

P. reinekei 99.57 

P. jessenii 99.50 

P. moraviensis 99.43 

P. vancouverensis 99.35 

P. moorei 99.35 

P. granadensis 99.34 

P. mohnii 99.28 

P. baetica 99.21 

P. umsongensis 98.99 

P. helmanticensis 98.78 

P. parafulva 98.71 

P. fulva 98.64 

P. lutea 98.35 

P. synxantha 98.13 

P. rhizosphaerae 98.13 

P. coleopterorum 98.06 
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Table 3. Cellular fatty acid compositions (%) of strain S18 and its closest phylogenetic neighbor 

P. koreensis Ps 9-14
 T

 =JCM 14769
 T

. P. koreensis (JCM 14769
 T

): Data from Chang et al., 2016.  

Fatty acids Strain S18 P. koreensis JCM 14769
 T

 

Saturated fatty acids   

C9:0 0.03 – 

C10:0 0.14 – 

C10:0 3-OH  1.8 

C12:0 0.14 3.6 

C12:0 2-OH – 4.0 

C12:0 3-OH 0.07 4.0 

C14:0 6.25 <1.0 

C14:0 2-OH 0.32 – 

C15:0 2-OH 0.10 – 

C15:0 3-OH 0.09 – 

C16:0 19.33 31.0 

C16:0 iso 3-OH 0.11 – 

C16:0 2-OH 3.93 – 

C16:0 3-OH 4.83 – 

C17:0 0.34 <1.0 

C17:0 iso – <1.0 

C17:0 cyclo 15.80 3.2 

C17:0 3-OH 0.35 – 

C18:0 0.53 1.7 

C18:0 2-OH 0.01 – 

C18:0 3-OH 0.06 – 

C19:0 iso 0.04 – 

C19:0 cyclo ω8c 10.82 <1.0 

Unsaturated fatty acids   

C14:1 ω5c 0.14 – 

C15:1 ω6c 0.14 – 

C16:1 ω5c 0.55 – 

C16:1 2-OH 2.29 – 

C17:1 ω7c 0.12 – 

C18:1 ω5c 0.27 – 

Summed features†   

1 0.11 – 

2 8.05 – 

3 10.06 30.7 

8 14.71 17.6 

–, Not detected/reported 

†Summed features represent groups of two or three fatty acids that could not be separated by GLC with the 

MIDI system. In this study, summed feature 1 contained C13:0 3-OH and/or C15:1 iso H; summed feature 2 

contained C14:0 3-OH and/or C16:1 iso I and/or C12:0 aldehyde?; summed feature 3 contained C16:1 ω7c and/or C16:1 

ω6c; and summed feature 8 contained C18: 1 ω7c and/or C18: 1 ω6c. 
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Figure 1. Micrograph of Gram staining of bacterial strain S18; scale bar= 5μm 
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Figure 2. Phylogenetic consensus tree based on 16S rRNA gene sequences, showing the 

relationship between strain S18 and related genera of the family Pseudomonadaceae. The tree 

was reconstructed based on the NJ, MP, ML and BI methods and numbers at nodes represent 

bootstrap values of NJ, MP and ML analyses, posterior probability of BI analyses, respectively (based 

on 1000 resamplings). The sequences of Pseudomonas n. sp. (strain S18) is reported in bold. 

Moraxella lacunata (D64049) and Acinetobacter calcoaceticus (AJ888983) were used as multiple 

outgroups. Bar, 0.01 substitutions per nucleotide position. 
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3.4. Bacterial sample 4 (BS4): Strain D-1 

3.4.1. Results 

A Gram-stain negative and short rod-shaped bacterium was isolated from the urostyloid ciliate 

Diaxonella pseudorubra (Fig. 1). The morphological, biochemical and physiological results data of 

the culturable bacterial strain D-1 associated with Diaxonella pseudorubra are arranged in Table 1 

and in the description of the bacterial strain. Phylogenetic analysis based on almost-complete 16S 

rRNA gene sequence of bacterial strain (D-1) indicated that Strain D-1 was most closely related to 

Pseudacidovorax intermedius (100%) and Acidovorax wautersii (97.02%) (Table 2). The new 

bacterial strain D-1 formed a clade with the type strain of Pseudacidovorax intermedius in 

phylogenetic consensus tree (Fig. 2). Chemotaxonomic data revealed that strain D-1 contains C16:0 

(22.78%), summed feature 3 (C16:1 ω7c and/or C16:1 ω6c; 21.08%) and 8 (C18:1 ω7c and/or C18:1 ω6c; 

17.49%) as the major cellular fatty acids (Table 3). The DNA G+C content of strain D-1 was found to 

be 70.4 mol%. 

 

3.4.2. Remarks 

The genus Pseudacidovorax was first established by Kämpfer et al., (2008) as a new member of the 

family Comamonadaceae of the class Betaproteobacteria. Members of the genus Pseudacidovorax 

are Gram-negative, short rod-shaped, aerobic or facultatively aerobic metabolism and motile. The 

genus currently comprises a single species, P. intermedius, isolated from a soil sample from an 

experimental field station soil sample of the regional agricultural research station in Kaohsiung 

County in Taiwan (Kämpfer et al., 2008). The present target bacterial strain is isolated from different 

habitat in associated with ciliate. The newly isolated bacterial strain was closely related to the 

members of genera Pseudacidovorax and Acidovorax of the family Comamonadaceae but this strain 

showed some unique phenotypic characteristics that discriminated it from those close phylogenetic 

members (Table 1). Motility is considered one of the important morphological charcteristics for the 

bacteria and it was proposed to be a generic character for the genus Pseudacidovorax as well as its 

closest genera Acidovorax (Kämpfer et al., 2008; Willems et al., 1990) but our isolated bacterial strain 

is non-motile. Severel members of the genus Acidovorax can be distinguished from each other based 

on the acidification of different sugars (Vaneechoutte et al., 2013), strain D-1 also separated from P. 

intermedius by showing this character. The 95% (for genus) and 97% (for species) of 16S rRNA gene 

sequence similarity thresholds was recommended to classify bacterial isolates (Stackebrandt & 

Goebel, 1994). In 2006, 98.7% of thresholds value was proposed to apart two species (Stackebrandt & 

Ebers, 2006) but these thresholds values do not apply to several genera and species. As an example, 

Burkholderia cepacia complex (Bcc) currently comprises nine species, which share a high degree of 
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16S rRNA gene (98–100 %) sequence similarity (Vanlaere et al., 2008). The genus Pseudacidovorax 

was phylogenetically discriminated from the genus Acidovorax with <97% of the 16S rRNA sequence 

similarity (Kämpfer et al., 2008). Even though our isolated bacterial strain D-1 shared 100% of 16S 

rRNA gene sequence similarity with P. intermedius, it can be differentiated from P. intermedius by 

morphological, biochemical and physiological properties (Table 1). The dominated fatty acids of 

strain D-1 was similar to P. intermedius but it was distinguished from phylogenetically close relatives 

of P. intermedius by the presence of many fatty acids such as C12:0, C16:0 2-OH and C18:1 ω7c 11-methyl 

and the absence of C18:1 2-OH (Table 3). The DNA G+C content of strain D-1 was 70.4 mol%, which 

is close to that of the type strain of Pseudacidovorax intermedius (Table 1). 

  

3.4.3. Taxonomic conclusion 

Strain D-1 forms a robust clade with the type strain of Pseudacidovorax intermedius on the basis of 

16S rRNA gene sequence analysis. However, this strain can be readily differentiated from its closed 

relatives based on phenotypic and chemotaxonomic results. We suggest that target isolate represents a 

currently undescribed taxon belongs to Pseudacidovorax genus of the family Comamonadaceae 

within the class Betaproteobacteria. 

 

3.4.4. Amended definition of the genus Pseudacidovorax 

The definition or description of the genus is as given (Kämpfer et al., 2008) with the amendment that 

the cells are either motile or non-motile. 

 

3.4.5. Description of new bacterial strain of Diaxonella pseudorubra 

Cells are Gram-negative and short rods (0.4–0.6 x 1.0–1.3 µm) occurring in singly, in pairs, or 

occasionally in short chains. Cells are non-motile and non-endospore forming. They are metabolically 

aerobic organism. They are positive for oxidase and catalase test. They are unble to reduce nitrate to 

nitrite. Colonies grown on TSA plates at 37 °C for 48 h are approximately 1–2 mm in diameter, 

circular, convex with entire edge, smooth surface, opaque, and tan in colour without the production of 

any diffusible pigment. Colonies produced on Mac-Conkey agar plates are appeared flat and colorless 

resulting non-lactose fermented, and on EMB agar plates convex and light lavender in color. They are 

able to oxidize the D-glucose without producing gas. They are unable to produce H2S and indole. 

They show the negative results for urease activity, utilization of citrate, hydrolysis of gelatin, esculin 

and casein, arginine dihydrolase, lysine decarboxylase and ornithine decarboxylase. Positive reaction 

is observed for Voges-Proskauer test but negative for ONPG (β-galactosidase) and tryptophan 

deaminase activity. Acid is produced from D-mannitol, myo-inositol, D-sorbitol, L-rhamnose, D-
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melibiose and L-arabinose weakly from D-sucrose , but not from lactose, D-glucose and D-amygdalin. 

The strain contains C16:0 (22.78%), summed feature 3 (C16:1 ω7c and/or C16:1 ω6c; 21.08%) and 8 (C18:1 

ω7c and/or C18:1 ω6c; 17.49%) as the dominant cellular fatty acids. The DNA G+C content of strain 

D-1 is 70.4 mol%. 
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Table 1. Comparison of differentiating characteristics of bacterial strain (D-1) with closed 

relatives of the family Comamonadaceae. ND, Data not found; +, positive; w, weak; –, negative. 

Characters Strain D-1 P. intermedius
1
 A. wautersii

2
 

Colony color Tan Beige ND 

Motility – + + 

Citrate utilization – + + 

Urease (Urea hydrolysis) – ND + 

Acid production from: 

D-glucose – – + 

D-mannitol + – w+ 

myo-inositol + – ND 

D-sorbitol + – ND 

L-rhamnose + – + 

Sucrose w+ – ND 

D-melibiose + – ND 

L-arabinose + – + 

Lactose – – + 

G+C content 70.4 70.1 67.1 

1 Data from Kämpfer et al., 2008; 2 Data from Vaneechoutte et al., 2013 

 

Table 2. The 16S rRNA gene sequence identity values of bacterial strain D-1 with closest 

phylogenetic neighbours calculated by the EzTaxon-e server. 

Taxa Strain D-1 (%) 

Pseudacidovorax intermedius 100.0 

Acidovorax wautersii 97.02 

Acidovorax oryzae 96.94 

Acidovorax avenae 96.94 

Acidovorax cattleyae 96.87 

Acidovorax citrulli 96.80 

Xylophilus ampelinus 96.43 

Alicycliphilus denitrificans 96.36 

Comamonas humi 96.29 

Simplicispira metamorpha 96.22 
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Table 3. Cellular fatty acid compositions (%) of strain D-1 and Pseudacidovorax intermedius. P. 

intermedius (CC-21
T
): Data from Kämpfer et al., 2008. 

Fatty acids Strain D-1 P. intermedius CC-21
T
 

Saturated fatty acids   

C8:0 3-OH 1.97 1.3 

C9:0 3-OH 0.13 – 

C10:0 0.07 – 

C10:0 3-OH 5.89 4.3 

C12:0 5.41 – 

C13:0 0.05 – 

C14:0 6.34 4.7 

C15:0 iso 3-OH 0.20 – 

C16:0 22.78 22.6 

C16:0 2-OH 0.60 – 

C16:0 3-OH 0.20 – 

C17:0 0.07 – 

C17:0 cyclo 14.66 8.9 

C17:0 3-OH 0.08 – 

C18:0 0.25 2.1 

C19:0 iso 0.16 – 

C19:0 cyclo ω8c 0.10 – 

Unsaturated fatty acids   

C14:1 ω5c 0.06 – 

C15:1 ω6c 0.13 – 

C16:1 ω5c 0.41 – 

C16:1 2-OH 0.81 1.8 

C17:1 ω7c 0.13 – 

C18:1 ω5c 0.08 – 

C18:1 2-OH – 2.0 

C18:1 ω7c 11-methyl 0.84 – 

Summed features†   

3 21.08 21.5 

8 17.49 26.3 

–, Not detected/reported 

†Summed features represent groups of two or three fatty acids that could not be separated by GLC with the 

MIDI system. In this study, summed feature 3 contained C16:1 ω7c and/or C16:1 ω6c; and 8 contained C18: 1 ω7c 

and/or C18: 1 ω6c. 
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Figure 1. Micrograph of Gram staining of bacterial strain D-1, Scale bar= 5μm. 
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Figure 2. Maximum-likelihood tree based on 16S rRNA gene sequences, showing the relationship between 

symbiont strain D-1 and related taxa. Numbers of the nodes represents the bootstrap values of ML analyses, 

posterior probability of BI analyses and bootstrap values of NJ analyses, respectively are shown in the tree. 

Basian posterior probabilities using the MrBayes algorithm (BI) and bootstrap values from Maximum-likelihood 

Neighbour-joining analyses (as % out of 1000 replicates). The sequence of Pseudacidovorax n. sp. (strain D-1) 

is reported in bold. Bar, 0.05 substitutions per nucleotide position. 
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3.5. Bacterial sample 5 (BS5): Strain LBJS4 

3.5.1. Results  

A Gram-stain-negative, motile and rod-shaped bacterium, strain LBJS4, was isolated from the ciliate 

Levicoleps biwae jejuensis (Fig. 1). The morphological, biochemical and physiological data of the 

culturable bacterial strain LBJS4 are arranged in Table 1 and in the description of the new bacterial 

strain. The sequence similarity of the new isolate was 99.12% with respect to Aquitalea pelogenes, 

98.38% with respect to Aquitalea magnusonii and 98.16% with respect to Aquitalea denitrificans. It 

shows less than 95% of sequence similarities with others close relatives. The phylogenetic consensus 

tree derived from the 16S rRNA gene sequences the new isolate formed a tide clade with the type 

strain of A. pelogenes by high support values (100, 98, 87% of bootstrap values in the NJ, MP and ML 

trees and 0.87 posterior probability value in the BI tree, respectively) (Fig. 2). The predominant 

cellular fatty acids identified from strain LBJS4 were summed feature 3 comprising C16:1 ω7c and/or 

C16:1 ω6c (57.39%) and C16:0 (17.61%). The detailed fatty acid compositions of the strain LBJS4 are 

given in Table 3. The genomic DNA G+C content was 59.7 mol%. 

 

3.5.2. Remarks 

The genus Aquitalea was first proposed by Lau et al., (2006) in the class Betaproteobacteria, family 

Moraxellaceae. The genus Aquitalea contains three species with valid published names (Euzéby, 

1997; www.bacterio.net, accessed 10 June 2015). They are diverse in nature and isolated from various 

habitats. The type species, A. magnusonii was isolated from a humic lake in northern Wisconsin, USA 

(Lau et al., 2006). The second described species, A. denitrificans was isolated from wetland peat in 

Yongneup, Korea (Lee et al., 2009) and third described species, A. pelogenes from wet mineral peloid 

in spa Mariánské Láznĕ, Czech Republic (Sedláček et al., 2016 ). Some Aquitalea bacterial strains 

were also found in fresh water lake sediments (Weber et al., 2009), wastewater treatment plant (Adav 

et al., 2010), tropical forest soils (Woo et al., 2014)., as a common resident flora of the frog skin 

(Roth et al., 2013), and in the associated with the traps and leaves of carnivorous plants (Gray et al., 

2012; Caravieri et al., 2014). The currently described our bacterial strain LBJS4 was isolated from the 

ciliate L. biwae jejuensis. The results of phenotypic analysis enabled clear discrimination of strain 

LBJS4 from all other members of the genus Aquitalea (Table 1). Remarkably, catalase activity that is 

included as a generic character for the genus Aquitalea (Lau et al., 2006) is absent in the present study 

strain. Reduction of nitrate, arginine dihydrolase activity, indole production, VP and acidification of 

sucrose characteristics were listed as discriminating characteristics among the species of the genus 

Aquitalea (Sedláček et al., 2016). In 1994, the threshold of less than 97% was proposed to separate 

new species established by Stackebrandt & Goebel. In time being the 98.7% of thresholds value was 
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considered to discriminate two species (Stackebrandt & Ebers, 2006). These threshold values that are 

considered to standardize the use of 16S rRNA gene sequences in taxonomy, do not apply to several 

genera and species. The members of the genus Rickettsia showed the greater than 99% of interspecies 

16S rRNA gene sequence similarity values (Fournier & Raoult, 2009). The interspecies 16S rRNA 

sequence similarity values range was between 98.7 and 99.28% in the genus Aquitalea (Lee et al., 

2009; Sedláček et al., 2016). Strain LBJS4 that shared 99.12% of 16S rRNA gene sequence similarity 

with respect to A. pelogenes is separated each other by several biochemical and physiological 

properties. The cellular fatty acids results revealed that the strain contains many fatty acids such as 

C8:0 3-OH, C11:0 3-OH, C12:1 3-OH and C15:1 ω8c, which is not reported in others members of the genus 

Aquitalea. Moreover, C20:0 was found in A. magnusonii but not in the strain LBJS4 (Table 3). The 

DNA G+C content of strain LBJS4 was 59.7 mol%, which is within the range of values that reported 

for members of the genus Aquitalea (Table 1).  

 

3.5.3. Taxonomic conclusion 

Based on its 16S rRNA gene sequence analysis strain LBJS4 was grouped with members of the genus 

Aquitalea but it was clearly separated from other Aquitalea species based on biochemical, 

physiological, and fatty acids composition characteristics. It is concluded that this bacterial strain 

could be assigned as representing a novel taxon within the genus Aquitalea of the family 

Neisseriaceae of the class Betaproteobacteria. 

 

3.5.4. Amended definition of the genus Aquitalea 

The definition or description of Aquitalea is the same as described by Lau et al. (2006) with the 

following change. The catalase activity is variable. 

 

3.5.5. Description of new bacterial strain of Levicoleps biwae jejuensis 

Cells are Gram-stain-negative, motile and rod-shaped (1.0–1.5 x 2.0–3.0 μm). Colonies on TSA and 

NA agar plates are yellow, circular, smooth surface, opaque and convex with entire edge. Colonies are 

1–2 mm in diameter after the incubation of 48 hours at 37 °C. Metabolically they are facultative 

anaerobic. Growth is inhibited by over 1.0 % NaCl (w/v). No growth occurs at 42 °C. The strain is 

positive for oxidase activity but negative for catalase activity. It shows negative results for nitrate 

reduction. The isolate shows positive reaction for urease after 5 days of incubation at 35 °C. They 

exhibit the negative test results for lysine decarboxylase, arginine dihydrolase and ornithine 

decarboxylase. The cells are unable to produce indole and H2S. It produces acid from glucose. The 

cells were negative for Voges-Proskauer, tryptophan deaminase and ONPG (β-galactosidase) 
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activities but positive for citrate utilization. It does not able to hydrolysis of gelatin. It has ability to 

produce acid from D-glucose, sucrose, L-rhamnose, L-arabinose, D-mannose, D-melibiose, and 

amygdalin but no from D-sorbitol, myo-Inositol, and lactose. The predominant cellular fatty acids of 

the strain LBJS4 are summed feature 3 comprising C16:1 ω7c and/or C16:1 ω6c (57.39%) and C16:0 

(17.61%). The DNA G+C content of strain LBJS4 is 59.7 mol%. 
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Table1. Comparison of differentiating characteristics of bacterial strain (LBJS4) with closed 

relatives of the family Neisseriaceae. ND, Data not found; +, positive; –, negative; d, days. 

Characters Strain LBJS4 A. pelogenes
1

 A. denitrificans
2

 A. magnusonii
3

 

Colony color Yellow ND Yellow Tan 

Catalase – + + + 

NaCl tolerance 

(w/v%) 
1.0 <6.5 1.0 <1.5 

Reduce nitrates – + + + 

Arginine dihydrolase – + – + 

Urease + (5d) – – + 

Indole production – + – + 

VP – + – + 

Acid production 

from: 
 

Sucrose + + – – 

D-sorbitol – + – + 

Inositol – + ND ND 

L-rhamnose + – ND ND 

L-arabinose + – ND ND 

D-mannose + – ND ND 

D-melibiose + – ND ND 

Amygdalin + – ND ND 

Citrate utilization + – ND + 

G+C content 59.7 60.3 64.0 59.2 

1 Data from Sedláček et al., 2016; 2 Data from Lee et al., 2009; 3 Data from Lau et al., 2006 
 

 

Table 2. The 16S rRNA gene sequence identity values of bacterial strain LBJS4 with closest 

phylogenetic neighbors derived by the EzTaxon-e server.  

Taxa Strain LBJS4 (%) 

Aquitalea pelogenes 99.12 

Aquitalea magnusonii 98.38 

Aquitalea denitrificans 98.16 

Chromobacterium pseudoviolaceum 94.69 

Chromobacterium violaceum 94.62 

Chromobacterium alkanivorans 94.18 

Chromobacterium rhizoryzae 94.10 

Gulbenkiania mobilis 94.10 

Chromobacterium amazonense 94.03 

Chromobacterium piscinae 94.03 
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Table 3. Cellular fatty acid compositions (%) of strain LBJS4 and the type strains of the 

phylogenetically closely related species of the genus Aquitalea.  

Taxa: 1, Strain LBJS4; 2, A. pelogenes P1297
T
; 3, A. denitrificans KACC 12729

T
; 4, A. magnusonii CCM 7607

T 

(2, 3 & 4: Data from Sedláček et al., 2016). 

Fatty acids 1 2 3 4 

Saturated fatty acids     

C8:0 3-OH 0.13 – – – 
C9:0 3-OH 0.10 – – – 

C10:0 0.32 0.1 0.1 0.1 

C10:0 3-OH 3.57 2.9 2.7 2.8 

C11:0 0.80 0.2 0.1 0.2 

C11:0 iso 0.01 – – – 
C11:0 3-OH 0.16 – – – 

C12:0 7.38 7.5 7.0 6.9 

C12:0 iso 0.06 – – – 

C12:0 2-OH 0.04 0.1 0.1 – 

C12:0 3-OH 1.67 2.3 2.1 2.1 

C13:0 0.22 0.1 0.1 0.1 

C14:0 2.17 2.3 2.1 1.5 

C15:0 iso 3-OH 0.06 – – – 
C16:0 17.61 24.5 28.9 25.0 

C16:0 3-OH 0.05 – – – 
C17:0 0.22 0.4 0.3 0.4 

C18:0 0.24 1.2 0.9 0.7 

C20:0 – – – 0.1 

Unsaturated fatty acids     

C12:1 3-OH 0.11 – – – 

C14:1 ω5c 0.05 – – – 

C15:1 ω8c 0.47 – – – 

C15:1 ω6c 0.25 – – – 

C16:1 ω5c 0.33 0.3 0.3 0.3 

C16:1 iso H 0.04 – – – 
C17:1 ω6c 0.88 0.4 0.2 0.4 

C17:1 ω8c 0.71 0.3 0.2 0.3 

C18:1 ω5c 0.03 – – – 
C18:1 ω7c 11-methyl 0.02 – – – 

C20:1 ω7c 0.06 – – – 
C20:4 ω6,9,12,15c 0.05 – – – 

Summed features†     

1 0.02 – – – 
3 57.39 47.0 47.2 47.8 

4 0.02 – – – 
8 4.75 10.6 7.8 11.4 

–, Not detected/reported 

†Summed features represent groups of two or three fatty acids that could not be separated by GLC with the 

MIDI system. In this study, summed feature 1 contained C13:0 3-OH and/or C15:1 iso H; 3 contained C16:1 ω7c 

and/or C16:1 ω6c; 4 contained C17:1 iso I and/or C17:1 anteiso B and summed feature 8 contained C18: 1 ω7c and/or C18: 

1 ω6c. 
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Figure 1. Micrograph of Gram staining of bacterial strain LBJS4; scale bar= 5μm 
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Figure 2. Phylogenetic consensus tree based on 16S rRNA gene sequences, showing the relationship 

between strain LBJS4 and related taxa of the family Neisseriaceae. The tree was reconstructed based on the 

NJ, MP, ML and BI methods and numbers at nodes represent bootstrap values of NJ, MP and ML analyses, 

posterior probability of BI analyses, respectively (based on 1000 resamplings). Only bootstrap values above 50% 

and posterior probability values above 0.50 are shown. Filled circles, open circles, filled stars, open stars, filled 

triangles and open triangles indicate nodes recovered by NJ, MP, ML and  BI; NJ; NJ and MP; NJ and ML; NJ, 

MP and  BI; NJ, ML and BI algorithms, respectively. Rhodocyclus tenuis (D16208) is used as an outgroup. 

The sequences of Aquitalea n. sp. (strain LBJS4) is reported in bold. Bar, 0.02 substitutions per nucleotide 

position. 
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4. Endosymbionts in ciliates 

4.1. Material and methods 

4.1.1. FISH and microscopy  

Fluorescence in situ hybridization (FISH) with eubacterial Cy3-labeled probes EUB338, II and III 

(Amann et al., 1995; Daims et al., 1999) was performed on starved sterile ciliate cells of P. caudatum 

in order to investigate the presence of bacterial endosymbionts.  FISH experiment was carried out 

following the protocol of Fried et al. (2002). In short, ciliate cells were fixed with Bouin’s solution at 

a final concentration of 50%. A fixed cell suspension of 200 μl was placed onto microscopic slides 

(FINE FROST glass slide) and dried at room temperature about 2 hours. After being dried the slide 

was washed in autoclaved tap water (pH 7.0) three times for 10 min in order to remove the fixative. 

The cells were dehydrated by placing the slide subsequently in 30%, 50%, 80%, and 100% ethanol for 

5 min each. After Dehydration, cells were covered by hybridization buffer [20 mM Tris–HCl (pH 8.0), 

0.9 M NaCl, 0.01% sodium dodecyl sulfate (SDS), 0% formamide] containing the relevant fluorescent 

probes (5 ng μl
−1 

final concentration) and incubated at 46 °C for 2 hours. After being hybridized, the 

slide was submersed into preheated washing buffer [20 mM Tris–HCl (pH 8.0), 900 mM NaCl, 0.01% 

SDS] for 10–15 minutes at 48 °C, rinsed in ice-cold autoclaved distilled water two times for 10 

seconds each., mounted with resin solution, covered with a cover slip and observed under a confocal 

laser scanning microscope (Olympus FV1200). Images were acquired with an Olympus Ix83 camera 

controlled by the software FV10-ASW 4.2 viewer. 

 

4.1.2. Transmission electron microscopy 

For transmission electron microscopy, starved sterile ciliate cells of Spirostomum cf. yagiui were 

fixed in 2.5% cold glutaraldehyde overnight, and washed in 0.1 M phosphate buffered saline (pH 7.4) 

three times for 20 min. After washing steps with the same buffer, postfixition was performed for 2 

hours with 1% osmium tetroxide in 0.1 M phosphate buffered saline supplemented with 0.25-M 

sucrose. After fixation, the cell pellet was dehydrated serially in ethanol (30%, 50%, 70%, 95% and 3 

× 100%). The dehydrated cells were Cells were embedded in Spurr’s resin (Spurr, 1969). Ultrathin 

sections were performed with a UCT Ultracut (Leica, Germany), and poststained with lead citrate 

(Reynolds, 1963) for 4 min and 1% aqueous uranylacetate for 2 min. Finally, TEM observations were 

done using a Zeiss EM (Carl Zeiss, Germany). 
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4.2. Results and Discussion 

Preliminary FISH experiment with eubacterial Cy3-labeled probes EUB338, II and III was performed 

on cells of P. caudatum, and the cells were showed the presence of bacteria within the cytoplasm of 

the starved ciliate host (Fig. 1). Transmission electron microscopic analysis revealed that the different 

shaped bacterial symbionts were distributed in the cytoplasm of the Spirostomum cf. yagiui (Fig. 2). It 

has been reported that bacterial symbionts colonize different compartments including cell surface, 

cytoplasm, macronuclei and micronuclei, periplasmatic space, endoplasmatic reticulum, and even in 

mitochondria of the ciliated protist (Amann et al., 1991; Gong et al., 2014). Of note, FISH and TEM 

experiments indicated that symbiotic bacteria present in the cytoplasm of the unicellular ciliated 

protist P. caudatum and Spirostomum cf. yagiui and they are survive intracellularly. Well-established 

associations between ciliates and prokaryotes have important ‘ecological effects’ and ‘evolutionary 

implications’ (Vannini et al., 2003). Symbiosis between Paramecia and bacteria can be a mutual 

relationship, whereby both partners profit from each other (Fujishima & Kodama, 2012). Previous 

studies have revealed that symbionts can satisfy their nutritional needs as well as gain shelter within 

the host ciliate intracellular environment (Fisher, 1996). The symbiotic relationship between protists 

and bacteria is also beneficial allowing both partners to take advantage by development of new 

characteristics, adaptation to new environments as well as an important condition favouring their 

spread in the environment (Heinz, 2007). Several reports have shown that bacterial symboints may 

use protists, such as amoeba and ciliates, as a potential environmental host and reservoir to acquire of 

nutrients for their survival and viability and as a potential vector for further transmission to 

susceptible hosts or to protect themselves from adverse conditions (Rahman et al., 2008; Anacarso et 

al., 2012; Yousuf et al., 2013). Present findings indicated that bacterial symbiont may use P. 

caudatum and Spirostomum cf. yagiui as an important host for their survival or transmission or shelter. 

Present study also revealed that bacterial strains inhabited the P. caudatum and Spirostomum cf. yagiui, 

which might represent a vast field for future studies focusing on co-evolution of symbiotic partners, 

interactions, and potential metabolic exchanges among them and possible pathogenicity for organisms 

or human. 
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Figure 1. Confocal laser scanning microscopy picture of FISH assay on P. caudatum using red-labeled 

probes (Cy
3
-EUB338, II and III), showing the bacteria scattered in the host cytoplasm; Bar=10μm.  
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Figure 2. Symbiont bacteria of Spirostomum cf. yagiui were investigated by transmission electron 

microscopy (TEM). a) Part of the cytoplasm of the host body and intracellular bacteria are localized in the host 

cytoplasm (arrows); b) Endosymbiont bacterium surrounded by a host cytoplasmic membrane (arrows); c) The 

absence of the host cytoplasmic membrane surrounding the bacterial symbionts. Scale Bar= fig a, 2 μm; Fig b, 

200nm; Fig c, 1 μm.  
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