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A B S T R A C T 

Cold-loving microorganisms developed numerous adaptation mechanisms allowing them to survive in 
extremely cold habitats, such as adaptation of the cell membrane. The focus of this study was on the 
membrane fatty acids of Antarctic Flavobacterium spp., and their adaptation response to cold-stress. Fatty 
acids and cold-response of Antarctic flavobacteria was also compared to mesophilic and thermophilic 
members of the genus Flavobacterium. The results showed that the psychrophiles produced more types 
of major fatty acids than meso- and thermophilic members of this genus, namely Ci5:i iso G, Cis:o iso, 
Ci5:o anteiso, Ci5:i w6c, Ci5:o iso 30H, C\T-\ W6C, Ci6:o iso 30H and Ci7:o iso 30H, summed features 3 
(C 1 6 : 1 &>7cand/or C 1 6 : 1 w6c) and 9 (C 1 6 : 0 10-methyl and/or C 1 7 : 1 iso w9c). It was shown that the cell 
membrane of psychrophiles was composed mainly of branched and unsaturated fatty acids. The results 
also implied that Antarctic flavobacteria mainly used two mechanisms of membrane fluidity alteration 
in their cold-adaptive response. The first mechanism was based on unsaturation of fatty acids, and the 
second mechanism on de novo synthesis of branched fatty acids. The alteration of the cell membrane was 
shown to be similar for all thermotypes of members of the genus Flavobacterium. 

© 2017 Elsevier GmbH. All rights reserved. 

Introduction 

Microscopic life in cold regions of the Earth is characterized by 
a high biodiversity comprised mainly of microorganisms such as 
bacteria, fungi and microalgae [6], To survive in conditions typical 
of cold regions (cold temperature, a lack of water and/or nutrients, 
intense UV irradiation and/or higher salinity) various adaptation 
mechanisms are required [7]. Of these conditions, cold tempera­
tures strongly affect microbial cellular functions by influencing cell 
integrity, water viscosity, diffusion rates, the kinetics of enzyme 
reactions and membrane fluidity [7], 

In recent years, researchers have intensively studied cold-
adapted bacteria in order to determine the adaptations related to 
their cytoplasmic membrane [13]. The composition of the mem­
brane fatty acids (FAs) strongly affects membrane properties by 
influencing fluidity and/or biological functions, such as solute 
uptake, nutrient transport, osmotic pressure and/or energy pro­
duction [4]. These functions are directly associated with natural 
forms of biomembranes represented by the semi-liquid state of 
lipid structures. It is well known that environmental conditions and 
stresses strongly affect cell membrane structure, due to the cellular 
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effort needed to maintain a liquid crystalline state [4,12,25,29,30], 
The response of bacterial cells leading to maintenance of a fully 
functional cell membrane is termed homeoviscous adaptation. 

Bacteria achieve homeoviscous adaptation to low temperatures 
(cold-shock) by using several mechanisms. These cold-induced 
responses are common among different bacterial groups and 
include an increase in FA unsaturation, FA methyl branching and/or 
increasing the iso/anteiso-branched FAs ratio [8,22-24], Moreover, 
with a decrease in temperature, the average length of FAs, as well as 
the sterol/phospholipid ratio, have been shown to decrease [13,25], 
These changes in different combinations and quantities allow bac­
teria to retain membrane function and fluidity [24] and thereby 
sustain the survival of these bacterial cells. 

Previously, a number of bacterial species have been studied 
in order to characterize their membranes or the mechanisms 
of their membrane temperature adaptation. These studies were 
mainly focused on Gram-positive bacteria, such as members of 
the genera Bacillus, Clostridium, Micrococcus or Listeria monocyto­
genes [2,8,20,21,31], Within the Gram-negative bacteria, the main 
object of chemotaxonomic studies has been the cell wall structure 
[10,14,15,19,27,29], 

This current study focused on the cold-adapted Flavobacterium 
spp. isolated from Antarctica, and on their cell membrane proper­
ties. The aims of the study were: (i) to determine the FA composition 
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of Antarctic Flavobacterium spp., (ii) to determine their cold-
adaptation mechanisms to low temperatures due to alteration of 
the FA composition, (iii) to compare the FAs of Antarctic flavobac-
teria to mesophilic and thermophilic reference strains of the genus 
Flavobacterium, and (iv) to compare the cold-shock response of all 
three of these thermotypes. 

Materials and methods 

Bacterial strains 

Two groups of Flavobacterium spp. were used in this study. The 
first group included 28 unique psychrophilic gliding Flavobacterium 
spp. isolated from terrestrial abiotic sources in Antarctica (vari­
ous water sources, rocks and regolith from James Ross Island). The 
strains used are listed and detailed in Table SI. These psychrophilic 
species exhibited the main characteristics of the genus Flavobac­
terium: Gram-negative rods with a yellow pigment exhibiting 
gliding motility. The assignment of these bacteria to the genus 
Flavobacterium was based on sequencing of their 16S rRNA gene 
and MALDI-TOF MS analysis (data not shown). All strains grew well 
under aerobic conditions at a temperature of 20 °C. 

The second group was comprised of mesophilic flavobacte-
ria reference cultures and one thermophilic reference culture of 
Flavobacterium thermophilum CCM 3694T with optimal growth 
temperatures of 2 5 - 3 0 ° C and 50°C, respectively. The reference 
strains were obtained from the Czech Collection of Microorganisms 
(http://www.sci.muni.cz/ccm/) and are detailed in Table S2. 

Cultivation for fatty acid methyl ester (FAME) analysis 

All strains used in the study were cultured under optimal growth 
conditions for 48 h, and at temperatures that decreased by approx­
imately 10 °C (for 48 or 72 h) in order to investigate the cold-shock 
response of their cell membranes. The psychrophilic strains used 
for FA analysis were grown on R2A agar at 2 0 ± 2 ° C and 1 0 ± 2 ° C 
for 48 and 72 h, respectively. The mesophilic reference strains used 
were grown on R2A agar at 3 0 ± 2 ° C and 2 0 ± 2 ° C , 2 5 ± 2 ° C and 
1 5 ± 2 ° C for48h, and one thermophilic strain off . thermophilum 
was grown at 50 ± 2 °C and 40 ± 2 °C for 48 h. Bacterial biomass was 
harvested from the third sector of growth on agar plates, where the 
cultures reached the late exponential growth phase, as previously 
described [26], 

The FAME analysis 

The extraction of fatty acid methyl esters was performed 
according to the standard protocol of the Sherlock8 Microbial Iden­
tification System [26]. Cellular FA extracts were analysed by GC 
(model 7890B, Agilent) using the rapid Sherlock Microbial Iden­
tification system (MIS, version 6.2B, MIDI database: RTSBA6, MIDI 
Inc.). Quantities of individual FAs are given as percentages of all 
named FAs. Randomly selected strains were tested three times in 
order to evaluate the reproducibility of the method. 

Results and discussion 

Reproducibility 

Bacterial FA composition is influenced by several factors, includ­
ing the culture medium, the incubation temperature and the 
culture's physiological age. It is well known that if standard­
ized parameters are used for FAME analysis, highly reproducible 
patterns can be obtained [11,18]. In this part of the study, 5 psy­
chrophilic strains, 4 mesophilic strains and F. thermophilum were 

re-cultivated three times and their FAs were analysed. The cultiva­
tion temperatures were initially set up according to optimal growth 
temperatures (20 °C, 25 °C, 30 °C and 50 °C) and, using standard 
deviation values, more stable FA profiles were obtained after cul­
tivation for 48 h. The same process was repeated with the strains 
cultivated under lower cultivation temperatures (10 °C, 15 °C, 20 °C 
and 40 °C). In this case, the FA values varied less when the cultiva­
tion of Antarctic strains was prolonged for 72 h, since the growth 
rate decreased significantly at lower temperature. The indicator 
of the late exponential growth phase required for harvesting the 
bacterial biomass was confluent growth in the third sector of the 
agar plates, which was reached after 72 h cultivation. FA profiles 
of mesophilic flavobacteria and F. thermophilum CCM 3496T were 
again most reproducible after cultivation for 48 h. In general, the FA 
amounts varied by less than 2%, which indicated high reproducibil­
ity and stability of FA composition patterns. 

Fatty acid composition of Antarctic Flavobacterium strains 

A total of 42 FAs were detected in the FAME profiles for all the 28 
Antarctic flavobacteria cultivated under optimal growth conditions 
( 2 0 ± 2 ° C , 48 h). Nineteen FAs were uniformly present among all 
strains, with 10 of them present at values greater than 4% for most 
strains, and these were assigned as the main FAs of the Antarctic 
gliding Flavobacterium spp. (Fig. SI; bold emphasized in Table S3). 
According to Bernardet and Bowman [3], it is clear that members 
of the genus Flavobacterium have typically high amounts of C i 5 : 0 

iso, and significant amounts of C i 5 : 0 , C i 5 : 0 iso 30H, C i 5 : 0 anteiso, 
Ci5 :i iso G, Ci5 :i co6c, Ci6:o iso 30H, C\7:0 iso 30H, C i 5 : 0 iso 20H 
and/or C i 6 : i co7c and/or C i 6 : i co7t. In this study, the highest quanti­
ties were found amongbranched FAs, namely C i 5 : 0 iso (18.6%), C i 5 : 0 

anteiso (6.0%), C 1 5 : 0 iso 30H (8.4%), C 1 7 : 0 iso 30H (8.2%), C 1 5 : 1 iso 
G (9.6%) and summed feature 3 containing C i 6 : i a>7c and/or C i 6 : i 
a>6c (12.6%). Slightly lower quantities were detected for C 1 7 : 1 co6c 
(3.7%) and Ci 6 : o iso 30H (5.3%). These major components matched 
the taxa-specific FAs mentioned above, except for summed fea­
ture 9 that included C 1 6 : 0 10-methyl and/or C 1 7 : 1 iso a>9c (4.3%), 
which were found among all strains in quantities varying from 
0.8 to 7.7%. These FAs made up approximately 83% of the over­
all FA membrane content. Thus, the results clearly showed that 
the cell membrane of the unique Antarctic flavobacteria was com­
posed mainly of branched and unsaturated FAs that participated in 
fluidization of the cell membrane at low temperatures, thus main­
taining and supporting the membrane's functionality [2,8,12,23], 

Fatty acid composition of Antarctic Flavobacterium spp. after 
temperature downshift 

The cold-shock response of the cell membrane and the com­
position of FAs was investigated by lowering the cultivation 
temperature to 10 ± 2 °C. A total of 42 fatty acids and one alcohol 
were detected in the FAME analysis of all 28 Antarctic Flavobac­
terium spp. cultivated at lower temperatures. Twenty-five FAs were 
uniformly present among these strains, with nine of them present 
at values greater than 4% in the majority of strains (Fig. SI; bold 
emphasized in Table S3). 

Influence of low temperature on fatty acid composition of 
Antarctic flavobacteria 

The most frequently recognized change due to lower temper­
atures is the unsaturation of FAs in bacterial membranes [23], In 
aerobic bacterial species, this change is performed as an oxygen-
dependent enzymatic modification of the already existing FAs [1 ]. 
In the group of 28 psychrophilic flavobacteria in this study, this 
trend was markedly obvious (Fig. 1). While the overall quantity 
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Fig. 1. Major changes in fatty acid composition among Antarctic flavobacteria cultivated at 2 0 ± 2 ° C and 1 0 ± 2 ° C 

of unsaturated FAs increased from 25.3% to 48.8%, the number of 
saturated FAs dropped at lower temperatures. The number of satu­
rated straight FAs only decreased from 2.4% to 2.0%, but the overall 
content of saturated FAs decreased from 60.8% to 55.4%. Moreover, 
unsaturated C\7:\ anteiso a>9c was only detected after decreasing 
the temperature (Fig. SI), indicating its function in sustaining the 
membrane's semi-liquid state at low temperatures. 

Another frequent change of membrane composition involves 
shortening of the fatty acid chain length [12,22], This modification 
leads to a reduction of the Van der Waals interactions, thus reducing 
the viscosity of lipids and increasing the fluidity of membranes [22], 
Some bacterial species have even been shown to regulate mem­
brane fluidity by chain length alteration rather than unsaturation of 
FAs [9,23,21 ]. For Gram-negative bacteria, the shortening of C i 8 : i to 
Ci6:i would be expected based on already known data [12]. Among 
the Antarctic strains in this current study, the long chain FAs with 
more than 18 carbons were detected only as C i 8 : i a>9c, and the 
content of this FA indeed decreased with decreasing temperature, 
while the quantity of C i 6 : i a>5c increased. However, this change 
occurred on such a small scale that it would only be speculation 
to consider this change as significant. In a previous study on Bacil­
lus megaterium, the relative quantity of long chain FAs (Ci 6 —Ci 8 ) 
increased significantly with increasing temperature and vice versa 
for short chain FAs (C 1 4 —C 1 5 ) [20], However, in the group of psy-
chrophiles used in this study, no opposite trend could be found 
despite the expectations. 

More important for these Antarctic flavobacterial strains was 
the branching of FAs. Branched FAs fluidize the cell membrane due 
to their lower melting temperatures (mostly anteiso-FAs) and sig­
nificantly lower the phase transition temperatures (both iso- and 
anteiso-FAs) [12,28], This mechanism involves de novo synthesis 
of branched FAs and is usually connected to changes in the ratio 
of iso,- and anteiso-branched FAs [12]. The overall content of iso-
branched FAs (modified with OH, a double bond, or unmodified) 
decreased from 55.4% to 49.9%, while the anteiso-branched FA con­
tents increased from 7.6% to 11.6% (Fig. 1). The same trend was 
observed when only unmodified iso/anteiso-branched FAs were 
compared (Fig. 1). Although all branched FAs are known to par­
ticipate in the fluidizing of the bacterial membrane, it seems that 
anteiso-FAs are more important for preventing the membrane 
transforming into a crystalline state [5,8,12]. This can be explained 
by the dual liquidising properties of anteiso-FAs, their lower melt­
ing temperatures and their lower phase transition temperatures 
[12]. 

Although other modifications in response to cold temperature 
have been described, such as hydroxylation, cyclization or isomer-

ization of FAs [4,23,30], none of them were observed in the present 
study. Interestingly, it has also been described that Antarctic bac­
teria produce higher amounts of polyunsaturated FAs in order to 
maintain their membrane fluidity, such as was the case of the pre­
viously examined Polaribacter glomeratus [16]. However, the only 
polyunsaturated FAs detected among the Antarctic strains here 
were C2OA ft>6 and C i 8 : 3 a>6. Additionally, C2OA w 6 was only detected 

in five strains and only in trace amounts (<0.1%), and C i 8 : 3 a>6 was 
identified in one single strain. No correlation was observed between 
the temperature downshift and production of these polyunsatu­
rated FAs, even though P. glomeratus is known to have a close 
phylogenetic relationship with the genus Flavobacterium and a sim­
ilar response could be expected. 

Fatty acid composition of mesophilic reference flavobacteria 
species and F. thermophilum CCM34967 

A total of 46 FAs were detected in the FAME analysis of ten 
mesophilic flavobacteria cultivated under optimal growth con­
ditions ( 3 0 ± 2 ° C , and 2 5 ± 2 ° C for 48 h). Seventeen FAs were 
uniformly present among these strains, with five of them present 
in most strains at values greater than 4%. These five FAs were con­
sidered to be the main FAs of mesophilic Flavobacterium spp. (bold 
emphasized in Fig. S2; Table S4). After the temperature downshift 
to 20 ± 2 °C and 15 ± 2 °C, a total of 45 FAs were detected and 12 of 
them were uniform among all the analysed strains (Fig. S2; Table 
S4). 

When the reference strain F. thermophilum CCM 3496T was cul­
tivated at an optimal growth temperature of 5 0 ± 2 ° C for 48 h, 
sixteen FAs were found in its FAME profile. The main FAs were Ci 6 : o, 
Ci5; 0 iso, Ci 6 : o iso, Ci 7 ;o anteiso, C i 7 : 0 iso 30H and summed fea­
ture 3 (Fig. S3; bold emphasized in Table S5). After the temperature 
downshift to 40 ± 2 °C, eighteen FAs were detected. Except for the 
aforementioned major FAs, the 4% cut-off value was also reached 
by Ci7;o iso and C\7:\ iso coSc (emphasized in Table S5 and Fig. S3). 

Comparison of fatty acid composition of psychrophilic to 
mesophilic and thermophilic species 

To determine if the FA composition in cold-adapted flavobacte­
ria from Antarctica was unique and specific, the mesophilic species 
of the genus Flavobacterium and thermophilic F. thermophilum were 
also analysed. The 4% cut-off value was reached by mesophiles 
for only five FAs compared to Antarctic strains, namely C i 5 : u iso, 
C 1 5 : o iso 30H, C 1 6 : o iso 30H, C 1 7 : 0 iso 30H and summed feature 3 
containing C i 6 : i a>7c and/or C i 6 : i a>6c (Fig. S2). Together with the 
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• psychrophilic strains - 20 °C 

psychrophilic strains -10 'C 

• mesophilic strains - 25-30 °C 

mesophilic strains - 15-20 °C 

• thermophilic strain - 50 °c 

• thermophilic strain - 40 °C 

Fig. 2. Comparison of major changes i n fatty acid composition among psychrophilic, mesophilic and thermophilic strains. 

additional FA C 1 5 : 1 iso G (detected in 7/10 and 9/10 strains), these 
six FAs comprised approximately 71% of the overall FA content, 
and the remainder was covered by a number of minor FAs (Table 
S4). However, Antarctic flavobacteria possessed more branched 
and unsaturated FA types at values above 4%, which indicated the 
importance of these FAs for survival under extreme Antarctic condi­
tions. These specific, additive compounds wereCi 5 : i <w6c,Ci7:i co6c, 
Ci5; 0 anteiso, Ci5 :i iso G and summed feature 9 (Ci 6 :o 10-methyl 
and/or C\7:\ iso co9c) (Fig. SI, Table S3). 

The FAME analysis off. thermophilum showed an even more var­
ied FA composition, expressing five FAs as major components. Out 
of these, only C 1 5 : 0 iso and Ci 7 : o iso 30H (Fig. S3) were found to 
be major components similar to psychro- and mesophilic strains. 
The other three major FAs were saturated Ci 6 : o, C i 5 : 0 iso and C i 7 : 0 

anteiso (Fig. S3). Therefore, it was obvious that adaptation to higher 
temperatures was not only connected to higher quantities of satu­
rated FAs, but also to iso-branched FAs, such as C i 5 : 0 iso. 

The temperature tolerance of the bacterial membrane can be 
evaluated based on the overall content of unsaturated FAs [5,9], In 
this study, the content of unsaturated FAs decreased significantly 
from cold-adapted Antarctic flavobacteria (36.5%) to mesophilic 
species (33.7%) and F. thermophilum CCM 3496T (8.7%) (Fig. 2). 
Moreover, after the temperature downshift, the content of unsatu­
rated FAs increased in all three groups up to 42.8%, 35.4% and 13.4%, 
respectively (Fig. 2). This meant that adaptation to low tempera­
tures in the genus Flavobacterium seemed to be associated at first 
with naturally higher quantities of unsaturated FAs in the mem­
branes of cold-adapted species, but after cold stress also with active 
unsaturation of FAs. 

Similarly, when the content of saturated FA was compared, 
significant differences were found. Antarctic strains possessed 
four types of unsaturated straight FAs comprising 2.4% of all FAs, 
whereas mesophilic species had 4.1% and F. thermophilum showed 
the highest amount with 10.3% (Fig. 2). Interestingly, after the tem­
perature downshift, the decrease of these FAs was on a small-scale 
for psychro- and mesophilic strains (up to 2.0% and 3.3%, respec­
tively), but was more significant for F. thermophilum (to 8%) with 
the entire loss of C i 7 : 0 (Fig. S3; Table S5). 

Regarding the chain length modification, neither mesophilic 
strains nor F. thermophilum CCM 3496T were found to alter their FAs 
significantly. This mechanism therefore does not seem to be of great 
importance for Flavobacterium spp. as regards temperature adapta­
tion compared to other Gram-negative bacteria [22,30], However, 
one interesting correlation was found for F. thermophilum CCM 
3496T, the quantity of shorter Ci 6 : o iso decreased with decreas­
ing temperature (from 12.7 to 10.5%) and the longer chain C 1 7 : 0 iso 
was only produced after cold-shock (Fig. SI), which is contrary to 
previous findings [17,31], This was exactly opposite to the short­
ening of FAs at cold temperatures. This might be explained by the 
fact that C i 7 : 0 iso possesses a lower phase transition temperature 

than C 1 6 : o iso [ 12 ], and it could have a greater impact on sustaining 
the membrane's semi-liquid state than shortening of the FAs has. 

Finally, the presence of branched FAs was compared between 
all three flavobacterial thermotypes (Fig. 2). The overall content 
of iso-branched FAs was detected at high amounts in all three 
flavobacteria groups, with the lowest abundance occurring in psy­
chrophilic strains (55.4%), and higher abundances occurring in 
mesophilic strains (61.6%) andF. thermophilum (73.7%). The values 
were lowered for all three thermotypes as temperatures decreased 
but were most significant for Antarctic strains (49.9%) and slightly 
less for mesophilic (58.4%) and thermophilic (72.8%) strains. The 
abundance of anteiso-branched FAs showed the opposite trend, 
with increases at lower temperatures for psychrophilic (from 7.6% 
up to 11.6%) and mesophilic (2.8% up to 4.6%) strains. However, 
this trend was not observed for F. thermophilum, where a decrease 
of anteiso-FAs was found (from 9.6 to 8.3%). 

In conclusion, it was shown that psychrophilic flavobacteria pro­
duced more FA types (ten major FAs) in higher quantities than 
meso- and thermophilic members of this genus. It was proved 
that the cell membrane of Antarctic gliding flavobacteria was com­
posed mainly of branched and unsaturated FAs, which might have 
direct impact on the fluidity of their membranes. Interestingly, 
the results implied that Antarctic flavobacteria mainly used two 
mechanisms for altering membrane fluidity in their cold-adaptive 
response. The first mechanism was based on unsaturation of their 
FAs and the second one on de novo synthesis of branched FAs. 
Based on the observations in this study, shortening the chain length 
seemed to be of lesser importance to the cold-adaptive response 
of Antarctic flavobacteria. In addition, no obvious modification 
regarding hydroxylation, cyclization, isomerization and/or polyun­
saturated FAs was found among these strains. In this study, similar 
adaptation responses were found among psychrophilic, meso- and 
thermophilic strains, which suggested that the alteration of the 
cell membrane was similar for all thermotypes within the genus 
Flavobacterium, even when the overall abundance of different FA 
types was found to be different. 
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Table S I . List o f An ta rc t i c Flavobacterium spp. used in th is s tudy 

Strain number Source Year Locality 
P2683 Regolith under the nest of skuas 2008 Berry Hill Meseta 
P2759 Rocks 2008 Berry Hill, south base 
P7679 Rocks 2009 Lachman Crags, west 
P7681 Rocks 2009 Lachman Crags, west 
P3177 Subglacial crushed rocks/regolith 2009 Lake, Panorama Pass 
P3160 Rocks 2009 Devils Rocks 
P3090 Rocks 2009 Wall of waterfal l , Lachman Crags, west 
P3596 Regolith 2010 Walls of Berry Hill 
P3793 Rocks/regolith 2011 Rift in stone walls, Komarek Valley 
P3932 Regolith 2011 Rift in stone walls, Komarek Valley 
P3826 Regolith 2011 Halozetes Valley 
P3764 Regolith 2011 Halozetes Valley 
P4023 Material f rom the nest of skuas 2011 Lachman Crags 
P4358 Rocks, regolith 2012 Komarek Valley 
P4418 Rocks, regolith 2012 Komarek Valley 
P4902 Rivulet water 2013 Interlagos 
P4909 Creek water 2013 Left tr ibutary of the Bohemia Stream 
P4898 Creek water 2013 Mossy creek, J.G. Mendel Base 
P4906 Creek water 2013 J.G. Mendel Base, source of drinking water 
P4811 Creek water 2013 Confluence of creeks, J.G. Mendel Base 
P4900 Lake water 2013 Temporary lake, Triangular Glacier 
P4907 Creek water 2013 Mossy creek, J.G. Mendel Base 
P5713 Rivulet water 2014 Halozetes Valley 
P5700 Creek water 2014 Creek, up-river stream, Panorama Pass 
P5908 Creek water 2014 Down-river stream of the Algal stream 
P5953 Creek water 2014 Middle stream of the Dirty Stream 
P6023 Creek water 2014 Up-river stream of the Bohemian Stream, by icefall 
P5701 Puddle water 2014 Temporary puddle, Panorama Pass 



Table S2. List o f re fe rence cu l tures o f Flavobacterium spp. used in th is s tudy 

Strain Opt imal g rowth temperature Source 

CCM 7424 T F. lindanitolerans 30 °C 
Soil, hexachlorocyclohexane-
contaminated dumpsite 

CCM 7847 T F. ummariense 30 °C 
HCH-contaminated soil in 
Lucknow, India 

CCM 2847 Flavobacterium sp. 30 °C Soil 
CCM 7344 T F. mizutaii 30 °C Ventricular fluid 
CCM 8409 Flavobacterium sp. 30 °C Surface of a juvenile leech 
CCM 8742 T F. akiainvivens 28-30 °C Decaying wood 

CCM 8744 T F. cucumis 30 °C 
Greenhouse soil cultivated 
with cucumber 

CCM 8745 T F. cutihirudinis 28-30 °C 
Skin of a juvenile medical 
leech 

CCM 8746 T F. granuli 30 °C 
Granule sludge to treat 
wastewater 

CCM 7939 T F. araucananum 25 °C Atlantic salmon 
CCM 3496 T F. thermophilum 50 °C Hot spring near Alma-Ata 



Table S3. FA compos i t i on 3 , 1 5 o f 28 Antarc t i c Flavobacterium spp. cu l t i va ted at 20±2 °C and 10±2 °C 

20±2 °C for 48 h 10±2 °C for 72 h 

Fatty a c i d a 
Frequency 

(%) 
Mean va lue 0 

(%) 
Range 

(%) 
Fatty a c i d b 

Frequency 
(%) 

Mean va lue 0 

(%) 
Range 

(%) 

Saturated FA Saturated FA 
13:0 78.6 0.1 0.0-0.3 13:0 57.1 0.1 0.0-0.3 
14:0 100.0 0.5 0.3-0.9 14:0 100.0 0.5 0.3-0.7 
16:0 100.0 1.7 0.5-3.5 16:0 100.0 1.2 0.5-1.8 
17:0 78.6 0.1 0.0-0.1 17:0 100.0 0.2 0.1-0.3 

Unsaturated FA d Unsaturated FA d 

13 1 at 12-13 28.6 0.2 0.0-1.0 13:1 at 12-13 82.1 0.1 0.0-0.4 
15 1 w6c 100.0 6.2 3.4-20.2 15:1 w6c 100.0 5.2 1.8-20.8 
16 1 w5c 71.4 0.3 0.0-0.8 16:1 w5c 100.0 0.5 0.2-0.8 
17 1 w8c 100.0 0.5 0.4-0.7 17:1 u)8c 100.0 0.5 0.3-0.6 
17 1 w6c 100.0 3.7 1.5-7.0 17:1 w6c 100.0 4.1 2.7-6.4 
18 1 w9c 100.0 0.3 0.1-0.5 18:1 w9c 100.0 0.2 0.2-0.5 

Hydroxy FA Hydroxy FA 
15:0 20H 100.0 1.0 0.5-1.3 15:0 20H 100.0 0.9 0.5-1.0 
15:0 30H 75.0 2.5 0.0-3.3 15:0 30H 67.9 2.2 0.0-3.4 
16:0 30H 100.0 2.2 1.0-3.7 16:0 30H 100.0 2.4 0.9-3.8 
17:0 20H 100.0 1.5 0.3-2.7 17:0 201-1 100.0 1.5 0.5-2.5 
17:0 30H 100.0 0.3 0.2-0.6 17:0 301-1 96.4 0.2 0.0-0.3 

/so-branched FA /so-branched FA 
13:0 iso 92.9 0.3 0.0-0.7 13:0 iso 100.0 0.2 0.1-0.5 
14:0 iso 92.9 0.8 0.0-3.2 14:0 iso 100.0 0.7 0.2-2.2 
15:0 iso 100.0 18.6 14.4-23.0 15:0 iso 100.0 16.7 9.2-19.6 
16:0 iso 100.0 2.1 0.8-2.8 16:0 iso 100.0 1.9 0.6-2.6 
17:0 iso 92.9 0.2 0.0-0.3 17:0 iso 92.9 0.1 0.0-0.2 

ante/so-branched FA ante/'so-branched FA 
13:0 anteiso 78.6 0.1 0.0-0.2 13:0 anteiso 96.4 0.1 0.0-0.2 
15:0 anteiso 100.0 6.0 3.8-9.0 15:0 anteiso 100.0 7.4 5.0-12.2 

ND 16:0 anteiso 53.6 0.1 0.0-0.1 
17:0 anteiso 92.9 0.2 0.0-0.3 17:0 anteiso 89.3 0.1 0.0-0.2 

Branched hydroxy FA Branched hydroxy FA 
14:0 iso 30H 96.4 0.4 0.0-0.7 14:0 iso 30H 100.0 0.3 0.2-0.4 
15:0 iso 30H 100.0 8.4 5.6-12.9 15:0 iso 30H 100.0 7.4 5.8-10.5 
16:0 iso 30H 100.0 5.3 2.4-8.8 16:0 iso 30H 100.0 4.8 1.2-7.8 
17:0 iso 30H 100.0 8.2 3.6-11.0 17:0 iso 30H 100.0 6.4 3.4-8.5 

Branched unsaturated FA Branched unsaturated FA 
15:1 i soG e 100.0 9.6 7.7-10.8 15:1 iso G e 100.0 10.2 7.8-12.2 
15:1 anteiso A 96.4 1.3 0.0-2.0 15:1 anteiso A 100.0 2.4 1.5-3.3 
16:1 iso H 96.4 1.5 0.0-4.7 16:1 isoH 100.0 1.2 0.4-4.3 

ND 17:1 anteiso w9c 14.3 1.5 0.0-2.5 

Summed features' Summed features' 
S F 2 32.1 0.5 0.0-1.1 S F 2 57.4 0.5 0.0-0.7 
S F 3 100.0 12.6 7.6-18.7 S F 3 100.0 16.9 5.9-31.3 
S F 8 10.7 0.3 0.1-0.6 ND 
S F 9 100.0 4.3 0.8-7.7 S F 9 100.0 3.6 1.1-6.5 

3 Eight FAs detected under 0.1% or in less than 5% of strains cultivated at 2 0 ± 2 °C were excluded from the analysis: C 1 0 . 0 30H, C 1 2 : 0 , C 1 7 : 1 

anteiso w9c, C 1 6 : 0 20H, C 1 8 : 3 w6c (6,9,12), C 1 9 : 0 anteiso, C 2 0 . 4 u)6,9,12,15c, summed feature 5 (C 1 8 : 0 ante/C 1 8 : 2 u)6,9c). 
b Seven FAs and one alcohol were detected under 0.1% or in less than 5% of strains cultivated at 1 0 ± 2 °C and were excluded from the 
analysis: C 1 4 . 0 anteiso, C 1 7 : 1 anteiso A, C 1 6 : 1 20H, C 1 8 : 1 w7c 11-methyl, C 2 0 : 4 h)6,9,12,15c, summed feature 5 (C 1 8 : 0 ante/C 1 8 : 2 w6,9c), 
summed feature 8 (C 1 8 : 1 w7c and/or C 1 8 : 1 u)7c) and C 1 6 : 0 N alcohol. 
c Mean values were calculated for all FAs, regardless of the fact that some FAs were not detected in all strains. 
d The position of a double bond in unsaturated FAs is counted from the methyl end (oi) of the carbon chain. Cis conformation is indicated 
by the suffix c. 
e A capital letter indicates that the position of the double bond is unknown. 
f Summed features represent groups of fatty acids that could not be separated by the Sher lock® Microbial Identification System. Summed 
feature 2 contains C 1 2 : 0 aldehyde, C 1 6 : 1 iso I, C 1 4 : 0 30H and/or an unknown fatty acid with an equivalent chain-length of 10.9525; summed 
feature 3 contains C 1 6 : 1 cu7c and/or C 1 6 : 1 cu6c; summed feature 8 contains C 1 8 : 1 cu7c and/or C 1 8 : 1 w7c; summed feature 9 contains C 1 6 : 0 10-
methyl and/or C 1 7 : 1 iso u)9c. 
ND - not detected 



Table S4. FA compos i t i on 3 , 1 5 o f 10 mesoph i l i c Flavobacterium spp. cu l t i va ted at 30 /25±2 °C and 2 5 / 1 5 ± 2 °C 

( 2 5 / 3 0 ± 2 °C for 48 h) ( 1 5 / 2 0 ± 2 ° C f o r 48 h) 

Fatty acid a F r e ^ e n c y Mean value 0 

(%) 
Range 

(%) 
Fatty acid" Frequency 

(%) 
Mean value 0 

(%) 
Range 

(%) 
Saturated FA Saturated FA 
13:0 3/10 0.5 0.0-0.7 13:0 3/10 0.3 0.0-0.4 
14:0 10/10 0.6 0.2-1.3 14:0 9/10 0.4 0.0-1.1 
16:0 10/10 2.9 0.4-8.6 16:0 10/10 2.5 0.7-6.3 
17:0 5/10 0.1 0.0-0.1 17:0 4/10 0.1 0.0-0.1 
Unsaturated FA d Unsaturated FA d 

13:1 at 12-13 5/10 0.4 0.2-1.0 ND 
14:1 w5c 3/10 0.1 0.0-0.1 14:1 w5c 3/10 0.1 0.0-0.1 
15:1 w6c 10/10 3.5 0.3-16.9 15:1 w6c 9/10 3.7 0.0-14.3 

ND 16:1 w5c 3/10 0.5 0.3-0.7 
17:1 w8c 9/10 0.8 0.0-2.2 17:1 w8c 9/10 0.8 0.0-1.9 
17:1 w6c 7/10 2.2 0.0-7.0 17:1 w6c 9/10 2.7 0.0-8.5 
18:1 w9c 10/10 0.6 0.3-0.8 18:1 w9c 9/10 0.6 0.0-1.6 
Hydroxy FA Hydroxy FA 
14:0 20H 5/10 0.1 0.0-0.2 ND 
15:0 20H 10/10 1.0 0.3-4.3 15:0 20H 10/10 0.8 0.3-2.6 
15:0 30H 6/10 2.3 0.0-4.0 15:0 30H 5/10 2.0 0.4-3.1 
16:0 20H 5/10 0.2 0.0-0.2 16:0 20H 3/10 0.1 0.0-0.1 
16:0 30H 10/10 2.3 0.4-7.8 16:0 30H 10/10 1.8 0.5-5.7 
17:0 20H 9/10 0.7 0.0-1.4 17:0 2OH 9/10 0.9 0.0-1.8 
17:0 30H 10/10 0.5 0.2-1.2 17:0 3OH 10/10 0.4 0.1-0.7 
Unsaturated hydroxy FA Unsaturated hydroxy FA 
16:1 20H 3/10 0.2 0.0-0.2 16:1 20H 3/10 0.1 0.0-0.2 
/so-branched FA /so-branched FA 
13:0 iso 10/10 0.4 0.2-1.0 13:0 iso 6/10 0.4 0.0-0.7 
14:0 iso 5.10 3.0 0.0-5.0 14:0 iso 5/10 2.3 0.0-4.0 
15:0 iso 10/10 25.2 10.9-37.4 15:0 iso 10/10 22.4 6.0-43.7 
16:0 iso 10/10 2.7 0.4-8.6 16:0 iso 10/10 3.3 0.5-11.5 
17:0 iso 10/10 0.3 0.1-0.5 17:0 iso 8/10 0.3 0.1-0.4 
ante/so-branched FA ante/so-branched FA 
15:0anteiso 10/10 2.7 0.5-4.7 15:0 anteiso 10/10 3.9 2.0-6.0 
17:0anteiso 6/10 0.1 0.0-0.1 17:0 anteiso 6/10 0.1 0.0-0.2 
Branched hydroxy FA Branched hydroxy FA 
14:0 iso 30H 5/10 1.2 0.0-3.5 14:0 iso 30H 5/10 0.8 0.0-1.2 
15:0 iso 30H 10/10 5.5 1.4-10.5 15:0 iso 30H 10/10 4.9 1.5-8.8 
16:0 iso 30H 10/10 3.6 0.4-9.7 16:0 iso 30H 10/10 4.0 0.5-11.5 
17:0 iso 30H 10/10 12.2 5.3-17.7 17:0 iso 30H 10/10 11.2 5.2-17.7 
Branched unsaturated FA Branched unsaturated FA 
15:1 iso G e 7/10 6.2 0.0-14.0 15:1 iso G e 9/10 6.9 0.0-11.1 

ND 15:1 anteiso A 8/10 0.6 0.0-1.1 
16:1 iso H 6/10 1.3 0.0-3.0 16:1 iso H 9/10 1.9 0.0-5.7 
Summed features1 Summed features' 
SF1 3/10 0.7 0.0-0.9 ND 
S F 2 4/10 0.9 0.0-1.2 ND 
S F 3 10/10 18.4 1.4-32.9 S F 3 10/10 17.9 7.5-32.6 
S F 4 3/10 0.8 0.0-1.1 S F 4 3/10 0.9 0.6-1.2 

ND S F 8 3/10 0.2 0.0-0.2 
ND S F 9 10/10 5.8 2.5-17.6 

3 Ten FAs detected under 0.1% or in less than three strains cultivated under optimal growth temperatures were excluded from the 
analysis: C 1 2 : 0 , C 1 3 : 0 iso 30H, C 1 3 : 0 anteiso, C 1 5 : 1 w8c, C 1 5 : 1 anteiso A, C 1 5 : 1 iso F, C i 8 : 0 , C 2 0 : 4 W6,9,12,15C, summed feature 5 (C 1 8 : 0 ante/C 1 8 : 2 

o)6,9c) and summed feature 8 (C 1 8 : 1 u)7c and/or C 1 8 : 1 u)7c). 
b Ten FAs detected under 0.1% or in less than three strains cultivated after the temperature downshift were excluded from the analysis: 
C 1 2 : 0 iso, C 1 3 : 0 anteiso, C 1 3 : 1 at 12-13, C 1 5 : 1 u)8c, C 1 4 : 0 20H, C 1 7 : 1 anteiso A, C 1 8 : 0 , summed feature 1 (C 1 5 : 1 iso H /C 1 3 : 0 30H), summed feature 2 
(Ci2:o aldehyde, C 1 6 : 1 iso I, C 1 4 : 0 30H and/or an unknown fatty acid with an equivalent chain-length of 10.9525) and summed feature 5 
(Ci 8 : 0 ante/Ci 8 : 2 co6,9c). 
c Mean values were calculated for all FAs, regardless of the fact that some FAs were not detected in all strains. 
d The position of a double bond in unsaturated FAs is counted from the methyl end (oi) of the carbon chain. Cis conformation is indicated 
by the suffix c. 
e A capital letter indicates that the position of the double bond is unknown. 
f Summed features represent groups of fatty acids that could not be separated by the Sher lock® Microbial Identification System. Summed 
feature 1 contains C 1 5 : 1 iso H and/or C 1 3 : 0 30H; summed feature 2 contains C 1 2 : 0 aldehyde, C 1 6 : 1 iso I, C 1 4 : 0 30H and/or an unknown fatty 
acid with an equivalent chain-length of 10.9525; summed feature 3 contains C 1 6 : 1 u)7c and/or C 1 6 : 1 u)6c; summed feature 4 contains C 1 7 : 1 

iso I and/or C 1 7 : 1 anteiso B; summed feature 8 contains C 1 8 : 1 u)7c and/or C 1 8 : 1 w7c; summed feature 9 contains C 1 6 : 0 10-methyl and/or C17:1 

iso u)9c. 
ND - not detected 



Table S5. FA compos i t i on o f F. thermophilum CCM 3496 T cu l t i va ted at 50±2 °C and 40±2 °C 

( 5 0 ± 2 ° C for 48 h) ( 4 0 ± 2 ° C for 48 h) 

Fatty acid 
Percentage 3 

(%) 
Fatty acid 

Percentage 3 

(%) 
Saturated FA 
14:0 1.5 
16:0 8.0 
17:0 0.3 
18:0 0.5 
Unsaturated FA b 

18:1 u)9c 0.4 
ND 

Unsaturated hydroxy FA 
18:1 20H 0.5 
/so-branched FA 

ND 
14:0 iso 3.1 
15:0 iso 44.8 
16:0 iso 12.7 

ND 
ante/so-branched FA 
15:0anteiso 3.4 
17:0anteiso 5.3 

Branched hydroxy FA 
17:0 iso 30H 10.3 
Branched unsaturated FA 
17:1 iso w5c 2.8 
17:1 anteiso A° 0.9 
Summed features'1 

S F 2 1.5 
SF 3 4.1 

ND 

Saturated FA 
14:0 1.9 
16:0 5.7 

ND 
18:0 0.4 
Unsaturated FA b 

15:1 u)6c 0.7 
18:1 CD9C 0.3 
Unsaturated hydroxy FA 
18:1 20H 0.3 
/so-branched FA 
13:0 iso 0.3 
14:0 iso 3.7 
15:0 iso 47.3 
16:0 iso 10.5 
17:0 iso 6.9 
anfe/so-branched FA 
15:0 anteiso 3.0 
17:0 anteiso 3.5 

ND 
Branched unsaturated FA 
17:1 iso w5c 4.1 
17:1 anteiso A° 1.8 
Summed features" 
SF2 3.3 
SF 3 6.2 
SF 5 0.3 

a Percentage is the average value of three FAME analyses repeated under the same conditions. 
b The position of a double bond in unsaturated FAs is counted from the methyl end (oi) of the carbon chain. Cis conformation is indicated 
by the suffix c. 
cAcapital letter indicates that the position of the double bond is unknown. 
d Summed features represent groups of fatty acids that could not be separated by the Sher lock® Microbial Identification System. 
Summed feature 2 contains C 1 2 : 0 aldehyde, C 1 6 : 1 iso I, C 1 4 : 0 30H and/or an unknown fatty acid with an equivalent chain-length of 10.9525; 
summed feature 3 contains C 1 6 : 1 u)7c and/or C 1 6 : 1 u)6c; summed feature 5 contains C 1 8 : 0 ante and/orC 1 8 : 2 cu6,9c. 
ND - not detected 



Figure S I . Ma jo r FAs and a l te ra t ions in FA compos i t i on a m o n g 28 Antarc t i c Flavobacterium spp. 

major FAs newly detected or lost FAs 

Figure S2. Ma jo r FAs and a l te ra t ions in FA compos i t i on a m o n g mesoph i l i c Flavobacterium spp. 
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Abstract 

A taxonomic study performed on 17 Gram-stain-negative rod-shaped bacterial strains originating from the Antarctic 
environment is described. Initial phylogenetic analysis using 16S rRNA gene sequencing differentiated the strains into four 
groups belonging to the genus Pedobacter but they were separated from all hitherto described Pedobacter species. Group I 
(n=8) was closest to Pedobacter aquatilis (97.8% 16S rRNA gene sequence similarity). Group II (n=2) and group III (n=4) were 
closely related (98.8% 16S rRNA gene sequence similarity) and had Pedobacter jejuensis as their common nearest 
neighbour. Group IV (n=3) was distantly delineated from the remaining Pedobacter species. Differentiation of the analysed 
strains into four clusters was further confirmed by repetitive sequence-based PCR fingerprinting, ribotyping, DNA-DNA 
hybridization and phenotypic traits. Common to representative strains for the four groups were the presence of major 
menaquinone MK-7, sym-homospermidine as the major polyamine, phosphatidylethanolamine, two unidentified lipids (L2, L5) 
and an unidentified aminolipid (AL2) as the major polar lipids, presence of an alkali-stable lipid, and Ci 6 ia;7c/Ci 6 : iu;6c 
(summed feature 3), i so -C i 5 : 0 and iso-C i 7 : 0 3-OH as the major fatty acids, which corresponded to characteristics of the 
genus Pedobacter. The obtained results showed that the strains analysed represent four novel species of the genus 
Pedobacter, for which the names Pedobacter jamesrossensis sp. nov. (type strain CCM 8689T=LMG 29684T), Pedobacter 
lithocola sp. nov. (CCM 8691T=LMG 29685T), Pedobacter mendelii sp. nov. (CCM 8685T=LMG 29688T) and Pedobacter petrophilus 
sp. nov. (CCM 8687T=LMG 29686T) are proposed. 

The genus Pedobacter [1] represents strictly aerobic, Gram-

stain-negative, rod-shaped bacteria. Phylogenetically, they 

belong to the family Sphingobacteriaceae wi th in the phylum 

Bacteroidetes. Members of the genus Pedobacter exhibit 

catalase, oxidase and phosphatase activity but they typically 

do not reduce nitrate or exhibit urease activity. The 

presence of M K - 7 as the major respiratory menaquinone, 

phosphatidylethanolamine as the major polar l ip id , sym-

homospermidine as the major polyamine and the presence 

of sphingolipids is typical for the genus [1, 2]. Pedobacter 

species have been isolated from different environmental, 

mainly terrestrial and aquatic, habitats worldwide, includ­

ing Arct ic and Antarctic regions (e.g. [3-5]). 

The present study describes the taxonomic investigation of 
17 Pedobacter strains isolated i n the frame of a project deal­
ing with the investigation of cultivable bacteria inhabiting 
the Antarctic environment and performed at the Johann 
Gregor Mendel Antarctic station situated on James Ross 

Author affiliations: 'Czech Collection of Microorganisms, Department of Experimental Biology, Faculty of Science, Masaryk University, Kamenice 5, 
625 00 Brno, Czech Republic: institute of Microbiology, University of Veterinary Medicine Vienna, A-1210 Vienna, Austria: 3Section of Genetics and 
Molecular Biology, Department of Experimental Biology, Faculty of Science, Masaryk University, Ko t l á ř ská 2, 611 37 Brno, Czech Republic: 4 

Department of Biochemistry and Microbiology, Faculty of Sciences, Ghent University, K.L Ledeganckstraat 35, 9000 Ghent, Belgium: 5Section of 
Physiology and Anatomy of Plants, Department of Experimental Biology, Faculty of Science, Masaryk University, Kamenice 5, 625 00 Brno, Czech 
Republic. 
'Correspondence: Pavel Švec, mpavel@sci.muni.cz 
Keywords: Pedobacter jamesrossensis sp. nov.: Pedobacter lithocola sp. nov.: Pedobacter mendelii sp. nov.: Pedobacter petrophilus sp. nov.: James 
Ross Island: Antarctica. 
The GenBank/EMBL/DDBJ accession numbers for the 1 6S rRNA gene sequences obtained in this study are KX611467-KX611483: Pedobacter 
jamesrossensis sp. nov. strain CCM 8689 T, accesion number KX611 467: CCM 8690, KX611 474: P31 64, KX611 468; P3658, KX611 469; P3679, 
KX61 1470; P3802, KX611471; P3824, KX61 1472; P4838, KX61 1473; Pedobacter lithocola sp. nov. CCM 8691 T, KX61 1475; P3926, KX611476; 
Pedobacter mendelii sp. nov. CCM 8685 T, KX61 1477; CCM 8686, KX611478; P2490, KX61 1 479; P2749, KX611 480; Pedobacter petrophilus sp. nov. CCM 
8687 T, KX611 481; CCM 8688, KX611482; P41 06, KX611483. 
Six supplementary figures and three supplementary tables are available with the online Supplementary Material. 

001749 © 2017 IUMS 

1499 

mailto:mpavel@sci.muni.cz


Švec ef ai, Int J Syst Evol Microbiol 201 7;67:1499-1 507 

Island near the Antarctic Peninsula. A l l strains were isolated 
from environmental materials sampled at James Ross Island 
(Table 1). Individual samples were suspended i n sterile 
saline solution and 200 ul of the suspension was spread on 
R 2 A agar plates and cultivated at 15 °C for 5-7 days. Indi­
vidual colonies were picked up, purified and pure cultures 
were maintained at R 2 A agar slant agars unti l transported 
and analysed. 

Reference type strains Pedobacter agri C C M 8572 T , Pedo-
bacter alluvionis C C M 8562 T , Pedobacter aquatilis C C M 
7347 T , Pedobacter borealis C C M 8563 T , Pedobacter ginsengi-
terrae C C M 8571 T , Pedobacter ginsenosidimutans C C M 
8564 T and Pedobacter jejuensis C C M 8565 T were obtained 
from the Czech Collection of Microorganisms and Pedo­
bacter sandarakinus K C T C 12559T was obtained from the 
Korean Collection for Type Cultures. 

Genomic D N A s for 16S r R N A gene sequence analysis were 
extracted using a FastPrep Lysing Matr ix type B and Fast-
Prep Homogenizer ( M P Biomedicals) and purified by using 
a H i g h Pure P C R Template Preparation Ki t (Roche Diagnos­
tics). A fragment of the 16S r R N A gene corresponding to 
coordinates 8-1542 used for Escherichia coli was amplified 
by P C R with FastStart P C R Master (Roche Diagnostics) and 
conserved primers p A ( A G A G T T T G A T C C T G G C T C A G ) 
and p H ( A A G G A G G T G A T C C A G C C G C A ) described by 
Edwards et al. [6], and purified using a QIAquick P C R 
Purification Ki t (Qiagen). Sequencing was performed using 
P C R primers and custom primers F l ( G T G G G G A K C R A A -
C A G G A T T A G ) , F2 ( C G T C A R G T C M T C A T G G C C C T T ) , 
R l ( A T T A C C G C G G C T G C T G G C A C ) and R2 

( C A C A T S M T C C M C C R C T T G T ) i n the Eurofins M W G 
Operon sequencing facility. Initial identification of the 16S 
r R N A gene sequences using the EzTaxon database [7] 
showed that all investigated strains are members of the genus 
Pedobacter. Strain C C M 8689 T (group I) was closest to P. 
jejuensis T H G - D R 3 T (98.6 % 16S r R N A gene sequence s imi­
larity) and P. aquatilis A R 1 0 7 T (97.9 %); strain C C M 8691 T 

(group II) was closest to P. jejuensis T H G - D R 3 T (98.8 %), P. 
aquatilis A R 1 0 7 T (97.6%) and P. alluvionis N W E R - I I 1 1 T 

(97.3 %); strain C C M 8685 T (group III) was closest to P. 
aquatilis A R 1 0 7 T (97.8%) and P. jejuensis T H G - D R 3 T 

(97.5 %); and strain C C M 8687 T (group IV) was closest to P. 
agri P B 9 2 T (97.7 %), P. borealis D S M 19626 T (97.6 %), P. 
alluvionis N W E R - I I 1 1 T (97.4%), P. ginsenosidimutans 
T H G - 4 5 T (97.3%) and P. sandarakinus D S - 2 7 T (97.1%). 
Except the similarity value between strain C C M 8691 T 

(group II) and P. jejuensis T H G - D R 3 T (98.8 %) all 16S r R N A 
gene sequence similarities were below the 98.7 % similarity 
threshold suggested by Stackebrandt and Ebers [8], who 
showed that two strain pairs with 16S r R N A gene sequence 
similarity of less than 98.7 % have D N A - D N A reassociation 
values of less than 70 %. Phylogenetic comparison of the 
obtained sequences with 16S r R N A gene sequences of validly 
named Pedobacter species retrieved from the GenBank data­
base was performed using M E G A 6 software [9]. Genetic dis­
tances were corrected using Kimura's two-parameter model 
and the evolutionary history was inferred using the neigh­
bour-joining, maximum-l ikel ihood and maximum-parsi­
mony methods. Sequence similarities between individual 
strains were calculated using Bionumerics 7.6 software 
(Applied Maths). Neighbour-joining clustering (Fig. 1) 

Table 1. Origin of the analysed Pedobacter strains 

Strain Sample Local i ty Year G P S 

P. jamesrossensis sp nov. (group I) 

C C M 8689 T Stone fragments Devils Rocks 2009 63° 51' 4 1 " S 57° 49' 10" W 

C C M 8690 Stone fragments Lachman Crags 2012 63° 49' 38" S 57° 50' 7.4' W 

P3164 Stone fragments Devils Rocks 2009 63° 51' 20" S 57° 49' 52" W 

P3658 Stone fragments Lachman Crags 2010 63° 50' 47.8" S 57° 51' 58.3" W 

P3679 Organo-mineral substrate Berry H i l l 2010 63° 48' 30.7" S 57° 49' 30" W 

P3802 Stone fragments Devils Rocks 2011 63° 50' 4.9" S 57° 50' 43.7" W 

P3824 Stone fragments Halozetes Valley 2011 63° 49' 15" S 57° 48' 30" W 

P4838 Sandy soil Big Lachman Lake 2013 63° 47' 55" S 57° 48' 25 " W 

P. lithocola sp. nov. (group II) 

C C M 8691 T Stone fragments Panorama Pass 2007 63° 48' 52" S 57° 50' 36" W 

P3926 Stone fragments Devils Rocks 2011 63° 47' 59" S 57° 50' 43.8" W 

P. mendelii sp. nov. (group III) 

C C M 8685 T Stone fragments Lachman Crags 2010 63° 50' 47.8" S 57° 51' 58.3" W 

C C M 8686 Stone fragments Berry H i l l 2008 63° 48' 45" S 57° 49' 42" W 

P2490 Sandy soil Crame C o l 2007 63° 49' 47" S 57° 53' 22" W 

P2749 Stone fragments Berry H i l l 2008 63° 48' 52" S 57° 49' 25 " W 

P. petrophilus sp. nov. (group IV) 

C C M 8687 T Stone fragments Devils Rocks 2009 63° 51' 4 1 " S 57° 49' 10" W 

C C M 8688 Stone fragments Lachman Crags 2012 63° 49' 45.5" S 57° 50' 14.8" W 

P4106 Organo-mineral substrate Devils Rocks 2011 63° 49' 52" S 57° 50' 27.6" W 
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Fig. 1. Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences, showing the position of groups I—IV strains within the 
genus Pedobacter. The evolutionary history was inferred by using the Kimura two-parameter model. Bootstrap probability values (per­
centages of 1000 tree replications) greater than 50% are indicated at branch points. All positions with less than 95% site coverage 
were eliminated. Flavobactehum aqua tile DSM 1132 T (AM230485) was used as an outgroup. Bar, 0.02 substitutions per nucleotide 
position. 
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matched the tree topology obtained by the maximum-l ikel i ­
hood (Fig. SI, available i n the online Supplementary Mate­
rial) and maximum-parsimony analysis (Fig. S2) and 
separated the strains into four groups (I, II, III and IV) that 
were differentiated from established Pedobacter species. 
Group I consisted of eight strains sharing 99.9-100 % 16S 
r R N A gene sequence similarity. Isolates assigned to groups 
II, III and I V showed 100 % 16S r R N A gene sequence simi­
larity within individual clusters. Phylogenetically, group I 
was closest to P. aquatilis A R 1 0 7 T . Groups II and III were 
closely related to each other (98.8 % 16S r R N A gene sequence 
similarity) and had P. jejuensis T H G - D R 3 T as their closest 
phylogenetic neighbour. Group I V was most similar to, but 
only distantly related to, the P. agri-P. borealis-P. ginsenosi-
dimutans cluster. 

Repetitive sequence-based P C R (rep-PCR) fingerprinting 
using the ( G T G ) 5 primer and automated ribotyping with 
the £coRI restriction enzyme were performed to assess the 
genetic variability between individual strains assigned to 
groups I - I V . rep-PCR fingerprinting with the ( G T G ) 5 

primer was performed as described by Svec et al. [10]. The 
automatic ribotyping was performed using the RiboPrinter 
Microbia l Characterization System (DuPont Qualicon) in 
accordance with the manufacturer's instructions. Numerical 
analysis and dendrogram construction was done using the 
BioNumerics 7.6 software (Applied Maths). The ribotype 
patterns were imported into the BioNumerics software 
using the load samples import script provided by the manu­
facturer. Numerical analysis of rep-PCR fingerprints 
showed a high genetic homogeneity within strains assigned 
to groups I - I V . Individual strains revealed visually similar 
fingerprints which clearly separated these groups from each 
other (Fig. S3). Heterogeneity was revealed only among 
group I strains due to a distinct fingerprint revealed by 
strain C C M 8690. In contrast, automated ribotyping using 
the £coRI restriction enzyme showed closely similar ribo­
type patterns within all strains i n group I and also con­
firmed the genetic homogeneity wi thin groups II and IV . 
This method, however, separated group III strains into two 
subclusters (Fig. S4). Both D N A fingerprinting techniques 
also clearly differentiated groups I - I V from the type strains 
representing the phylogenetically closest Pedobacter species. 

Total high-molar-mass genomic D N A extraction for the 
G + C content analysis and D N A - D N A hybridization 
experiments was performed as described by Cleenwerck 
et al. [11]. The D N A G+C content was determined using 
the H P L C method described by Mesbah and W h i t m a n 
[12]. Strains C C M 8689 T (group I), C C M 8691 T (group II), 
C C M 8685 T (group III) and C C M 8687 T (group IV) 
revealed 36.2, 35.6, 35.5 and 38.8 m o l % G+C genomic D N A 
content, respectively. D N A - D N A hybridization was done 
to confirm the differentiation of groups I, II and III from 
the phylogenetically nearest Pedobacter species and to 
confirm that the phylogenetically neighbouring groups II 
and III are representatives of different species. Group IV, 
which had a distinct phylogenetic position, was not 

included i n D N A - D N A hybridization experiments. The 
method was performed using the microplate technique 
described by Ezaki et al. [13], according to the protocols 
described previously [11, 14]. D N A - D N A relatedness per­
centages were calculated as means based on at least three 
independent hybridizations. Reciprocal reactions were per­
formed and also considered as independent experiments. 
The standard deviation between reciprocal reactions was 
approximately 7%, as reported by Goris et al. [14]. The 
level of D N A - D N A hybridization obtained between strain 
C C M 8689 T (group I) and P. aquatilis C C M 7347 T and P. 
jejuensis C C M 8565 T was 21 and 15%, respectively. The 
hybridization values between strains C C M 8691 T (group II) 
and C C M 8685 T (group III) and their phylogenetically 
nearest neighbours P. jejuensis C C M 8565 T and P. aquatilis 
C C M 7347 T were in the range from 15 to 20 %. D N A - D N A 
hybridization also showed that group II and group III 
strains represent different species because the hybridization 
value between strains C C M 8691 T and C C M 8685 T was 
29%. A l l D N A - D N A hybridization values obtained were 
well below the 70% threshold [15], which confirmed that 
each of the strains analysed represented a novel species. 

Phenotypic characteristics of all 17 strains and of the type 
strains of nearest neighbouring species P. aquatilis C C M 
7347 T , P. ginsengiterrae C C M 8571 T and P. jejuensis C C M 
8565 T were assessed by a set of key tests relevant for G r a m -
negative rod-shaped bacteria. Oxidase (OXItest; Erba-
Lachema) and catalase (ID colour Catalase; bioMerieux) 
activity was verified according to the manufacturers' instruc­
tions. Cellular morphology was investigated by G r a m stain­
ing [16] and transmission electron microscopy using a 
Morgagni 268D Philips (FEI Company) electron microscope 
(Fig. S5). Further tests for the following were done: oxida­
tion-fermentation (OF) [17], urease [18], arginine dihydro-
lase, ornithine and lysine decarboxylase [19], hydrolysis of 
aesculin, starch [20], gelatin, Tween 80 [21], casein, tyrosine 
[22] and D N A (CM321; Oxoid) , egg-yolk reaction [23], 
O N P G [24], nitrate and nitrite reduction, indol production, 
growth on Simmon's citrate agar [20], and utilization of 
acetamide [25] and sodium malonate [26]. Mot i l i ty was 
observed in a glucose oxidation tube. Screening for flexiru-
bin-type pigment production was done using a 20 % K O H 
test as described by Bernardet et al. [27]. Growth at different 
temperatures (5-35 °C i n increments of 5.0 °C) and N a C l 
concentrations (0,1, 2 and 3 %, w/v) was tested on R 2 A agar 
(Oxoid) adjusted accordingly. The p H range for growth was 
tested on R 2 A agar adjusted to p H 5.0-12.0 (in increments 
of 1 p H unit) by using the following buffer systems: p H 5.0-
8.0, 0.1 M K H 2 P 0 4 / O . l M N a O H ; p H 9.0-10.0, 0.1 M 
N a H C O 3 / 0 . 1 M N a 2 C 0 3 ; p H 11.0-12.0, 0.05 M N a 2 H P 0 4 / 
0.1 M N a O H . The p H of the R 2 A agar was confirmed after 
autoclaving. Aerobic growth was tested on brain heart 
infusion agar (Oxoid), Columbia blood agar (Oxoid), M a c -
Conkey agar (Oxoid), nutrient agar (Oxoid), plate count 
agar (Oxoid), R 2 A agar (Oxoid) and tryptone soya agar 
(Oxoid) and anaerobic growth was tested on R 2 A agar using 
the Anaerocult A system (Merck). The aforementioned 
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biochemical and physiological tests were assessed using cells 
grown on R 2 A agar at 20 °C and read daily for up to 7 days 
with incubation at 20 °C. Phenotype screening showed that 
all strains were Gram-stain-negative, aerobic, non-ferment­
ing, oxidase- and catalase-positive rods. Group I, II and III 
strains produced small red colonies and group I V strains 
produced pink colonies when cultivated on R 2 A agar plates 
at 20 °C. Further characterization using the Biolog system 
with the Gram-negative identification test panel G E N III 
MicroPlate (Biolog) and the A P I Z Y M microtest system 
(bioMerieux) was done to obtain additional phenotypic data. 
Antibiotic resistance testing was done by the disc diffusion 
method on R 2 A agar (Oxoid). Sixteen antibiotic discs 
(Oxoid) relevant for Gram-negative rods [28, 29] were 
tested: ampici l l in (10 ug), aztreonam (30 ug), carbenicillin 
(100 ug), cefixim (5 ug), ceftazidim (10 ug), cephalothin 
(30 ug), ciprofloxacin (5 ug), gentamicin (10 ug), chloram­
phenicol (30 ug), imipenem (10 ug), kanamycin (30 ug), 
cotrimoxazol (25 ug), piperacillin (30 ug), polymyxin B (300 
U ) , streptomycin (10 ug) and tetracycline (30 ug). CLSI/ 
E U C A S T standards were followed for cultivation and inhibi ­
t ion zone diameter reading [28, 29]. The biochemical and 
physiological characteristics of group I - I V strains are listed 
in the species descriptions below. The tests distinguishing 
group I - I V strains and enabling their straightforward differ­
entiation from their nearest neighbour species are shown in 
Table 2. Test results obtained with the G E N III MicroPlate 
test panel (Biolog) are listed in Table SI and antibiotic 

Table 2. Biochemical differentiation of Pedobacter jamesrossensis sp. 
nov., Pedobacter lithocola sp. nov., Pedobacter mendelii sp. nov. and 
Pedobacter petrophilus sp. nov. from phylogenetically related 
Pedobacter species 

Taxa: 1, P. jamesrossensis sp. nov. (group I): 2, P. tithocota sp. nov. 
(group II): 3, P. mendelii sp. nov. (group III): 4, P. petrophilus sp. nov. 
(group IV): 5, P. aquatilis CCM 7347 T; 6, P. ginsengiterrae CCM 8571 T : 7, 
P. jejuensis CCM 8565 T. +, Positive: —, negative: w, weakly positive; d, 
strain dependent. All data were obtained in this study. 

Characteristic 1 2 3 4 5 6 7 

Growth on Simmon's — — — — — — + 
citrate 

Malonate — — — — — — + 

Hydrolysis of: 

Tween 80 — — d t + + + + 

Gelatin — — + + — — — 

Aesculin d * + + + + + + 

Starch + + + — + + + 

Casein — — + + — — — 

D N A + + + — — w w 
Production of: 

a-Galactosidase — + + + — — — 

/3-Galactosidase + + + + — — — 

*Two positive out of eight strains. 
fTwo positive out of four strains. 

susceptibility profiles of group I - I V strains are given in 
Table S2. 

Chemotaxonomic analyses of the representative strains 
C C M 8689 T (group I), C C M 8691 T (group II), C C M 8685 T 

(group III) and C C M 8687 T (group IV) were performed to 
further characterize the analysed groups. 

Analysis of fatty acid methyl esters was performed using 
an Agilent 7890B gas chromatograph according to the stan­
dard protocol of the Sherlock M I D I Identification System 
( M I D I Sherlock version 6.2, M I D I database R T S B A 6.21). 
Bacterial cells were grown on R 2 A agar (Oxoid) at 
2 0 ± 2 ° C for 48 h , where the bacterial communities reached 
the late-exponential stage of growth according to the four 
quadrants streak method [30]. The predominant fatty acids 
of strains C C M 8689 T , C C M 8691 T , C C M 8685 T and C C M 
8687 T were summed feature 3 ( C 1 6 . i w 7 c / C 1 6 . iw6c), iso-
C 1 5 : 0 and i s o - C 1 7 : 0 3 - O H , which corresponded to the fatty 
acids typically found in other Pedobacter species [2]. The 
complete cellular fatty acid compositions of strains C C M 
8689 T , C C M 8691 T , C C M 8685 T and C C M 8687 T and the 
type strains representing the nearest neighbour species are 
shown in Table S3. 

Freeze-dried biomass for the following chemotaxonomic 
analyses was prepared from bacterial cells grown on R 2 A 
agar plates cultivated at 20 °C for 72 h. Quinones and polar 
lipids were extracted from freeze-dried biomass and ana­
lysed as described previously [31-34]. Analysis of all four 
strains revealed the presence of the major menaquinone 
M K - 7 and minor amounts of M K - 6 ( C C M 8691 T : 90.9% 
M K - 7 , 9.1 % M K - 6 ; C C M 8687 T : 77.9 % M K - 7 ; 22.1 % M K -
6; C C M 8689 T : 91.4% M K - 7 , 8.6.% M K - 6 ; C C M 8685 T : 
97.7 % M K - 7 , 2.3 % M K - 8 ) . In the polar l ip id profiles, com­
mon to all four strains were the major polar lipids phospha-
tidylethanolamine, the unidentified lipids L2 and L5 and 
the unidentified aminol ipid A L 2 (Fig. S6). The presence of 
the unidentified aminophospholipid A P L 1 , the aminoglyco-
l ip id A G L 1 , the aminoglycophospholipid A G P L 1 , the glyco-
l ip id G L 2 , the aminolipid A L 3 and the lipids L3 and L7 
distinguished strain C C M 8687 from the other three 
strains. Strain C C M 8689 was distinguishable from the 
other three strains by the presence of lipids L8 and L9. The 
presence of glycolipid G L 1 distinguished strain C C M 8685 T 

from strain C C M 8691 T and both strains showed a less 
complex polar l ip id profile than the other two strains. 
The presence of alkali-stable lipids characteristic for sphin-
golipids in the analysed strains was investigated according 
to Kato et al. [35]. A l l four strains produced one alkali-
stable l ip id that was detected after staining with ninhydrin , 
but none of these was positive for the presence of a phos­
phate group after staining with molybdenum blue. Hence, 
the alkali-stable lipids detected are not sphingophospholi-
pids as reported i n members of the neighbouring genus 
Sphingobacterium [36]. Polyamines were extracted from 
freeze-dried biomass cultivated i n P Y E broth (0.3% pep­
tone from casein, 0.3% yeast extract, p H 7.2) at 20 °C for 
72 h as described previously [37]. H P L C conditions applied 
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for analyses of the polyamine patterns were as described by 
Busse et al. [38] and the H P L C apparatus was as described 
by Stolz et al. [32]. sym-Homospermidine was the major 
polyamine in all four strains, which is i n accordance with 
the genus description [1]. Strain C C M 8689 T contained 
(per gram dry weight) 11.8 umol sym-homospermidine, 0.1 
umol cadaverine and traces of putrescine and spermidine 
(<0.1 umol); strain C C M 8691 T contained 14.9 umol sym-
homospermidine, 0.1 umol spermidine and traces of putres­
cine, cadaverine and spermine (<0.1 umol); strain C C M 
8685 T contained 3.1 umol sym-homospermidine and traces 
of cadaverine and spermidine (<0.1 umol); strain C C M 
8687 T contained 17.8 umol sym-homospermidine, 0.2 umol 
spermidine and traces of cadaverine and spermine (<0.1 
umol). The aforementioned chemotaxonomic characteris­
tics of strains C C M 8689 T , C C M 8691 T , C C M 8685 T and 
C C M 8687 T corresponded with their assignment to the 
genus Pedobacter [1, 2]. 

A l l results obtained i n the present study demonstrated that 
each of the groups I, II, III and I V represents a distinct novel 
species wi thin the genus Pedobacter, for which the names 
Pedobacter jamesrossensis sp. nov., Pedobacter lithocola sp. 
nov., Pedobacter mendelii sp. nov. and Pedobacter petrophi-
lus sp. nov., respectively, are proposed. 

In each of the species descriptions, the numbers given in 
parentheses i n strain-dependent test results show the n u m ­
ber of strains revealing a positive reaction. Test results 
obtained using the Biolog G E N III MicroPlate test panel are 
given i n Table SI. Antibiotic susceptibility profiles are given 
in Table S2. 

PEDOBACTER JAMESROSSENSIS SP. NOV. 
Pedobacter jamesrossensis (ja.mes.ross.en'sis. N . L . masc. adj. 
jamesrossensis pertaining to James Ross Island where the 
type strain was isolated). 

Cells are Gram-stain-negative, short rods, 1-1.2x0.5 urn, 
occurring predominantly i n pairs or i n irregular clusters, 
non-motile and non-spore-forming. Colonies on R 2 A agar 
are reddish, circular, slightly convex, smooth and glistening 
with whole margins, and reach about 1-2 m m i n diameter 
when cultivated at 20 °C for 5 days. Flexirubin-type pig­
ments are absent. The species is aerobic; no anaerobic 
growth on R 2 A agar is detected. Aerobic but non-ferment­
ing in the O F test. Grows at 1-30 °C, but not at 35 °C. Grows 
in the presence of up to 1 % (w/v) N a C l ; growth i n 2 % 
N a C l is strain dependent (4) and is inhibited in 3 % N a C l . 
Grows at p H 6-10; growth at p H 11 is strain dependent (3) 
and growth is not detected at p H 5 or 12. Most abundant 
growth is observed on R 2 A agar without N a C l , at p H 8.0 
and at 20 ° C Fluorescein pigment is not produced on K i n g 
B medium. Grows on plate count agar, tryptone soya agar, 
R 2 A agar, brain heart infusion agar and nutrient agar, but 
not on MacConkey agar. Positive reactions for catalase and 
oxidase, O N P G test and hydrolysis of starch and D N A . Aes-
culin hydrolysis is strain dependent (2). Negative for Sim­
mon's citrate, sodium malonate, acetamide, hydrolysis of 

Tween 80, gelatin, casein, tyrosine and lecithin (egg-yolk 
reaction), production of indol , urease, arginine dihydrolase, 
lysine and ornithine decarboxylase and reduction of nitrate 
and nitrite. Enzymatic reactions tested by the A P I Z Y M kit 
revealed positive test results for alkaline phosphatase, acid 
phosphatase, leucine arylamidase, valine arylamidase, tryp­
sin, /3-galactosidase, a-glucosidase, /3-glucosidase, N-acetyl-
/3-glucosaminidase and a-mannosidase, and weakly positive 
for esterase lipase (C8); negative test results for lipase (C14), 
chymotrypsin, a-galactosidase, /3-glucuronidase; and strain-
dependent test results for esterase (C4) (1), cystine arylami­
dase (6), naphthol-AS-BI-phosphohydrolase (7) and a-
fucosidase (7). Contains an alkali-stable l ip id . The quinone 
system consists of the major menaquinone M K - 7 and small 
amounts of M K - 6 . The polar l ip id profile is composed of 
the major lipids phosphatidylethanolamine, the unidentified 
lipids L2 and L5 and the unidentified aminol ipid A L 2 , and 
moderate to minor amounts of the unidentified lipids L I , 
L6, L8 and L9, glycolipid GL1 and aminol ipid A L L sym-
Homospermidine is the major polyamine. i s o - C i 5 : 0 , iso-
C 1 7 : 0 3 - O H and summed feature 3 (Cl6:lu!7c/Cl6:lu!6c) are 
the major cellular fatty acids. 

The type strain, C C M 8689 T ( = L M G 29684 T), was isolated 
from stone fragments sampled at Devils Rocks locality at 
fames Ross Island (Antarctica). The genomic D N A G+C 
content of the type strain is 36.2 m o l % . Most characteristics 
of the type strain are i n agreement with the general species 
description. The strain-dependent characteristics of the type 
strain are as follows: no hydrolysis of aesculin, no growth in 
2 % (w/v) N a C l and at p H 11, no production of esterase 
(C4), cystine arylamidase or a-fucosidase, and weak pro­
duction of naphthol-AS-BI-phosphohydrolase. 

PEDOBACTER LITHOCOLA SP. NOV. 
Pedobacter lithocola [li.tho'co.la. Gr . n . lithos stone, L. suff. -
cola (from L. n . incola) inhabitant; N . L . masc. n . lithocola a 
dweller of stones]. 

Cells are Gram-stain-negative, short rods, 0 .9-1.4x0.4-
0.5 um, occurring predominantly i n pairs or i n irregular 
clusters, non-motile and non-spore-forming. Colonies on 
R 2 A agar are reddish, circular, slightly convex, smooth and 
glistening with whole margins, and reach about 1-2 m m in 
diameter when cultivated at 20 °C for 5 days. Flexirubin-
type pigments are absent. The species is aerobic; no 
anaerobic growth on R 2 A agar is detected. Aerobic but non-
fermenting i n OF test. Grows at 1-30 °C, but not at 35 ° C 
Grows in the presence of up to 1 % (w/v) N a C l ; growth 
is inhibited with >2 % N a C l . Grows at p H 6-8; growth at 
p H 9 is strain dependent and growth is not detected at p H 5 
or p H >10. Most abundant growth is observed on R 2 A agar 
without N a C l , at p H 8.0 and at 20 °C. Fluorescein pigment 
is not produced on K i n g B medium. Grows on plate count 
agar, tryptone soya agar, R 2 A agar, brain heart infusion 
agar and nutrient agar, but not on MacConkey agar. Posi­
tive reactions for catalase and oxidase, O N P G test and 
hydrolysis of starch, aesculin and D N A . Negative for 
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Simmon's citrate, sodium malonate, acetamide, hydrolysis 
of Tween 80, gelatin, casein, tyrosine and lecithin (egg-yolk 
reaction), production of indol , urease, arginine dihydrolase, 
lysine and ornithine decarboxylase and reduction of nitrate 
and nitrite. Enzymatic reactions tested by the A P I Z Y M kit 
revealed positive results for alkaline phosphatase, acid phos­
phatase, leucine arylamidase, valine arylamidase, trypsin, 
naphthol-AS-BI-phosphohydrolase, a-galactosidase, /3-
galactosidase, a-glucosidase, /3-glucosidase, N-acetyl-/3-
glucosaminidase and a-mannosidase, and weakly positive 
for esterase lipase (C8) and cystine arylamidase. Negative 
test results for lipase (C14), chymotrypsin and ^-g lucuroni ­
dase; and strain dependent test results are detected for ester­
ase (C4) and a-fucosidase. Contains an alkali-stable l ipid. 
The quinone system consists of the major menaquinone 
M K - 7 and small amounts of M K - 6 . The polar l ip id profile is 
composed of the major lipids phosphatidylethanolamine, 
the unidentified lipids L2 and L5 and the unidentified ami-
nol ipid A L 2 , and minor amounts of unidentified aminolipid 
A L L sym-Homospermidine is the major polyamine. iso-
C 1 5 : 0 , i s o - C 1 7 : 0 3 - O H and summed feature 3 (Cl6:lu>7c/Cl6  

: iw6c) are the major cellular fatty acids. 

The type strain, C C M 8691 T ( = L M G 29685 T), was isolated 
from stone fragments sampled at Panorama Pass locality at 
fames Ross Island (Antarctica). The genomic D N A G+C 
content of the type strain is 35.6 m o l % . Most characteristics 
of the type strain are in agreement with the general species 
description. The strain-dependent characteristics of the type 
strain are as follows: growth at p H 9, and no production of 
esterase (C4) or a-fucosidase. 

PEDOBACTER MENDELII SP. NOV. 
Pedobacter medelii (men.de'li.i. N . L . gen. n . mendelii of 
Mendel , named i n honour of Johann Gregor Mendel , a pio­
neer of genetics, for his contribution to general genetics; the 
name also reflects the fact that the species was isolated near 
the Johann Gregor Mendel Antarctic station). 

Cells are Gram-stain-negative, short rods, 1-1.3x0.5 um, 
occurring predominantly i n pairs or i n irregular clusters, 
non-motile and non-spore-forming. Colonies on R 2 A agar 
are reddish, circular, slightly convex, smooth and glistening 
with whole margins, and reach about 1-2 m m i n diameter 
when cultivated at 20 °C for 5 days. Flexirubin-type pigments 
are absent. The species is aerobic; no anaerobic growth on 
R 2 A agar is detected. Aerobic but non-fermenting i n the OF 
test. Grows at 1-30 °C, but not at 35 ° C Grows i n the pres­
ence of up to 2 % (w/v) N a C l ; growth was inhibited i n 3 % 
N a C l . Grows at p H 6-8; growth at p H 9 is strain dependent 
(1) and growth is not detected at p H 5 or p H >10. Most 
abundant growth is observed on R 2 A agar without N a C l , 
at p H 8.0 and at 20 °C. Fluorescein pigment is not produced 
on K i n g B medium. Grows on plate count agar, tryptone 
soya agar, R 2 A agar, brain heart infusion agar and nutrient 
agar, but not on MacConkey agar. Positive reactions for cata-
lase and oxidase, O N P G test and hydrolysis of gelatin, aescu-
l i n , starch, casein and D N A . Hydrolysis of Tween 80 is strain 

dependent (2). Negative for Simmon's citrate, sodium malo­
nate, acetamide, hydrolysis of tyrosine and lecithin (egg-yolk 
reaction), production of indol , urease, arginine dihydrolase, 
lysine and ornithine decarboxylase and reduction of nitrate 
and nitrite. Enzymatic reactions tested by the A P I Z Y M kit 
reveal positive test results for alkaline phosphatase, acid 
phosphatase, leucine arylamidase, valine arylamidase, tryp­
sin, naphthol-AS-BI-phosphohydrolase, a-galactosidase, /3-
galactosidase, a-glucosidase, /3-glucosidase, N-acetyl-/3-
glucosaminidase, a-mannosidase and a-fucosidase and 
weakly positive for esterase lipase (C8); negative test results 
for esterase (C4), lipase (C14), cystine arylamidase, chymo­
trypsin and /3-glucuronidase. Contains an alkali-stable l ipid. 
The quinone system consists of the major menaquinone 
M K - 7 and small amounts of M K - 6 . The polar l ip id profile is 
composed of the major lipids phosphatidylethanolamine, the 
unidentified lipids L2 and L5 and the unidentified aminoli­
p id A L 2 , and moderate to minor amounts of the unidentified 
l ip id L6, aminolipid A L 1 and glycolipid G L 1 . sym-Homo­
spermidine is the major polyamine. i s o - C i 5 : 0 , i s o - C i 7 : 0 3-
O H and summed feature 3 ( C 1 6 . !o ;7c/C 1 6 . iu>6c) are major 
cellular fatty acids. 

The type strain, C C M 8685 T ( = L M G 29688 T), was isolated 
from stone fragments sampled at Lachman Crags locality at 
fames Ross Island (Antarctica). The genomic D N A G+C 
content of the type strain is 35.5 m o l % . Most characteristics 
of the type strain are i n agreement with the general species 
description. The strain-dependent characteristics of the type 
strain are as follows: no growth at p H 9 and no Tween 80 
hydrolysis. 

PEDOBACTER PETROPHILUS SP. NOV. 
Pedobacter petrophilus [pe.tro'phUus. Gr . n . petra rock; N . L . 
masc. adj. philus (from Gr . masc. adj. philos) friend, loving; 
N . L . masc. adj. petrophilus, rock loving]. 

Cells are Gram-stain-negative, short rods, 1.2-1.6x0.6 um, 
occurring predominantly i n pairs or in irregular clusters, 
non-motile and non-spore-forming. Colonies on R 2 A agar 
are pink, circular, slightly convex, smooth and glistening 
with whole margins, and reach about 1-2 m m i n diameter 
when cultivated at 20 °C for 5 days. Flexirubin-type 
pigments are absent. The species is aerobic; no anaerobic 
growth on R 2 A agar is detected. Aerobic but non-ferment­
ing i n the O F test. Grows at 1-30 °C, but not at 35 °C. Grows 
in the presence of up to 2 % (w/v) N a C l ; growth is inhibited 
with 3 % N a C l . Grows at a p H 6-9; growth at p H 10 
is strain dependent (1) and growth is not detected at p H 5 
or >11. Most abundant growth is observed on R 2 A agar 
without N a C l , at p H 8.0 and at 20 °C. Fluorescein pigment 
is not produced on K i n g B medium. Grows on plate count 
agar, tryptone soya agar, R 2 A agar, brain heart infusion 
agar and nutrient agar, but not on MacConkey agar. Posi­
tive reactions for catalase and oxidase, O N P G test and 
hydrolysis of Tween 80, gelatin, aesculin and casein. Nega­
tive for Simmon's citrate, sodium malonate, acetamide, 
hydrolysis of starch, D N A , tyrosine and lecithin (egg-yolk 
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reaction), production of indol , urease, arginine dihydrolase, 
lysine and ornithine decarboxylase and reduction of nitrate 
and nitrite. Enzymatic reactions tested by the A P I Z Y M kit 
revealed positive results for alkaline phosphatase, acid 
phosphatase, leucine arylamidase, valine arylamidase, tryp­
sin, naphthol-AS-BI-phosphohydrolase, a-galactosidase, /3-
galactosidase, a-glucosidase, /3-glucosidase, N-acetyl-/3-
glucosaminidase and a-mannosidase and weakly positive 
for esterase lipase (C8); negative test results for esterase 
(C4), lipase (C14), cystine arylamidase, chymotrypsin, /3-
glucuronidase and a-fucosidase. Contains an alkali-stable 
l ip id . The quinone system consists of the major menaqui-
none M K - 7 and small amounts of M K - 6 . The polar l ipid 
profile is composed of the major lipids phosphatidyletha-
nolamine, the unidentified lipids L2 and L5 and the uniden­
tified aminol ipid A L 2 , and moderate to minor amounts of 
the unidentified lipids L I , L3 , L4, L6 and L7, glycolipid G L 2 , 
aminophospholipid A P L 1 , aminoglycolipid A G L 1 , amino-
glycophospholipid A G P L 1 and aminol ipid A L 2 . sym-
Homospermidine is the major polyamine. i s o - C 1 5 : 0 , iso-
C 1 7 : 0 3 - O H and summed feature 3 (Cl6:lu!7c/Cl6:lu!6c) are 
major cellular fatty acids. 

The type strain, C C M 8687 T ( = L M G 29686 T), was isolated 
from stone fragments sampled at Devils Rocks locality at 
fames Ross Island (Antarctica). The genomic D N A G+C 
content of the type strain is 38.8 m o l % . Most characteristics 
of the type strain are in agreement with the general species 
description. The strain-dependent characteristics of the type 
strain are as follows: weak growth at p H 10. 
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Table SI. Test results obtained using the Biolog G E N III MicroPlate test panel from P. jamesrossensis sp. 
nov. (group I), P. lithocola sp. nov. (group II), P. mendelii sp. nov. (group III), P. petrophilus sp. nov. (group 
IV) and phylogenetically related Pedobacter spp. 

A l l data were obtained in this study. +, Positive; -, negative; b, borderline reaction. 

A l l strains were positive for utilization of dextrin, D-maltose, D-trehalose, D-cellobiose, gentiobiose, sucrose, 
D-turanose, D-raffinose, a-D-lactose, D-melibiose, P-methyl-D-glucoside, D-salicin, a-D-Glucose, D-
mannose, D-fructose, D-galactose, gelatin, glycyl-L-proline, L-glutamic acid, pectin, D-galacturonic acid, L-
galactonic acid, and lactone, and negative for utilization of N-acetyl-P-D-mannosamine, 3-methyl glucose, 
inosine, D-sorbitol, D-mannitol, glycerol, D-aspartic acid, D-serine, L-arginine, L-pyroglutamic acid, D-
gluconic acid, mucic acid, quinic acid, D-saccharic acid, p-hydroxy-phenylacetic acid, methyl pyruvate, D-
lactic acid methyl ester, L-lactic acid, citric acid, a-keto-glutaric acid, D-malic acid, bromo-succinic acid, y 
amino-butryric acid, a-hydroxy-butyric acid, P-hydroxy-D,L-butyric acid, a-keto-butyric acid, propionic acid, 
and formic acid. A l l strains were inhibited by pH 5, 4 % and 8 % NaCl, fusidic acid, D-serine, troleandomycin, 
minocycline, lincomycin, niaproof 4 , lithium chloride, potassium tellurite, sodium butyrate and sodium 
bromate, but they grew in the presence of tetrazolium blue and aztreonam. 
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Stachyose + + + + + + + + - - - - b - + + + + b + 
N-Acetyl-D-Glucosamine + + + + + + + + + - b + + b + b + + + + 
N-Acetyl-D-Galactosamine + + + + + + + + - - - + b - - - - + + + 
N-Acetyl Neuraminic Acid + -
D-Fucose + b b + 
L-Fucose + b b + + + 
L-Rhamnose + + + + + + + + b + b + + + + + + + + + 
D-Arabitol + 
myo-Inositol - + - - - - - - - - - - b - - - - - - b 
D-Glucose-6-P04 + + b b b b + b - - - - b - - - - + b + 
D-Fructose-6-P04 + + + + + + + - - - - - - - b - - + + + 
L-Alanine - - - - - - - - - - - + - b - - - - - b 
L-Aspartic Acid + + + + + + + + - - b + + b + b + + + + 
L-Glutamic Acid + + + + + + + + + + + + + + + + + + + + 
L-Histidine b + b - b b - - b + b + b b - - - - + + 
L-Serine - b - - b b - b - - - - - - b - - - + b 
D-Glucuronic Acid + + + + + + + + - - - + - - + + + + + + 
Glucuronamide - - b - - - - - - - - - b b b b - + + + 
L-Malic Acid + + + - - -
Tween 40 - + - - b - - + - - - - - - - - - - - -
Acetoacetic Ac id + - + b + + + + + + + + + 
Acetic Ac id + b b b + + + + + - + + + + + + + + + + 

Sensitivity to 
p H 6 b b + - b b + - - - -
l % N a C l - b - b - b - + + + + + + + + + + - b -

1% Sodium Lactate - b b - - - - b + + + + + + + + + - - -
Rifamycin SV + + + + + + + b + + - + - - + + + - + + 
Guanidine HC1 + + + + + + + + + + + + + + + + + - + + 
Vancomycin + + - + + - + 
Tetrazolium Violet - + b b b b b + b + b b - - b 
Nalidixic Acid b - b b b b b b + + - - -



Table S2. Antibiotic susceptibility profiles of analysed Pedobacter spp. strains 

S, susceptible; R, resistant; I, intermediate 

P. jamesrossensis sp. nov. (group I) 
C C M 8689T R R R R R R R R S s R s R R I s 
C C M 8690 R R R R R R R R S I R s R R I s 
P3164 R R R R R R R R s s R s R R I s 
P3658 R R R R R R R R s s R s R R R s 
P3679 R R R R R R R R s s R s R R S s 
P3802 R R R R R R R R s s R s R R S s 
P3824 R R R R R R R R s s R s R R s s 
P4838 R R R R R R R R s s I s R R s s 

P. lithocola sp. nov. (group II) 

C C M 8691T S R S R R R R R s s S s R S s s 
P3926 R R S R R R S R s s s s R S s s 

P. mendelii sp. nov. (group III) 

C C M 8685T R I s R R R S R s s s s R R s s 
C C M 8686 R R R R R R s R s s s s R R s s 
P2490 R R R R R R s R s s s s R S s s 
P2749 R R S R R R R R s s s s R S s s 

P. petrophilus sp. nov. (group IV) 
C C M 8687T R R R R R R R R R s R s R R R s 
C C M 8688 R R R R R R R R R s R s R R R s 
P4106 R R R R R R R R R s R s R R I s 



Table S3. Cellular fatty acid composition (as a percentage of the total) of strains C C M 8689 T (group I), C C M 8691 T (group II), C C M 8685 T (group 
III), C C M 8687 T (group IV) and type strains of the phylogenetically nearest Pedobacter species. 

A l l data were obtained in this study. Fatty acids revealing less than 1 % in all strains are not shown. N D , not detected; TR, trace amount (< 1 %). 

C n : 0anteiso 
C 1 5 : 0 iso 
C i5:o anteiso 
C i5:i Oj6c 

C i 6 : i isO H 
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C 16:1 C05c 

C iso iso 3 0 H 
C 15:0 2 0 H 
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C 17:1 OJ6C 

C 16:0 iso 3 0 H 
C 16:0 3 0 H 
C 1 7 0 iso 3 0 H 
C 17:0 2 0 H 
Summed Feature 3* 
Summed Feature 9f 

1.5 ND TR ND ND 1.3 TR ND 1.4 1.4 TR TR 
12.0 8.4 10.2 17.9 18.8 19.5 15.3 18.5 15.4 19.0 18.4 14.6 
7.6 8.4 9.5 5.5 5.4 3.9 3.8 5.7 6.5 3.2 3.3 5.1 
TR 3.3 1.2 2.8 2.4 2.0 1.8 3.2 1.2 2.0 3.0 3.4 
1.2 3.5 1.4 TR TR TR TR TR TR TR 1.2 2.3 
1.8 2.9 1.4 1.2 1.6 TR 1.1 TR 1.1 TR 1.6 5.6 
4.0 3.7 3.1 2.6 3.1 2.4 3.3 1.6 3.9 2.2 2.7 1.2 
1.4 1.4 1.3 2.3 1.7 2.8 2.0 2.2 1.8 2.6 2.1 1.6 
1.1 2.1 2.0 1.4 1.4 1.0 1.5 1.4 1.0 1.0 1.4 2.2 
1.3 3.3 2.9 ND ND ND ND ND ND ND ND ND 
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6.6 9.2 5.8 6.6 5.0 2.9 5.8 4.5 5.4 4.1 4.7 9.6 
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11.4 7.7 12.4 14.8 13.3 15.7 14.4 14.3 12.3 15.8 15.0 11.0 
6.6 7.2 9.5 4.2 3.4 2.8 3.4 3.6 4.3 2.7 2.6 3.4 
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2.9 3.3 3.9 3.5 3.9 4.7 3.6 4.5 2.8 4.2 5.1 5.5 

C 16:1 (Old C 16:1 Oi6c\ f C 16:0 10-methyl/ C 17:1 isO Q)9c 
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Fig. SI. Maximum Likelihood phylogenetic tree, based on 16S r R N A gene sequences, showing the 
phylogenetic position of groups I - IV strains within the genus Pedobacter. The evolutionary history 
was inferred by using the Kimura 2-parameter model. Bootstrap probability values (percentages of 
1,000 tree replications) greater than 50 % are indicated at branch points. Flavobacterium aquatile D S M 
1132T (AM230485) was used as an outgroup. Bar, 0.02 substitutions per nucleotide position. 
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Fig. S2. Maximum Parsimony phylogenetic tree, based on 16S r R N A gene sequences, showing the 
phylogenetic position of groups I - I V strains within the genus Pedobacter. The most parsimonious tree 
with length = 1432 is shown. The consistency index is (0.338435), the retention index is (0.615802), 
and the composite index is 0.281006 (0.208409) for all sites and parsimony-informative sites (in 
parentheses). The percentage of replicate trees greater than 50 % in which the associated taxa clustered 
together in the bootstrap test (1000 replicates) are shown at branch points. The tree was obtained using 
the Subtree-Pruning-Regrafting (SPR) algorithm with search level 1 in which the initial trees were 
obtained by the random addition of sequences (10 replicates). There were a total of 1523 positions in the 
final dataset. Flavobacterium aquatile D S M 1132T (AM230485) was used as an outgroup. 
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Fig. S3. Dendrogram based on cluster analysis of rep-PCR fingerprints obtained with (GTG) 5 primer 
from groups I-IV strains and the type strains of the phylogenetically nearly related species. 
The dendrogram was calculated with Pearson's correlation coefficients with U P G M A clustering 
method (r, expressed as percentage similarity values). 
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Fig. S4. Dendrogram based on cluster analysis of EcoRl ribotype patterns obtained using the 
RiboPrinter system from groups I - I V strains and the type strains of the phylogenetically nearly related 
species. The dendrogram was calculated with Pearson's correlation coefficients with U P G M A 
clustering method (r, expressed as percentage similarity values). 



P.jamesrossensis sp. nov. C C M 86891 R lithocola sp. nov. C C M 8691 1 

P. mendelii sp. nov. C C M 8685T R petrophilus sp. nov. C C M 86871 

Fig. S5. Cellular morphology of strains C C M 8689T (group I), C C M 869 f (group II), C C M 8685T 

(group III) and C C M 8687T (group IV) cultivated on R 2 A agar (Oxoid). Images were obtained using 
transmission electron microscopy performed with a Morgagni 268D Philips (FEI Company, U S A ) 
electron microscope. Negative staining with 2% ammonium molybdate. 
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Fig. S6. Two dimensional T L C showing the total polar lipids of strains C C M 8689T (group I), C C M 
869 f (group II), C C M 8685T (group III) and C C M 8687T (group IV). Abbreviatons: L 1 - L 9 , 
unidentified polar lipids; A L 1 - A L 3 , unidentified aminolipids; G L 1 and G L 2 , unidentified glycolipids; 
A G L 1 , unidentified aminoglykolipid; A P L 1 , unidentified aminophospholipid; A G P L 1 , unidentified 
aminoglycophospholipid; P E , phosphatidylethanolamine. 
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Abstract 

Strain P4487A 7 was isolated during investigation of cultivable bacterial populations of environmental materials sampled at 
James Ross Island, Antarctica. It revealed Gram-stain-negative short rod-shaped cells producing a pink pigment. 
Phylogenetic analysis based on 16S rRNA gene sequences allocated strain P4487A 7 to the genus Pedobacter but showed 
that the strain represents a distinct intrageneric phylogenetic lineage clearly separated from remaining Pedobacter species. 
Phylogenetically, strain P4487A 7 formed a common branch with the Pedobacter arcticus and Pedobacter lignilitoris cluster 
while the highest value of 94.4% 16S rRNA gene sequence similarity suggested that Pedobacter lentus is the most closely 
related species. Biochemical and physiological test results enabled the differentiation of strain P4487A 7 from all 
phylogenetically closely related species. Chemotaxonomic analyses of strain P4487A 7 showed MK-7 as the respiratory 
menaquinone, sym-homospermidine as the major polyamine, phosphatidylethanolamine and two unidentified lipids as the 
major polar lipids, presence of sphingolipids, and C^b-AuflclC^bALobc (summed feature 3), i s o - C i 5 : 0 and i s o - C i 7 : 0 3-OH as 
the major fatty acids, all of which corresponded with characteristics of the genus Pedobacter. The results showed that strain 
P4487A 7 represents a novel species within the genus Pedobacter, for which the name Pedobacter psychrophilus sp. nov. is 
proposed. The type strain is P4487A 7 (=CCM 86447=LMG 294367). 

The genus Pedobacter [1] represents a large group of species 
inhabiting different environmental, mainly terrestrial and 
aquatic, habitats worldwide. Members of the genus Pedo­
bacter are Gram-stain-negative rod-shaped bacteria produc­
ing catalase, oxidase and phosphatase while being negative 
for the production of nitrate reductase and urease [2]. The 
presence of M K - 7 as the major respiratory menaquinone, 
homospermidine as the major polyamine, phosphatidyletha­
nolamine as the major polar l ipid and presence of sphingoli­
pids is typical for the genus Pedobacter [2]. The number of 
novel Pedobacter species with validly published names has 
increased significantly i n recent years. A t the time of writing, 
the genus Pedobacter harboured more than 60 recognized 
species [3]. 

The present taxonomic study deals with strain P4487A iso­
lated i n the framework of a project investigating bacterial 

populations inhabiting the Antarctic environment. The 
studied strain was isolated from fragmentary rock sampled 
at James Ross Island, Antarctica (GPS: 63° 49' 20.316" S, 
57° 50' 20.5404" W ) . The sampling site was located at 
the north-east foot of the Lachman Crags mesa and formed 
a shallow depression filled by volcanic stones and rock frag­
ments that ranged from 0.3 to 20.0 cm i n size. The samples 
were taken from the south-facing side of an individual 
monolithic rock exhibiting a heavily fragmented surface 
caused by frost weathering. Therefore, the sampling site was 
a typical shaded habitat with a lower surface temperature 
than sunlit surfaces of the monolith. The sample was sus­
pended i n sterile saline solution, and 200 ul of the suspen­
sion was spread on R 2 A agar plates and cultivated at 15 °C 
for 5-7 days. Individual colonies were picked up, purified 
and pure cultures were maintained at — 70 °C unti l analysed. 

Author affiliations: 'Czech Collection of Microorganisms, Department of Experimental Biology, Faculty of Science, Masaryk University, Kamenice 5, 625 00 
Brno, Czech Republic; Institute of Microbiology, University of Veterinary Medicine Vienna, A-1210 Vienna, Austria; Section of Molecular Biology, Department 
of Experimental Biology, Faculty of Science, Masaryk University, Kamenice 5, 625 00 Brno, Czech Republic; 4Section of Microbiology and Molecular 
Biotechnology, Department of Experimental Biology, Faculty of Science, Masaryk University, Kamenice 5, 625 00 Brno, Czech Republic; Section of 
Physiology and Anatomy of Plants, Department of Experimental Biology, Faculty of Science, Masaryk University, Kamenice 5, 625 00 Brno, Czech Republic. 
'Correspondence: Pavel Svec, mpavel@sci.muni.cz 
Keywords: Pedobacter psychrophilus sp. nov.; Antarctica; James Ross Island; taxonomy. 
Abbreviation: WGS, whole genome sequencing. 
The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of strain CCM 8644 T (=P4487AT) is KX1 1 3374. The Whole Genome 
Shotgun projects have been deposited at DDBJ/EMBL/GenBank under accession LWHJ00000000. The version described in this paper is 
LWHJ01 000000. 
Four supplementary figures and one supplementary table are available with the online Supplementary Material. 
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The analysed strain, designated P4487A T , was deposited in 
the Czech Collection of Microorganisms and B C C M / L M G 
Bacteria Collection under accession numbers C C M 8644 T 

and L M G 29436 T , respectively. Reference strain Pedobacter 
arcticus C C T C C A B 2010223 T was obtained from the China 
Center for Type Culture Collection and Pedobacter lentus 
K C T C 12875 was obtained from the Korean Collection for 
Type Cultures. 

D N A for 16S r R N A gene sequence analysis was extracted by 
using a FastPrep Lysing Matr ix type B and FastPrep 
Homogenizer ( M P Biomedicals) and purified via a H i g h 
Pure P C R Template Preparation Kit (Roche Diagnostics). A 
fragment of the 16S r R N A gene corresponding to positions 
8-1542 used for Escherichia coli was amplified by P C R with 
FastStart P C R Master (Roche Diagnostics) and conserved 
primers p A ( A G A G T T T G A T C C T G G C T C A G ) and p H 
( A A G G A G G T G A T C C A G C C G C A ) described by Edwards 
et al. [4], and purified using a QIAquick P C R Purification 
Ki t (Qiagen). Sequencing was performed using P C R primers 
and custom primers F l ( G T G G G G A K C R A A C A G G A 
T T A G ) , F2 ( C G T C A R G T C M T C A T G G C C C T T ) , R l (A 
T T A C C G C G G C T G C T G G C A C ) and R2 ( C A C A T S M T C C 
M C C R C T T G T ) i n the Eurofins M W G Operon sequencing 
facility. The obtained sequence was identified via the 
EzTaxon database [5] which showed the type strain of P. 
lentus (accession no. EF446146) as its closest neighbour 
with a 16S r R N A gene sequence similarity value of 94.4 %, 
followed by those of Pedobacter terricola (94.3 %) and Pedo­
bacter daechungensis (94.1 %). To characterize strain 
P 4 4 8 7 A T in more detail, whole genome sequencing (WGS) 
was performed. The purified genomic D N A was used for 
400 bp sequencing library preparation as described previ­
ously [6]. The sample was loaded on a 316v2 chip and 
sequenced using an Ion P G M H i - Q sequencing kit (Life 
Technologies) on an Ion P G M system (Life Technologies). 
Quality t r imming and error correction of the reads were 
performed with the Ion Torrent Suite Software (v5.0.2). The 
assembly computation was performed using the plug-in 
Assembler SPAdes (v5.0.0). The total length of the assembly 
comprised 3999136 bp. Assembled contigs larger than 
500 bp were used for subsequent analysis. To estimate the 
D N A G+C content, the draft genome sequence was used. 
The D N A G+C content of strain P 4 4 8 7 A T was 46.3 m o l % . 
The complete 16S r R N A gene sequence extracted from 
W G S data using the R N A m m e r 1.2. server [7] showed simi­
larity with that obtained by Sanger sequencing and therefore 
was used for further phylogenetic comparison with 16S 
r R N A gene sequences from recognized species of the genus 
Pedobacter retrieved from the G e n B a n k / E M B L / D D B J data­
base. Phylogenetic analysis was performed using M E G A V6 
software [8]. Genetic distances were corrected using K i m u -
ra's two-parameter model and the evolutionary history was 
inferred using the maximum-l ikel ihood and neighbour-
joining methods. Comparative analysis of the 16S r R N A 
gene assigned strain P 4 4 8 7 A T to the genus Pedobacter but it 
was distantly separated from remaining Pedobacter species. 
The trees reconstructed using the maximum-l ikel ihood 

(Fig. 1) and neighbour-joining (Fig. SI, available i n the 
online Supplementary Material) clustering methods showed 
robust clustering (>80 % bootstrap value) of strain P 4 4 8 7 A T 

with the cluster comprising the type strains of P. arcticus 
and Pedobacter lignilitoris. 

The phenotypic profile of strain P4487A T was assessed by a 
set of key tests relevant for Gram-negative rod-shaped bac­
teria. P. arcticus C C T C C A B 2010223 T and P. lentus K C T C 
12875T were used as reference strains for evaluation of phe­
notypic test results obtained under the same conditions as 
for strain P4487A T . Oxidase (OXItest; Erba-Lachema) and 
catalase (ID colour Catalase; bioMerieux) activities were 
determined according to the manufacturers' instructions. 
Further tube and plate conventional tests for urease, oxida­
tion-fermentation (OF) test, motility, arginine dihydrolase, 
ornithine decarboxylase and lysine decarboxylase, hydroly­
sis of casein, D N A , aesculin, gelatin, lecithin (egg-yolk reac­
tion), O N P G , starch, Tween 80 and tyrosine, acid 
production from fructose, maltose, mannitol and xylose, 
nitrate and nitrite reduction, indol production, and Sim­
mons citrate, acetamide and sodium malonate utilization 
tests were done as described previously [9-11]. The temper­
ature range for growth (1, 5, 10, 15, 20, 25, 30 and 35 °C) 
and N a C l concentration tolerance (0, 1, 2 and 3%, w/v) 
were tested on R 2 A agar (Oxoid) adjusted accordingly. The 
p H range for growth was tested on R 2 A agar adjusted to p H 
5.0-10.0 (in increments of 1 p H unit) by using the following 
buffer systems: p H 5.0-8.0, 0.1 M K H 2 P O 4 / 0 . 1 M N a O H ; 
p H 9.0-10.0, 0.1 M N a H C O 3 / 0 . 1 M N a 2 C 0 3 . The p H of the 
R 2 A agar was confirmed after autoclaving. Aerobic growth 
of strain P 4 4 8 7 A T was assessed on brain heart infusion agar, 
Columbia blood agar, MacConkey agar, nutrient agar, plate 
count agar, R 2 A agar and tryptone soya agar (all from 
Oxoid) and anaerobic growth was tested on R 2 A agar using 
the Anaerocult A system (Merck). Biochemical and growth 
tests were carried out using cells grown on R 2 A agar at 
20 °C and read daily for up to 7 days with incubation at 
20 ° C Cellular morphology was further investigated by 
transmission electron microscopy using a Morgagni 268D 
Philips (FEI) electron microscope (Fig. S2). Phenotypic 
screening showed that strain P 4 4 8 7 A T was Gram-stain-neg­
ative, rod-shaped, aerobic, non-fermenting, and oxidase-
and catalase-positive. It revealed small pink colonies when 
cultivated on R 2 A agar plates at 20 °C. The colonies became 
dark red-orange after the cultivation was prolonged for 
more than 1 week. Further extensive phenotypic characteri­
zation using the Biolog system with the Gram-negative iden­
tification test panel G N 2 MicroPlate (Biolog) and A P I Z Y M 
(bioMerieux) was done according to the manufacturers' 
instructions. Screening for flexirubin-type pigment produc­
tion was done using a 20 % K O H test as described by Ber-
nardet et al. [12]. Gl id ing motility was assessed by a direct 
microscopic examination of cell colonies grown on the agar 
surface as well as using a hanging drop method as suggested 
by Bernardet et al. [12]. The antibiotic resistance pattern 
was obtained by the disc diffusion method on R 2 A agar 
(Oxoid). Sixteen antibiotic discs (Oxoid) relevant for G r a m -
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P. antarcticus 4 B Y T (HM448033) 

' P. ginsengisoli Gsoil 1 0 4 T (AB245371) 
L P. steyn/V W B 2.3-45 T (AM491372) 

' — P. duraquae W B 2.1 - 2 5 T (AM491368) 

P. frunc; THG-DN3.1 9 T (KM035944) 

94 

88 

55 

P. heparinus D S M 2366 T (AJ4381 72) 

P. panaciterrae Gsoil 0 4 2 T (AB245368) 

P. boryungensis B R - 9 T (HM640986) 

P. /hsu/ae D S - 1 3 9 T (EF100697) 

P. koreensis W P C B 1 8 9 T (DQ092871) 

P. ureilyticus T H G - T 1 1 T (KF532135) 

P. ardleyensis R 2 - 2 8 T (KJ631640) 

P. rhizosphaerae 0 1 - 9 6 T (AM279214) 

P. jejuensis T H G - D R 3 7 (KC252614) 

- P. so//15-51 T (AM27921 5) 

— P. suwonensis 1 5 -52 T (DQ097274) 

P. agr/' P B 9 2 T (EF660751) 

P. alluvionis NWER-I I11 T (EU030688) 

57 

94 
91 

55 

P. ginsenosidimutans T H G 4 5 T (GU138374) 

— P. glucosidilyticus 1 - 2 T (EU585748) 

P. pituitosus M IC2002 7 (JX978785) 

P. arcticus NRRL B -59457 7 (HM051 286) 

P. lignilitohs W - W S 1 3 T (KP641351) 

P. psychrophilus P4487A7 (KX113374) 

P. silvilitoris W - W S 1 T ( K M 2 2 9 7 4 0 ) 

P. a/p/nus RSP1 9 T (KP0081 09) 

' P. daechungensis Dae 1 3 T (AB267722) 

P. rivuli HME845 7 7 (JQ911 707) 

— P. lentus D S - 4 0 7 (EF446146) 

P. terricola D S - 4 5 7 (EF446147) 

921 

P. bauzanensis B Z 4 2 T (GQ161 990) 

— P. compostiTR6-067 (AB267720) 

P. or/zae N 7 T (EU 1 09726) 

• P. tournemirensis TF5-37 .2 -LB10 T (GU198945) 

F. aquatile D S M 1132 T (AM230485) 

Fig. 1. Phylogenetic tree based on 1 6S rRNA gene sequences showing the position of strain P4487A within the genus Pedobacter. 
The evolutionary history was inferred by using the maximum-likelihood method based on the Kimura two-parameter model. Bootstrap 
probability values (percentages of 1 000 tree replications) greater than 50 % are indicated at branch points. There were a total of 1 523 
positions in the final dataset. Flavobacterium aquatile DSM 11 32 T (AM230485) was used as an outgroup. Bar, 0.02 substitutions per 
nucleotide position. 

negative rods [13,14] were tested: ampici l l in (10 p.g), aztreo-

nam (30 p.g), carbenicillin (100 p.g), Cefixim (5 p.g), ceftazi-

d i m (10p.g), cephalothin (30 p.g), ciprofloxacin (5p.g), 

gentamicin (10 p.g), chloramphenicol (30 p.g), imipenem 

(10p.g), kanamycin (30 p.g), Cotrimoxazol (25 ug), 

piperacillin (30 p.g), polymyxin B (300 U ) , streptomycin 

(10 p.g) and tetracycline (30 p.g). C L S I / E U C A S T standards 

were followed for cultivation and inhibit ion zone diameter 

reading. The biochemical and physiological characteristics 

and antibiotic susceptibility pattern of strain P4487A are 
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given i n the species description below. The tests distinguish­
ing strain P4487A T f rom phylogenetically closest related 
Pedobacter species are shown i n Table 1. 

Spectrophotometric characterization of the produced pig­
ments ) was done from cells grown on R 2 A agar for 72 h at 
20 °C. Cells were washed off and rinsed twice using 0.1 M 
phosphate buffer ( p H 7.2). Harvested cells were suspended 
in an extraction mixture composed of equal volumes of ace­
tone, ether and ethanol (96 %). Extraction was done in 
a shaker for 120 m i n at 4 ° C (shaking interval: 120 
swings m i n " 1 ) and centrifuged at 5000 g at 4 °C for 20 m i n . 
The supernatant was evaporated i n vacuum at room tem­
perature and the evaporation residue was diluted i n hexane. 
A Cary lOOBio (Agilent) spectrophotometer was used for 
the measurement of spectra. The extracted pigment showed 
a whole absorbance spectrum with a typical major peak at 
479 n m and less distinct peaks at 450 and 509 n m . Another 
major peak was observed at 270 n m (Fig. S3). The obtained 
spectrum resembled that of /3-carotene as described by 
Burns era/. [15]. 

Analysis of fatty acid methyl esters was performed using 
an Agilent 7890B gas chromatograph according to the stan­
dard protocol of the Sherlock M I D I Identification System 
( M I D I Sherlock version 6.2, M I D I database R T S B A 6.21). P. 
arcticus C C T C C A B 2010223 T and P. lentus K C T C 12875 T 

were used for comparison of fatty acid analysis results of 
strain P 4 4 8 7 A T obtained under the same laboratory condi­
tions. The strains were grown on R 2 A agar (Oxoid) at 20 
±2 °C for 72 h (except P. lentus K C T C 12875T, which was 

cultivated for 7 days), where the bacterial communities 
reached the late-exponential stage of growth according to 
the four quadrants streak method [16]. The predominant 
fatty acids of strain P4487A were summed feature 3 (Ci6 : i 
w 7 c / C 1 6 : 1 w6c) (21.0%), i s o - C 1 5 : 0 (15.4%) and i s o - C 1 7 : o 3-
O H (11.6%), which corresponded with those typically 
found i n P. arcticus C C T C C A B 2010223 T , P. lentus K C T C 
12875 T and Pedobacter heparinus D S M 2366 T (Table SI) as 
well as in other Pedobacter species [2]. 

Quinones and polar lipids were extracted from freeze-dried 
biomass grown on R 2 A agar at 20 °C for 72 h and analysed 
as described previously [17-20]. The analysis of strain 
P 4 4 8 7 A T revealed M K - 7 as the respiratory quinone (100 %). 
The major polar l ip id was phosphatidylethanolamine, fol­
lowed by three unknown polar lipids (LI , L2 , and L5) and 
an unknown aminol ipid (AL2). Moderate amounts of five 
unknown polar lipids (L3, L4, L 6 - L 8 ) , an unknown amino-
l ip id (AL1) and an unknown aminoglycolipid (AGL1) were 
detected (Fig. S4). The presence of phosphatidylethanol­
amine and l ip id L2 was reported i n the close relatives of 
strain P4487A T , namely P. arcticus,P. lignilitoris and P. len­
tus [21, 22]. O n the other hand, the presence of aminolipids 
corresponding chromatographically to A L 2 was reported 
for P. arcticus and P. lignilitoris but not for P. lentus. H o w ­
ever, the presence of the unididentified aminoglycolipid 
A G L 1 and l ip id L I i n addition to some minor lipids clearly 
distinguished stain P 4 4 8 7 A T f rom its close relatives. M i l d 
alkaline hydrolysis of the total polar l ip id extract [23] of 
strain P 4 4 8 7 A T revealed the presence of an aminolipid 

Table 1. Differentiation of strain P4487A from phylogenetically related Pedobacter species 

Taxa: 1, strain P4487A 7; 2, P. alpinus; 3, P. arcticus; 4, P. daechungensis; 5, P. glucosidilyticus; 6, P. lentus; 7. P. lignilitoris; 8, P. rivuli; 9, P. silvilitoris; 10, 
P. terricola. +, Positive: —, negative: w , weakly positive; D, strain-dependent. Data for strain P4487A 7, P. arcticus CCTCC AB 2010223 T and P. lentus 
KCTC 1 2875 T were obtained in this study; data for the remaining Pedobacter species were retrieved from Yoon ef al. [27], An ef al. [28], Luo ef al. 
[29], Kang et al. [30], Li ef al. [31] and Park ef al. [22, 32]. 

Characteristic 1 2 3 4 5 6 7 8 9 10 

Growth at 30 °C - - - + + + + + + + 

Enzyme activities: 

a-Glucosidase + D +* - + + + + - + 

/3-Galactosidase + + + - + + - + - + 

A c i d phosphatase + + + - + + + + + + 

Naphthol-AS-BI-phosphohydrolase + + + - + + + - + + 

Valine arylamidase + + + + + + W + - + 

a-Fucosidase - - +* - + - - - - -
a-Galactosidase - - - - - - - - + -
/3-Glucosidase - - + + + +t + - + -
Arginine dihydrolase - - + + - - - - - -
Cystine arylamidase - + - + + + w + - + 

Chymotrypsin - - - - - + - - - + 

N-Acetyl - /3 glucosaminidase - + + - + + + + + + 

'Opposite results were reported by Zhou ef at. [21]. 

fOpposite results were reported by Yoon ef at. [27]. 
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that d id not stain positive for phosphate. Hence, it is clear 
that this alkali-stable l ip id is not a sphingophospholipid as 
reported to be present i n members of the neighbouring 
genus Sphingobacterium [24] or more distantly related gen­
era such as Bacteroides and Prevotella [23] but might show a 
chemical structure similar to sphingosine and dihydros-
phingosine, which do not contain phosphate. However, this 
observation does not conflict with the characteristics of 
other Pedobacter species, which were reported to contain 
sphingolipid(s), but none of them was reported to contain a 
sphingophospholipid. Biomass for the detection of poly-
amines was harvested from cells grown on R 2 A agar at 
20 °C for 72 h (late exponential growth phase). Extraction 
and analysis was done as described previously [20, 25, 26], 
Strain P 4 4 8 7 A T contained sym-homospermidine as the 
major polyamine. Both the presence of a quinone system 
with M K - 7 predominating and the major polyamine sym-
homospermidine are i n line with the characteristics listed in 
the description of the family Sphingobacteriaceae [1]. 

The results obtained in this study demonstrated that strain 
P 4 4 8 7 A T represents a novel Pedobacter species for which 
the name Pedobacter psychrophilus sp. nov. is proposed. 

DESCRIPTION OF PEDOBACTER 
PSYCHROPHILUS SP. NOV. 
Pedobacter psychrophilus (psy.chro'phi.lus. Gr . adj. psychros 
cold; Gr . adj. philos l iking, loving; N . L . masc. adj. psychro­
philus cold-loving). 

Cells are Gram-stain-negative, short rods, occurring pre­
dominantly in pairs or in irregular clusters, non-motile and 
non-spore-forming. Colonies on R 2 A agar are pink, circu­
lar, slightly convex, smooth and glistening with whole mar­
gins, and reach about 1 m m i n diameter when cultivated at 
20 °C for 5 days. Produces carotenoid pigment. Flexirubin-
type pigments are absent. Aerobic; no anaerobic growth on 
R 2 A agar is detected. Aerobic but non-fermenting i n the 
oxidative-fermentative (OF) test. Grows at 5-25 °C. Growth 
does not occur at 1, 30 or 35 °C. Grows i n the presence of 
up to 2 % (w/v) N a C l and at p H 6-9. Most abundant growth 
is observed on R 2 A agar without N a C l , at p H 8.0 and at 
20 °C. N o fluorescein pigment on K i n g B medium. Grows 
on plate count agar and R 2 A agar, but not on tryptone soya 
agar, brain heart infusion agar, MacConkey agar, Columbia 
blood agar or nutrient agar. Positive for production of cata-
lase, oxidase (weak), DNase, esterase (C4), esterase lipase 
(C8) (weak), leucine arylamidase, valine arylamidase, naph-
thol-AS-BI-phosphohydrolase, /3-galactosidase, a-glucosi-
dase, alkaline phosphatase and acid phosphatase. Negative 
for production of urease, arginine dihydrolase, lysine decar­
boxylase, ornithine decarboxylase, lipase (C14), cystine 
arylamidase, trypsin, chymotrypsin, /3-glucuronidase, /3-
glucosidase, a-galactosidase, N-acetyl-/3-glucosaminidase, 
a-mannosidase, a-fucosidase, nitrate reduction and nitrite 
reduction. Aesculine, O N P G and starch hydrolysis are posi­
tive. Negative for indole production, Simmons citrate, 
sodium malonate, acetamide and hydrolysis of gelatin, 

Tween 80, tyrosine, caseine and lecithin (egg-yolk reaction). 
A c i d is produced from xylose and maltose, but not from 
fructose or mannitol . Sensitive to ampicil l in, carbenicillin, 
ceftazidim, cephalothin, ciprofloxacin, gentamicin, chlor­
amphenicol, imipenem, kanamycin, cotrimoxazol, piperacil­
l i n , polymyxin B, streptomycin and tetracycline, but 
resistant to aztreonam and cefixim. Carbon source utiliza­
tion ability via respiration, determined in Biolog G N 2 
MicroPlate test panels, is positive for a-cyclodextrin, 
dextrin, glycogen, N-acetyl-D-glucosamine, cellobiose, gen-
tiobiose, a-D-glucose, lactose, maltose, melibiose, turanose, 
a-ketobutyric acid, L-glutamic acid and glycyl L-glutamic 
acid but negative for Tween 40, Tween 80, N-acetyl-D-galac-
tosamine, adonitol, L-arabinose D-arabitol, erythritol, D-
fructose, L-fucose, D-galactose, myo-inositol, lactulose, D -
mannitol , D-mannose, methyl /3-D-glucoside, D-psicose, raf-
finose, L-rhamnose, D-sorbitol, sucrose, trehalose, xylitol, 
pyruvic acid methyl ester, succinic acid monomethyl ester, 
acetic acid, a'5-aconitic acid, citric acid, formic acid, D-galac-
tonic acid lactone, D-galacturonic acid, D -gluconic acid, D -
glucosaminic acid, D-glucuronic acid, a-hydroxybutyric 
acid, /3-hydroxybutyric acid, y-hydroxybutyric acid, p-
hydroxyphenylacetic acid, itaconic acid, a-ketoglutaric acid, 
a-keto valeric acid, DL-lactic acid, malonic acid, propionic 
acid, quinic acid, D-saccharic acid, sebacic acid, succinic 
acid, bromosuccinic acid, succinamic acid, glucuronamide, 
L-alaninamide, D-alanine, L-alanine, L-alanyl glycine, L-
asparagine, L-aspartic acid, glycyl L-aspartic acid, L-histidine, 
hydroxy-L-proline, L-leucine, L-ornithine, L-phenylalanine, 
L-proline, L-pyroglutamic acid, D-serine, L-serine, L-threo-
nine, DL-carnitine, y-aminobutyric acid, urocanic acid, 
inosine, uridine, thymidine, phenylethylamine, putrescine, 
2-aminoethanol, 2,3-butanediol, glycerol, DL-a-glycerol 
phosphate, a-D-glucose 1-phosphate and D-glucose 6-phos-
phate. Contains an alkaline stable l ip id lacking a phosphate 
group, M K - 7 as the respiratory quinone, phosphatidyletha-
nolamine as the major polar l ip id , sym-homospermidine as 
the major polyamine and i s o - C 1 5 : 0 , i s o - C 1 7 : 0 3 - O H and 
summed feature 3 ( C 1 6 . i w 7 c / C i 6 . iw6c) as major cellular 
fatty acids. 

The type strain, P 4 4 8 7 A T ( = C C M 8 6 4 4 T = L M G 29436 T), 
was isolated from fragmentary rock sampled at James Ross 
Island, Antarctica. The genomic D N A G+C content of the 
type strain is 46.3 m o l % . 
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Table SI. Cellular fatty acid composition (as a percentage of the total) of strain P4487A T , 
P. amicus C C T C C A B 2010223T, P. lentus K C T C 12875T and P. heparinus D S M 2366T. 

Strains: 1, P4487A T ; 2, P. amicus C C T C C A B 2010223T; 3, P. lentus K C T C 12875T; 
4, P. heparinus D S M 2366T. TR , trace values (< 1 %); N D , not detected. Values of less than 
1 % are not shown. Data for strain P4487A T , P. amicus C C T C C A B 2010223 T and P. lentus 

K C T C 12875T were obtained in this study; data for P. heparinus D S M 2366 T were obtained 
from Zhou et al. (2012). 

Fatty acid 1 2 3 4 

Summed Feature 3* 21.0 20.1 25.8 19.0 

C 15:0 iS0 15.4 28.4 23.6 26.4 

C 17:0 iso 3 0 H 11.6 12.3 15.9 16.1 

C 15:0 anteiso 8.7 5.8 5.0 T R 

C I 5 : i Q)6c 7.8 11.0 1.1 T R 

C 16:0 iso 3 0 H 6.3 3.0 2.3 1.2 

C n o 2 0 H 5.6 2.3 2.0 3.6 

Summed Feature 9f 5.1 1.8 3.4 N D 

C n : i anteiso co9c 3.6 N D N D N D 

C iso 2 0 H 2.4 1.4 1.7 T R 

C 15:0 iso 3 0 H 2.3 3.8 3.0 3.9 

C 16:1 iS0 H 1.6 T R T R N D 

C I 7 : i C08c 1.7 1.0 T R T R 

C 16:0 iS0 1.2 T R 1.5 T R 

C n : i Q)6c 1.1 1.0 T R T R 

C 16:0 3 0 H 1.00 1.4 1.7 T R 

C 16:1 Oi5c 1.00 2.5 4.4 1.1 

C 16:1 (o7cl C i 6 : i co6c; f C i6:0 10-methyl/ C i 7 : i iso co9c 
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Fig. SI. Phylogenetic tree based on 16S r R N A gene sequences comparison showing the phylogenetic 
position of strain P4487A T within the genus Pedobacter. The evolutionary history was inferred by using 
the Neighbor-Joining method based on the Kimura 2-parameter model. A l l positions with less than 
95% site coverage were eliminated. Bootstrap probability values (percentages of 1,000 tree 
replications) greater than 50 % are indicated at branch points. There were a total of 1368 positions in the 
final dataset. Flavobacterium aquatile D S M 1132T (AM230485) was used as an outgroup. Bar, 0.02 
substitutions per nucleotide position. 



Fig. S2. Cellular morphology of strain P4487A T cultivated on R 2 A agar (Oxoid). Images were obtained 
using transmission electron microscopy performed with a Morgagni 268D Philips (FEI Company, 
U S A ) electron microscope. Negative staining with 2% ammonium molybdate. 





Fig. S4. Two dimensional thin layer chromatogram showing the total polar lipids of strain P4487A T . 
P E , phosphatidylethanolamine; L 1 - L 8 , unknown polar lipids; A L I and A L 2 , unknown aminolipids; 
A G L 1 , unknown aminoglykolipid. 
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Red-pink pigmented Hymenobacter coccineus sp. nov., 
Hymenobacter lapidarius sp. nov. and Hymenobacter glacialis sp. 
nov., isolated from rocks in Antarctica 
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Ivo Sedlaček, 1 Stanislava Králova, Kamiia Kýrova, Ivana Mašiaňova, Hans-Jürgen Busse, Eva Staňkova, 
Veronika Vrbovská , 1 , 2 Miroslav Němec , 4 Miloš Barták, 5 Pavla Holochová, 1 Pavel Švec 1 and Roman Pantucek2 

Abstract 

Four rod-shaped and Gram-stain-negative bacterial strains, CCM 8647, CCM 8649 T, CCM 8643 T and CCM 8648 T, were 
isolated from rock samples collected on James Ross Island, Antarctica. Extensive biotyping, fatty acid profiling, 
chemotaxonomy, 16S rRNA gene sequencing and whole-genome sequencing was applied to isolates to clarify their 
taxonomic position. Phylogenetic analysis based on 16S rRNA gene sequencing indicated that all four isolates belonged to 
the genus Hymenobacter. Strains CCM 8649 T and CCM 8647 were most closely related to Hymenobacter arizonensis OR362-
8 T (94.4% 16S rRNA gene sequence similarity), strain CCM 8643 T to Hymenobacter terrae DG7AT (96.3%) and strain CCM 
8648 T to Hymenobacter glaciei VUG-A130 1 (96.3 %). The predominant fatty acids of CCM 8649 T and CCM 8647 were summed 
feature 3 (Ci 6 : io ;7c/Ci 6 : ia ;6c) 1 C i 6 : i o ;5c and i s o - C i 5 : 0 l whereas those of CCM 8643 T and CCM 8648 T were summed feature 3 
(Ci 6 : io ;7c/Ci 6 : ia ;6c) and Ci 6 : io ;5c. The quinone systems contained exclusively menaquinone MK-7. The major polyamine 
was sym-homospermidine. All four strains contained the major polar lipid phosphatidylethanolamine. The G+C content of 
genomic DNA ranged from 60-63 mol%. Whole-genome sequencing data supported the finding that isolates represented 
distinct species of the genus Hymenobacter. On the basis of the results obtained, three novel species are proposed for which 
the names Hymenobacter coccineus sp. nov., Hymenobacter lapidarius sp. nov. and Hymenobacter glacialis sp. nov. are 
suggested, with the type strains CCM 8649 T (=LMG 29441 T=P5239T), CCM 8643 T (=LMG 29435T=P31 50T) and CCM 8648 T 

(=LMG 29440T=P5086T), respectively. 

Recently, many novel species of the genus Hymenobacter 
have been discovered worldwide among environmental psy-
chrotolerant bacteria [1-9]. The genus Hymenobacter was 
proposed almost twenty years ago [10], and the genus 
description was afterwards emended by Buczolits et al. [11] 
and H a n et al. [3]. Based on phylogenetic analysis of species 
of the genus Hymenobacter, three phylogenetic clades were 
defined and two new genera, Siccationidurans and 
Parahymenobacter, were proposed [12], but these names 
have not been validly published yet. A t the time of writing, 
the genus Hymenobacter represents a member of the family 

Cytophagaceae, order Cytophagales, class Cytophagia, phy­
l u m Bacteroidetes [13] and is comprised of 36 species with 
validly published names ( L P S N , www.bacterio.net/hymeno-
bacter.html; accessed August, 2016) [14]. A l l species are 
brick-red, red-pink or pink pigmented with many shades of 
colours [15]. Representatives of species of the genus Hyme­
nobacter have been isolated from various habitats from the 
environment, e.g. sediment in the permafrost [3, 8], Antarc­
tic soils [10], polluted soil and water [9, 16], arid lands [7], 
air [17], glacial t i l l [1] or glacier ice [5]. Some hymeno-
bacters are radiation-resistant [18-20] or UV-resistant 
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(254 nm) [2]. In the present study, the classification of three 
novel species of the genus Hymenobacter isolated from 
rocks i n Antarctica is reported. Strains designated C C M 
8649 T , C C M 8647, C C M 8643 T and C C M 8648 T were sub­
jected to a further taxonomic investigation. 

Sampling was carried out by dispersing 1 g of rock sample 
in 5 m l sterile saline solution, and 200 ul of the suspension 
was spread on an R 2 A agar plate (Oxoid) and cultivated at 
15 °C for 5 days. Afterwards, individual red-pink pigmented 
colonies were picked up, purified by repeated streaking on 
R 2 A medium at 15 °C, and the resulting pure cultures were 
maintained i n R 2 A broth supplemented with 15% (v/ 
v) glycerol and stored at — 70 °C unti l analysed. Strain C C M 
8649 T was isolated from a stone surface covered by lichens 
{Usnea antarctica) at the Panorama Pass locality (GPS posi­
tion: 57° 5 0 ' 4 5 " W 63° 48 '54" S) i n 2013 and strain C C M 
8647 was retrieved from stone fragments near Big Lachman 
Lake (GPS position: 57° 48 '32" W 63° 47'34"S) i n 2013. 
Strain C C M 8643 T was isolated from small stones in M a r -
sovske valley (GPS position: 57° 49 '33" W 63° 48 '36" S) in 
2009, and the last isolate, C C M 8648 T , was obtained from 
volcanic tuff i n a h i l l above Cape Lachman (GPS position: 
57° 47' 11" W 63° 46 '58" S) in 2013. A l l sampling sites are 
situated i n a deglaciated northern part of James Ross Island, 
Antarctica. 

Reference strains of the phylogenetic relatives, namely 
Hymenobacter arizonensis C C M 8581 T , Hymenobacter ant-
arcticus C C M 8582 T , Hymenobacter glaciei C C M 8583 T , 
Hymenobacter ruber K C T C 32477 T , Hymenobacter soli 
K C T C 12607 T and Hymenobacter terrae K C T C 32554 T 

were obtained from the Czech Collection of Microorgan­
isms (www.sci.muni.cz/ccm/), and the Korean Collection 
for Type Cultures (https://kctc.kribb.re.kr) and used for 
subsequent comparison. Unless stated otherwise, all strains 
were routinely cultivated on R 2 A agar for 48-72 h at 15 °C. 

D N A for molecular analyses was extracted by using FastPrep 
Lysing Matrix type B and a FastPrep Homogenizer ( M P Bio­
medicals) and purified by using the H i g h Pure P C R Template 
Preparation kit (Roche Diagnostics). A fragment of the 16S 
r R N A gene corresponding to co-ordinates 8-1542 used for 
Escherichia coli was amplified by P C R with FastStart P C R 
Master (Roche Diagnostics) and conserved forward primer 
p A ( A G A G T T T G A T C C T G G C T C A G ) and reverse primer 
p H ( A A G G A G G T G A T C C A G C C G C A ) [21], and purified 
using a QIAquick P C R Purification kit (Qiagen). Sequencing 
was performed using the P C R primers and custom primers F l 
( G T G G G G A K C R A A C A G G A T T A G ) , F2 ( C G T C A R G T C 
M T C A T G G C C C T T ) , R l ( A T T A C C G C G G C T G C T G G C A C ) 
and R2 ( C A C A T S M T C C M C C R C T T G T ) at the Eurofins 
M W G Operon sequencing facility (Ebersberg, Germany). The 
sequences obtained were identified using the EzBioCloud 
database [22]. The 16S r R N A gene sequence analysis placed 
the isolates within the genus Hymenobacter. Strains C C M 
8649 T and C C M 8647 revealed identical 16S r R N A gene 
sequences, and H. arizonensis OR362-8 T was the closest rela­
tive with 94.4% 16S r R N A gene sequence similarity. Strain 

C C M 8643 T showed H. terrae D G 7 A T as the closest phyloge­
netic relative with 96.3 % 16S r R N A gene sequence similarity, 
and C C M 8648 T was most closely related to H. glaciei V U G -
A 1 3 0 T with 96.3 % 16S r R N A gene similarity. Moreover, iso­
lates C C M 8643 T and C C M 8648T were related, having 97.6 % 
16S r R N A gene sequence similarity reciprocally. 

Phylogenetic analysis was performed using M E G A version 7 
software [23]. Genetic distances were corrected using K i m u -
ra's 2-parameter model. 16S r R N A gene sequences of other 
taxa of the genus Hymenobacter retrieved from the Gen-
B a n k / E M B L / D D J B database, as denoted i n the List of Pro-
karyotic Names with Standing i n Nomenclature [14], 
were used for the phylogenetic analysis. The evolutionary 
history was inferred using the neighbour-joining and maxi­
mum-l ikel ihood methods, using a bootstrap test based on 
1000 replications. Phylogenetic analysis based on the neigh­
bour-joining method (Fig. 1) showed that all strains 
analysed belonged to the H. soli phylogenetic clade. The 
maximum-l ikel ihood method confirmed their phylogenetic 
position (Fig. 1). 

Whole-genome sequencing was performed to determine 
the faultless taxonomic position of strains C C M 8649 T , 
C C M 8643 T and C C M 8648 T i n more detail. The purified 
genomic D N A of isolates C C M 8649 T , C C M 8643 T and 
C C M 8648 T was used for 400 bp sequencing library prepa­
ration as described previously [24]. The samples were 
loaded on a 318v2 chip and sequenced using the Ion P G M 
H i - Q V i e w sequencing kit (Thermo Fisher Scientific) on the 
Ion P G M system (Life Technologies). Quality t r imming and 
error correction of the reads were performed with the Ion 
Torrent Suite Software (version 5.0.4). The assembly com­
putation was performed using the plug-in Assembler 
SPAdes (version 3.1.0). The total length of assembly con­
tained 5 720 607 bp ( C C M 8649 T), 4 682 061 bp ( C C M 
8643T) and 4 268 822 bp ( C C M 8648 T). Assembled contigs 
larger than 200 bp were used for subsequent analysis. 

To evaluate the mean level of nucleotide sequence similarity 
at the genome level among the isolates C C M 8649 T , C C M 
8643 T and C C M 8648 T , an average nucleotide identity 
(ANI) and a digital D N A - D N A hybridization ( d D D H ) were 
determined. The d D D H values were calculated using the 
web-based genome-to-genome distance calculator ( G G D C ) 
version 2.1 [25], and the recommended formula 2 was taken 
into account to interpret the results. To calculate the A N I 
value, the algorithm implemented at the EzGenome server 
was used (www.ezbiocloud.net/tools/ani) [26]. The d D D H 
value between closely related isolates C C M 8643 T and C C M 
8648 T was 40.3 %, and the A N I value between the aforemen­
tioned isolates was 89.8896%, reciprocal value 90.0045%. 
Both values were well below the proposed cut-off values rec­
ommended for species delineation (70% and 95-96%, 
respectively) [27, 28]. The d D D H values between C C M 
8649 T and C C M 8643 T , and C C M 8649 T and C C M 8648 T 

were 22.3 and 22.4 %, respectively, and the A N I values were 
76.683 and 76.4533%, respectively. Thus, these results 
proved the genomic dissimilarity of isolates C C M 8649 T , 
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C C M 8643 T and C C M 8648 T and showed that they are 
members of three different species, as implied by the 16S 
r R N A gene sequencing results. 

To estimate the D N A G+C content, the draft genome 
sequences were used. The D N A G+C content of C C M 
8649 T , C C M 8643 T and C C M 8648 T was 63.1, 61.0, and 
60.5 m o l % , respectively. The D N A G+C values fell i n the 
range of 55-70 m o l % observed i n other species of the genus 
Hymenobacter [3,13]. 

Phenotype testing was performed using cells grown at 20 °C 
for 48-72 h on R 2 A agar (Oxoid). L i q u i d cultures were not 
used because of the poor growth of these isolates i n broth 
medium, which is a common feature of many species of the 
genus Hymenobacter [5]. Morphology of cells was noted 
under light microscopy using a BX53 microscope (Olym­
pus). Gram staining was confirmed by using the K O H lysis 
test method [29]. The morphology of strains C C M 8649 T , 
C C M 8643 T and C C M 8648 T was observed by transmission 
electron microscopy (Morgagni 268D Philips, FEI) using 
samples stained with 2 % ammonium molybdate (Fig. SI, 
available i n the online Supplementary Material). The gliding 

motility test was done using a hanging-drop method as 
described by Bernardet et al. [30]. 

The presence of flexirubin-type pigments was investigated 
using a 20 % (w/v) K O H solution [30]. Spectrophotometric 
characterization of carotenoid pigments was done from 
cells grown on R 2 A agar for 72 h at 20 °C. The cells were 
washed off and rinsed two times using 0.1 M phosphate 
buffer ( p H 7.2). Harvested cells were suspended in an 
extraction solution composed of equal volumes of acetone, 
ether and ethanol (96%). Extraction was done i n a shaker 
for 120 m i n at 4 ° C with a shaking interval of 120 swings 
per minute, and the solution was then centrifuged at 5000 
g at 4 ° C for 20 m i n . Supernatant was evaporated in 
a vacuum at ambient temperature, and the evaporation 
residue was diluted i n hexane. A spectrophotometer (Cary 
lOOBio, Agilent) was used for the spectra measurements. 
The pigments extracted showed whole-absorbance spectra 
with two typical major peaks at 275 and 475 n m for strain 
C C M 8649 T and at 275 and 480 n m for strain C C M 8647 
(data not shown). Strain C C M 8643 T had two similar 
major peaks at 275 and 475 n m , and a less distinct peak at 
385 n m . Strain C C M 8648 T showed major peaks at 270 
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Fig. 1. Unrooted neighbour-joining tree based on 16S rRNA gene sequences comparison showing the phylogenetic position of strains 
CCM 8647, CCM 8649 T, CCM 8643 T and CCM 8648 T within the H. soli phylogenetic clade. Bootstrap probability values (percentages of 
1 000 tree replications) greater than 70 % are shown at branch points. The evolutionary distances are in the units of the number of 
base substitutions per site. The analysis involved 46 nucleotide sequences. All ambiguous positions were removed for each sequence 
pair. There were a total of 1 579 positions in the final dataset. Filled circles indicate that the corresponding nodes are also obtained in 
the maximum-likelihood tree. Cytophaga hutchinsonii was used as an outgroup. GenBank accession numbers of 16S rRNA gene 
sequences are given in parentheses. Bar, 0.02 substitutions per nucleotide position. 
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and 480 n m , with a less distinct peak at 380 n m . The spec­
tra obtained resembled those of /3-carotene as described 
by Burns et al. [31]. The UV-resistance test was performed 
as described by Hirsch et al. [32] with minor modifica­
tions ( U V C lamp, R 2 A agar plates exposed for 5 and 
2 0 m i n at a distance of 15 cm to a lamp, Serratia rubidaea 
C C M 4684 was used as a control). 

Growth on several media such as plate count agar ( P C A ; 
Oxoid) , tryptone soya agar (TSA; Oxoid) , nutrient agar 
C M 0 3 (Oxoid), MacConkey agar (Becton Dickinson) and 
brain heart infusion agar (BHI; Oxoid) at 15 °C was evalu­
ated. Anaerobic growth on R 2 A agar (Oxoid) was tested at 
15 °C for 72 h using the Anaerocult A system (Merck) and 
compared with growth of those bacteria cultivated in ambi­
ent atmosphere. Growth at different temperatures (1, 5, 10, 
15, 20, 25, 30, 35 and 37 °C) and tolerance to various con­
centrations of N a C l (0.5, 1, 2, 3, 4 and 5 %, w/v) were deter­
mined based on cultivation on R 2 A agar plates for up to 6 
days. The p H range for growth was tested for 1 week at 
20 °C on R 2 A agar plates adjusted to p H 5.0-10.0, at inter­
vals of 1 p H unit, by using the following buffer systems: p H 
5.0-8.0, 0.1 M K H 2 P O 4 / 0 . 1 M N a O H ; p H 9.0-10.0, 0.1 M 
N a H C O 3 / 0 . 1 M N a 2 C 0 3 [ 3 3 ] . The basic phenotypic classifi­
cation was performed using traditional key tests applicable 
for Gram-negative rods. Oxidase (OXItest, Erba-Lachema) 
and catalase (ID colour Catalase, bioMerieux) activity was 
tested according to the manufacturers' instructions. Further 
tests were done as follows: oxidation-fermentation (OF) test 
[34], urease [35], arginine dihydrolase, ornithine and lysine 
decarboxylase [36], hydrolysis of aesculin, starch [37], gela­
t in, Tween 80 [38], casein, tyrosine [39] and D N A (CM321, 
Oxoid) , egg-yolk reaction [40], 0-nitrophenyl-/3-D-galacto-
pyranoside ( O N P G ) [41], nitrate and nitrite reduction, 
growth on Simmons' citrate agar [37], and utilization of 
acetamide [42] and sodium malonate [43]. Mot i l i ty was 
observed i n a glucose oxidation tube. Further extended phe-
notyping using identification test kits, G N 2 MicroPlate 
(Biolog), A P I 50 C H and A P I Z Y M (bioMerieux) according 
to the manufacturer's instructions, enabled detailed charac­
terization of isolates. Inoculated kits were incubated at 
20 °C, and the results were read after 18 h (API Z Y M ) or 24-
48 h (GN2 MicroPlate) or 2-8 days (API 50 C H ) . 

Differences in the antibiotic resistance patterns were tested 
by the disc diffusion method on R 2 A agar for 2 days at 
20 °C. Sixteen antibiotic discs generally used for Gram-nega­
tive rods [44, 45] were chosen: ampici l l in (10 ug), aztreonam 
(30 ug), carbenicillin (100 ug), cefixim (5 ug), ceftazidime 
(10 ug), cefalotin (30 ug), ciprofloxacin (5 ug), gentamicin 
(10 ug), chloramphenicol (30 ug), imipenem (10 ug), kana-
mycin (30 ug), kotrimoxazol (25 ug), piperacillin (30 ug), 
polymyxin B (300 U ) , streptomycin (10 ug) and tetracycline 
(30 ug). E U C A S T / C L S I standards were followed strictly for 
cultivation and reading of the inhibit ion zone diameter. 

The comprehensive morphological and biochemical/physio­
logical traits of C C M 8649 T , C C M 8647, C C M 8643 T and 
C C M 8648 are summarized in the species descriptions. 

The tests distinguishing the suggested novel species from 
the phylogenetically closest species of the genus Hymeno­
bacter are shown i n Table 1. 

Fatty acids methyl ester ( F A M E ) analysis was performed 
with cells growing on R 2 A agar (Difco) incubated at 20 °C 
±2 °C for 72 h , where the bacterial communities reached the 
late-exponential stage of growth according to the four quad­
rants streak method [46]. Extraction of F A M E s was per­
formed according to the standard protocol of the Sherlock 
Microbia l Identification System (MIDI) [46]. Cellular fatty 
acid extracts were analysed by a gas chromatograph (model 
7890B, Agilent) according to the standard protocol of the 
Sherlock M I D I Identification system (MIS, version 6.2, M I D I 

database: R T S B A 6.21.). The predominant fatty acids of 
C C M 8649 T and C C M 8647 were summed feature 3 ( C 1 6 : 1 

w7c /C 1 6 : 1 a ;6c) (37-39%), C 1 6 : i w 5 c (20%) and i s o - C 1 5 : 0 

(14 %), whereas the predominant fatty acids of C C M 8643 T 

and C C M 8648 T were summed feature 3 ( C 1 6 . ! o ; 7 c / C 1 6 : i 

uu6c) (34 and 25 %, respectively) and C16:1LO5C (15 and 17%, 
respectively). The complete cellular fatty acids compositions 
of strains C C M 8647, C C M 8649 T , C C M 8643 T and C C M 
8648 T and of the respective closest phylogenetic neighbours 
are given i n Table SI. The F A M E profiles obtained corre­
sponded to those typically found i n other species of the 
genus Hymenobacter [8, 11, 13]. In comparison with the 
closest phylogenetic neighbours, strains C C M 8647, C C M 
8649 T , C C M 8643 T and C C M 8648 T contained lower 
amounts of a n t e i s o - C 1 5 : 0 , whereas the amounts of predomi­
nant fatty acids, namely i s o - C 1 5 : 0 , C 1 6 : 1 a ; 5 c and summed 
feature 3, were similar to those of their closest neighbours. 

Quinones and polar lipids were extracted from freeze-dried 
biomass grown on R 2 A medium and analysed as described 
previously [47-50]. The major respiratory quinone of 
strains C C M 8647, C C M 8649 T , C C M 8643 T and C C M 
8648 T was unanimously menaquinone M K - 7 , which is in 
agreement with the description of the genus Hymenobacter 
[13]. In all four strains, the predominant polar l ip id was 
phosphatidylethanolamine (Fig. S2). A l l strains also con­
tained moderate to minor amounts of phosphatidylserine, 
unidentified lipids L1-L5 and unidentified phospholipid 
PL1 . Addit ionally strain C C M 8643 T contained moderate to 
minor amounts of six unidentified lipids lacking a func­
tional group (L6-L8, L12-L14), two unidentified glycolipids 
(GL1, GL2) , an unidentified aminoglycolipid (AGL1) and 
an unidentified aminol ipid (AL1). Addit ional components 
in strain C C M 8649 T were lipids L10 and L l l , the unidenti­
fied aminophospholipids A P L 1 and A P L 2 , unidentified ami-
nolipids A L 1 and A L 2 , and unidentified phospholipids PL2 
and PL3 . The polar l ip id profile of strain C C M 8647 differed 
from that of C C M 8649 T qualitatively only by the absence of 
the minor lipids L10 and L l l . These data corresponded 
again with classification of the genus Hymenobacter as men­
tioned by Buczolits etal. [11]. 

Biomass subjected to polyamine analysis was grown on R 2 A 
agar, scraped off the surface, freeze dried and then extracted 
according to the method of Busse and A u l i n g [51] and 
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Table 1. Phenotypic characteristics that differentiate strains CCM 8649', CCM 8647, CCM 8643' and CCM 8648' from closely related species of the 
genus Hymenobacter 

Strains: 1, CCM 8649 T and CCM 8647: 2, CCM 8643 T: 3, CCM 8648 T: 4, H. arizonensis CCM 8581 T: 5, H. antarcticus CCM 8582 T: 6, H. glaciei CCM 8583 T: 
7, H. ruber KCTC 32477 T: 8, H. soli KCTC 1 2607 T: 9, H. terrae KCTC 32554T. +, Positive: w, weakly positive: - , negative: all data were taken from this 
study. 

Characteristic 1 2 3 4 5 6 7 8 9 

Growth at 5°C + + + - W + W - w 

Growth with 1 % N a C l - - - + - - - - -

Hydrolysis of: 

Gelatin - W w + - - + W + 

Tween 80 - - + + - - - - -

D N A - - + + - - + - -

Starch - - + w w w + - w 

O N P G + - - + - - + w + 

Casein - w + - + + + + + 

analysed by H P L C as reported by Busse ef al. [52]. The 
H P L C equipment used was described by Stolz ef al. [48]. In 
all four strains, sym-homospermidine was found to be the 
major polyamine. However, compared with other species of 
the genus Hymenobacter [11], the polyamine content was 
significantly lower [0.11-3.33 urnol (g dry weig f i t ) " 1 ] . H o w ­
ever, these results are i n line with the results from poly­
amine analyses of other bacterial strains grown on agar 
media, which also showed significantly lower polyamine 
contents i n contrast to those of strains grown i n l iquid 
media (H.-J. Busse, unpublished results). 

Strains C C M 8643 T , C C M 8647, C C M 8648 T and C C M 
8649 T represented psychrophilic, Gram-stain-negative, aer­
obic, catalase-positive and oxidase-negative, non-ferment­
ing rods with red carotenoid pigments. Subsequently, 16S 
r R N A gene sequence analysis placed all four strains within 
the genus Hymenobacter and E Z taxon showed H arizonen­
sis OR362-8 T as the most closely related species, having 16S 
r R N A gene sequence similarity below 97 %. 

Polyphasic investigation of strains C C M 8643 T , C C M 8647, 
C C M 8648 T and C C M 8649 T using 16S r R N A gene 
sequencing, chemotaxonomy analysis (polyamines, mena-
quinone, polar lipids and F A M E s ) and extended phenotyp-
ing differentiated the aforementioned strains from the type 
strains representing hitherto described species of the genus 
Hymenobacter. The results demonstrated that strains C C M 
8643 T , C C M 8647, C C M 8648 T and C C M 8649 T isolated 
from the rock environment i n Antarctica represented three 
distinct species of the genus Hymenobacter for which the 
names Hymenobacter coccineus sp. nov., Hymenobacter lap-
idarius sp. nov., and Hymenobacter glacialis sp. nov. are 
proposed. 

DESCRIPTION OF HYMENOBACTER COCCINEUS 
SP. NOV. 
Hymenobacter coccineus sp. nov. (coc.ci'ne.us. L . adj. cocci­
neus reddish coloured). 

Description of the species is based on two strains. Cells are 
Gram-stain-negative, non-spore-forming rods, non-motile 
and non-gliding, sporadically longer, occurring predomi­
nantly separately or i n irregular clusters. Colonies on R 2 A 
agar (Oxoid) are circular with entire margin, flat, smooth, 
glistening, reddish-pigmented and 1-2 m m i n diameter after 
3 days of cultivation at 15 °C. Carotenoid pigments are pro­
duced while flexirubin-type pigments are absent. Resistant 
to U V C irradiation. Growth occurs on R 2 A agar and weakly 
on P C A agar in an aerobic atmosphere. N o growth is 
observed on T S A , B H I , MacConkey agar or nutrient agar at 
15 °C. There is no growth on R 2 A agar under anaerobic 
conditions. Growth is observed at temperatures between 5 
and 20 °C, but not at 25 °C. Cells grow at p H 7.0 only. Good 
growth on R 2 A medium in the presence of 0.5 % N a C l (w/ 
v); however, the presence of 1 % N a C l inhibits growth. G l u ­
cose is not fermented to acid i n OF test medium. Catalase, 
phosphatase, leucine arylamidase, valine arylamidase, a-
galactosidase, /3-galactosidase, a-glucosidase, /3-glucosidase 
and N-acetyl-/3-glucosaminidase are positive by A P I Z Y M . 
Urease, oxidase, lysine and ornithine decarboxylase, argi-
nine dihydrolase, esterase (C4), esterase lipase (C8), lipase 
(C14), cystine arylamidase, trypsin, chymotrypsin, naph-
thol-AS-BI-phosphohydrolase, /3-glucuronidase, a -manno-
sidase and a-fucosidase are negative by A P I Z Y M . Aesculin 
and O N P G hydrolysis is positive. Nitrate and nitrite reduc­
tion, fluorescein (King B medium), Simmons' citrate, acet-
amide and malonate utilization are negative. Hydrolysis of 
Tween 80, gelatin, starch, casein, tyrosine, lecithin and 
D N A is negative. A c i d is produced (API 50 C H ) from galac­
tose, D-glucose, D-mannose, cellobiose, maltose, lactose, 
sucrose, trehalose, /3-gentiobiose and 5 ketogluconate. A c i d 
is not produced (API 50 C H ) from glycerol, erythritol, 
ribose, D-xylose, L-xylose, adonitol, methyl /3-D-xyloside, D -

fructose, sorbose, rhamnose, dulcitol, inositol, mannitol, 
sorbitol, methyl a-D-mannoside, methyl a-D-glucoside, N-
acetylglucosamine, amygdalin, arbutin, melibiose, inul in, 
melezitose, raffinose, starch, glycogen, xylitol , turanose, D -

lyxose, D-tagatose, D-fucose, L-fucose, D-arabitol, L-arabitol, 
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gluconate or 2 ketogluconate. Variable phenotypical reac­
tions of H. coccineus isolates are mentioned within the type 
strain description. 

Utilizes (Biolog G N 2 M i c r o Plate) the following carbon 
sources via respiration: dextrin, cellobiose, gentiobiose, a - D -

glucose, lactose, lactulose, maltose, methyl /3-D-glucoside, 
sucrose, trehalose, turanose and acetic acid. Negative for 
utilization of a-cyclodextrin, glycogen, Tween 40, Tween 80, 
N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, adoni-
tol, D-arabitol , erythritol, D-fructose, L-fucose, myo-inositol, 
D -manni to l , melibiose, D-psicose, raffinose, L-rhamnose, 
xylitol , pyruvic acid methyl ester, succinic acid monomethyl 
ester, a's-aconitic acid, formic acid, D-galactonic acid 
lactone, D-galacturonic acid, D-glucosaminic acid, D -glucur-
onic acid, a-hydroxybutyric acid, /3-hydroxybutyric acid, 
y-hydroxybutyric acid, p-hydroxyphenylacetic acid, ita-
conic acid, a-ketobutyric acid, a-ketoglutaric acid, a-keto-
valeric acid, D,L-lactic acid, malonic acid, propionic acid, 
quinic acid, D-saccharic acid, sebacic acid, succinic acid, bro-
mosuccinic acid, succinamic acid, glucuronamide, L -a lani-
namide, D-alanine, L-alanine, L-alanyl-glycine, L-asparagine, 
L-aspartic acid, L-glutamic acid, glycyl-L-aspartic acid, 
glycyl-L-glutamic acid, L-histidine, hydroxy-L -proline, L -

leucine, L-ornithine, L-phenylalanine, L -prol ine, L-pyrogluta-
mic acid, D-serine, L-serine, L-threonine, D,L-carnitine, y-
aminobutyric acid, urocanic acid, inosine, thymidine, ur i ­
dine, phenyethylamine, putrescine, 2-aminoethanol, 2,3-
butanediol, glycerol, a-D,L -glycerol phosphate and D-glucose 
6-phosphate. Variable results of H. coccineus strains 
obtained i n Biolog G N 2 M i c r o Plate are indicated i n the 
type strain description. Sensitive to ampici l l in, carbenicillin, 
cefalotin, ciprofloxacin, chloramphenicol, imipenem, kotri -
moxazol, piperacillin, streptomycin and tetracycline. Resis­
tant to aztreonam, cefixim, ceftazidime, gentamicin and 
kanamycin. Sensitivity or resistance to polymyxin B is strain 
dependent. 

Contains summed feature 3 ( C 1 6 . i w 7 c / C 1 6 . lui6c), C 1 6 . iw5c 
and i s o - C 1 5 : 0 as major cellular fatty acids. The polar l ipid 
profile contains phosphatidylethanolamine as the major 
compound and moderate to minor amounts of phosphati-
dylserine, five unidentified lipids (L1-L5), two unidentified 
aminophospholipids ( A P L 1 , A P L 2 ) , two unidentified ami-
nolipids ( A L 1 , AL2) and three unidentified phospholipids 
(PL1-PL3). Two additional lipids m a y b e present (L10, L l l ) . 
The quinone system contains predominantly menaquinone 
M K - 7 , and the major polyamine is sym-homospermidine. 

The type strain is C C M 8649 T ( = L M G 29441 T=P5239 T). 
The D N A G+C content of the type strain is 63.1 m o l % . 
Almost all characteristics of the type strain C C M 8649 T are 
in agreement with the species description. The strain-
dependent test results of C C M 8649 T are as follows: acid is 
produced from D-arabinose and salicin; no growth at 1 °C; 
negative for acid production from L-arabinose; sensitive to 
polymyxin B. O n the Biolog G N 2 MicroPlate, the type 
strain C C M 8649 T is able to utilize D -sorbitol , but unable to 
utilize L-arabinose, D-galactose, D-mannose, citric acid, D -

gluconic acid or a-D-glucose 1-phosphate. The type strain 
C C M 8649 T ( = L M G 29441 T=P5239 T) was isolated from 
lichens on stone while strain C C M 8647 ( = L M G 
29439=P5059) was isolated from stone fragments on James 
Ross Island, Antarctica. 

DESCRIPTION OF HYMENOBACTER 
LAPIDARIUS SP. NOV. 
Hymenobacter lapidarius sp. nov. (la.pi.da'ri.us. L . masc. 
adj. lapidarius belonging to stones). 

Description of the species is based on one strain. Cells are 
Gram-stain-negative, non-spore-forming rods, non-motile 
and non-gliding, occasionally curved and longer, occurring 
singly or in irregular clusters. Colonies on R 2 A agar (Oxoid) 
are circular with entire margin, flat, smooth, glistening, red­
dish pigmented and 1 m m i n diameter after 3 days at 15 °C. 
Carotenoid pigments are produced while flexirubin-type 
pigments are absent. Resistant to U V C irradiation. Growth 
occurs on R 2 A agar i n an aerobic atmosphere, but no 
growth is observed on B H I , P C A , T S A , MacConkey agar or 
nutrient agar at 15 °C. There is no growth on R 2 A agar 
under anaerobic conditions. Growth is observed at 1 °C 
(weakly), 5 °C and 25 °C, but not at 30 °C. Cells grow within 
the range of p H 7.0 to 9.0. The presence of 0.5 % N a C l (w/v) 
inhibits growth. Glucose is not fermented to acid i n O F test 
medium. Catalase, phosphatase, esterase lipase (C8) 
(weakly), leucine arylamidase, valine arylamidase, trypsin, 
a-glucosidase (weakly) and N-acetyl-/3-glucosaminidase are 
positive by A P I Z Y M . Urease, oxidase, lysine and ornithine 
decarboxylase, arginine dihydrolase, esterase (C4), lipase 
(C14), cystine arylamidase, chymotrypsin, naphthol-AS-BI-
phosphohydrolase, a-galactosidase, /3-galactosidase, /3-glu-
curonidase, /3-glucosidase, a-mannosidase and a-fucosidase 
are negative by A P I Z Y M . Aesculin, casein and gelatin 
hydrolysis is positive. Nitrate and nitrite reduction, fluores­
cein (King B medium), Simmons' citrate, acetamide and 
malonate utilization are negative. Hydrolysis of Tween 80, 
starch, O N P G , D N A , tyrosine and lecithin is negative. A c i d 
is not produced (API 50 C H ) from glycerol, erythritol, D -

arabinose, L-arabinose, ribose, D-xylose, L-xylose, adonitol, 
methyl /3-D-xyloside, galactose, D-glucose, D-fructose, D -

mannose, sorbose, rhamnose, dulcitol, inositol, mannitol, 
sorbitol, methyl a-D -mannoside, methyl a-D-glucoside, N-
acetylglucosamine, amygdalin, arbutin, salicin, cellobiose, 
maltose, lactose, melibiose, sucrose, trehalose, inul in , mele-
zitose, raffinose, starch, glycogen, xylitol , /3-gentiobiose, tur­
anose, D-lyxose, D-tagatose, D-fucose, L-fucose, D-arabitol , 
L-arabitol, gluconate, 2 ketogluconate or 5 ketogluconate. 

Able to utilize Tween 40 as a carbon source via respiration 
(Biolog G N 2 M i c r o Plate). Negative i n utilization of a-
cyclodextrin, dextrin, glycogen, Tween 80, N-acetyl-D-galac­
tosamine, N-acetyl-D-glucosamine, adonitol, L-arabinose, D -

arabitol, cellobiose, erythritol, D-fructose, L-fucose, D-galac­
tose, gentiobiose, a-D-glucose, myoinos i to l , lactose, lactu­
lose, maltose, D -manni to l , D-mannose, melibiose, methyl 
/3-D-glucoside, D-psicose, raffinose, L-rhamnose, D -sorbitol , 
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sucrose, trehalose, turanose, xylitol , pyruvic acid methyl 
ester, succinic acid monomethyl ester, acetic acid, ris-aco-
nitic acid, citric acid, formic acid, D-galactonic acid lactone, 
D-galacturonic acid, D -gluconic acid, D-glucosaminic acid, 
D-glucuronic acid, a-hydroxybutyric acid, /3-hydroxybutyric 
acid, y-hydroxybutyric acid, p-hydroxyphenylacetic acid, 
itaconic acid, a-ketobutyric acid, a-ketoglutaric acid, a -
ketovaleric acid, D,L- lactic acid, malonic acid, propionic 
acid, quinic acid, D-saccharic acid, sebacic acid, succinic 
acid, bromosuccinic acid, succinamic acid, glucuronamide, 
L-alaninamide, D-alanine, L-alanine, L-alanyl-glycine, L -

asparagine, L-aspartic acid, L-glutamic acid, glycyl-L-aspartic 
acid, glycyl-L-glutamic acid, L-histidine, hydroxy-L-proline, 
L-leucine, L-ornithine, L-phenylalanine, L -prol ine, L -pyroglu-
tamic acid, D-serine, L-serine, L-threonine, D,L-carnitine, y-
aminobutyric acid, urocanic acid, inosine, thymidine, ur i ­
dine, phenyethylamine, putrescine, 2-aminoethanol, 2,3-
butanediol, glycerol, a-D,L -glycerol phosphate, a-D-glucose 
1-phosphate and D-glucose 6-phosphate. Sensitive to 
ampici l l in, carbenicillin, cefixim, cefalotin, ciprofloxacin, 
chloramphenicol, imipenem, kanamycin, kotrimoxazol, 
piperacillin, polymyxin B, streptomycin and tetracycline. 
Resistant to ceftazidime and gentamicin, and shows inter­
mediate resistance to aztreonam. 

Contains summed feature 3 ( C 1 6 . i w 7 c / C 1 6 . iu>6c) and C 1 6 . i 
to5c as major cellular fatty acids. The polar l ip id profile con­
tains phosphatidylethanolamine as the major compound 
and moderate to minor amounts of phosphatidylserine, 
11 unidentified lipids (L1-L8, L12-L14), an unidentified 
phospholipid, two unidentified glycolipids (GL1, GL2) , an 
unidentified aminoglycolipid (AGL1) , and an unidentified 
aminol ipid (AL) . The quinone system contains predomi­
nantly menaquinone M K - 7 , and the major polyamine is 
sym-homospermidine. 

The type strain is C C M 8643 T ( = L M G 29435 T=P3150 T). 
The D N A G+C content of the type strain is 61.0 m o l % . Iso­
lated from small stones i n Marsovske valley, James Ross 
Island, Antarctica. 

DESCRIPTION OF HYMENOBACTER GLACIALIS 
SP. NOV. 
Hymenobacterglacialis sp. nov. (gla.ci.a'lis. L . masc. adj. gla-
cialis referring to a polar region). 

Description of the species is based on one strain. Cells are 
Gram-stain-negative, non-spore forming rods, non-motile 
and non-gliding, occasionally curved and longer, occurring 
singly or i n irregular clusters. Colonies on R 2 A agar (Oxoid) 
are circular with entire margin, flat, smooth, glistening, red­
dish-pigmented and 1.5 m m i n diameter after 3 days at 
15 °C. Carotenoid pigments are produced while flexirubin-
type pigments are absent. Resistant to U V C irradiation. 
Growth occurs on R2A, P C A (weakly) and T S A agars i n an 
aerobic atmosphere, but no growth is observed on B H I agar, 
MacConkey agar or nutrient agar at 15 °C. There is no 
growth on R 2 A agar under anaerobic conditions. Growth is 

observed at temperatures between 5 and 25 °C, but neither 
at 1 °C nor at 30 °C. Cells grow within the range of p H 7.0 to 
8.0. Grows on R 2 A medium i n the presence of 0.5 % N a C l 
(w/v); the presence of 1.0% N a C l inhibits growth. Glucose 
is not fermented to acid in O F test medium. Catalase, phos­
phatase, esterase (C4) (weakly), leucine arylamidase, valine 
arylamidase, chymotrypsin, naphthol-AS-BI-phosphohy-
drolase (weakly), a-glucosidase and N-acetyl-/3-glucosami-
nidase are positive by A P I Z Y M . Urease, oxidase, lysine and 
ornithine decarboxylase, arginine dihydrolase, esterase 
lipase (C8), lipase (C14), cystine arylamidase, trypsin, a -
galactosidase, /3-galactosidase, /3-glucuronidase, /3-glucosi-
dase, a-mannosidase and a-fucosidase are negative by A P I 
Z Y M . Aesculin, Tween 80, starch, casein, D N A and gelatin 
hydrolysis is positive. Nitrate and nitrite reduction, fluores­
cein (King B medium), Simmons' citrate, acetamide and 
malonate utilization are negative. Hydrolysis of O N P G , 
tyrosine and lecithin is negative. A c i d is not produced (API 
50 C H ) after 4 days from glycerol, erythritol, D-arabinose, L -

arabinose, ribose, D-xylose, L-xylose, adonitol, methyl /3 -D-

xyloside, galactose, D-glucose, D-fructose, D-mannose, 
sorbose, rhamnose, dulcitol, inositol, mannitol , sorbitol, 
methyl a-D -mannoside, methyl a-D-glucoside, N-acetylglu-
cosamine, amygdalin, arbutin, salicin, cellobiose, maltose, 
lactose, melibiose, sucrose, trehalose, inul in , melezitose, raf-
finose, starch, glycogen, xylitol , /3-gentiobiose, turanose, D -

lyxose, D-tagatose, D-fucose, L-fucose, D-arabitol , L-arabitol, 
gluconate, 2 ketogluconate or 5 ketogluconate. 

Able to utilize dextrin (weakly), Tween 40 and L-glutamic acid 
as a carbon source via respiration (Biolog G N 2 M i c r o Plate). 
Negative in utilization of a-cyclodextrin, glycogen, Tween 80, 
N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, adonitol, 
L-arabinose, D-arabitol, cellobiose, erythritol, D-fructose, L -

fucose, D-galactose, gentiobiose, a-D-glucose, myo-inositol, 
lactose, lactulose, maltose, D -mannitol , D-mannose, melibiose, 
methyl /3-D-glucoside, D-psicose, raffinose, L-rhamnose, D-sor-
bitol, sucrose, trehalose, turanose, xylitol, pyruvic acid methyl 
ester, succinic acid monomethyl ester, acetic acid, cis -aconitic 
acid, citric acid, formic acid, D-galactonic acid lactone, D -gal ­
acturonic acid, D-gluconic acid, D-glucosaminic acid, D - g l u -
curonic acid, a-hydroxybutyric acid, /3-hydroxybutyric acid, 
y-hydroxybutyric acid, p-hydroxyphenylacetic acid, itaconic 
acid, a-ketobutyric acid, a-ketoglutaric acid, a-ketovaleric 
acid, D,L-lactic acid, malonic acid, propionic acid, quinic acid, 
D-saccharic acid, sebacic acid, succinic acid, bromosuccinic 
acid, succinamic acid, glucuronamide, L-alaninamide, D -ala­
nine, L-alanine, L-alanyl-glycine, L-asparagine, L-aspartic acid, 
glycyl-L-aspartic acid, glycyl-L-glutamic acid, L-histidine, 
hydroxy-L-proline, L-leucine, L-ornithine, L-phenylalanine, L -

proline, L-pyroglutamic acid, D-serine, L-serine, L-threonine, D 

L-carnitine, y-aminobutyric acid, urocanic acid, inosine, thy­
midine, uridine, phenyethylamine, putrescine, 2-aminoetha­
nol, 2,3-butanediol, glycerol, a-D,L-glycerol phosphate, a - D -

glucose 1-phosphate and D-glucose 6-phosphate. Sensitive to 
ampicillin, carbenicillin, cefixim, cefalotin, ciprofloxacin, 
chloramphenicol, imipenem, kanamycin, kotrimoxazol, piper­
acillin, polymyxin B, streptomycin and tetracycline. Resistant 
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to ceftazidime and gentamicin, and shows intermediate 
resistance to aztreonam. 

Contains summed feature 3 ( C 1 6 . i w 7 c / C 1 6 . iu>6c) and C 1 6 . i 
to5c as major cellular fatty acids. The polar l ip id profile con­
tains phosphatidylethanolamine and phosphatidylserine as 
the major compounds. In addition, several unidentified l ip­
ids are present including an aminoglycolipid (AGL1) , 
a phospholipid (PL1), a glycolipd (GL1), an aminolipid 
(AL1) and ten lipids for which no functional group was 
detected (L1-L10). The quinone system contains predomi­
nantly menaquinone M K - 7 , and the major polyamine is 
sym-homospermidine. 

The type strain is C C M 8648 T ( = L M G 29440 T=P5086 T). 
The D N A G+C content of the type strain is 60.5 m o l % . Iso­
lated from fragments of volcanic tuff in James Ross Island, 
Antarctica. 
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Table S I . Cellular fatty acid contents (%) of strains C C M 8649 , C C M 8647, C C M 8643 and C C M 8648 , and the closest Hymenobacter spp. type strains. 

A l l data were taken from this study using cells grown to the late exponencial phase (72 h) on R 2 A agar medium at 20 °C with exception of C C M 8583 and C C M 8582 which were grown for 
96 h. TR, traces (< 1.0%); N D , not detected. C C M , Czech Collection of Microorganisms; K C T C , Korean Collection of Type Cultures. 

Fatty ac id CCM 8649 T CCM 8647 CCM 8643 T CCM 8648 T 

H. ruber 
KCTC 32477 T 

H. terrae 
KCTC 32554 T 

H. soli 
KCTC 12607 T 

H. arizonensis 
CCM 8 5 8 1 T 

H. antarcticus 
CCM 8582 T 

H. glaciei 
CCM 8583 T 

iso -C 1 4 : 0 TR TR TR 1.6 TR 1.5 TR TR TR TR 

iso -C 1 5 : 1 G ND ND TR TR 3.3 1.3 12.6 2.4 2.0 11.0 

an te i so - C 1 5 : 1 A ND ND TR ND TR TR TR 1.0 TR 3.1 

i s o - C , 5:o 13.8 14.1 5.4 7.4 24.4 16.0 21.7 12.4 13.8 14.9 

anteiso -C 1 5 : 0 6.7 7.2 6.2 7.7 7.2 15.5 8.5 12.4 11.7 16.2 

C 151 co 6c TR 1.0 TR 1.2 ND TR TR TR TR ND 

iSO-C i 6 : i H ND 2.1 5.2 8.4 TR 2.5 ND 1.7 1.0 TR 

iSO-C i 6 :o ND 1.0 2.0 2.6 TR TR ND 1.4 ND ND 

C i 6 : i 0)5C 20.5 20.3 15.2 16.6 9.4 10.1 8.6 17.6 15.6 9.6 

Cl6:0 1.2 1.0 5.4 3.9 3.8 2.3 1.4 1.3 2.7 TR 

iSO-C 15: 0 3 0 H 2.1 1.8 1.7 1.6 2.2 2.0 2.7 1.2 2.2 1.8 

iSO-C i6:o 3 0 H TR TR 2.7 2.6 TR 1.2 TR 1.0 1.6 TR 

Ci6:0 3 0 H 1.1 TR TR TR 1.3 TR 1.6 TR 1.6 TR 

iSO-C 17:0 TR 1.8 1.1 2.1 1.5 1.0 TR 1.0 TR 4.3 

C 171 0)6C TR 1.4 TR 1.6 TR 1.0 TR TR TR TR 

iSO-C 17:0 3 0 H TR TR 1.0 TR 1.9 TR 1.6 TR TR 1.7 

C i 7 : 0 2 0 H ND TR 1.6 1.1 TR 1.0 TR TR TR 2.0 

C i 8 : i 0)9C ND ND 1.4 TR TR ND TR TR TR TR 

'Summed Feature 1 1.1 TR TR 1.2 ND TR ND TR TR ND 
'Summed Feature 2 1.7 ND ND ND TR ND TR ND TR TR 
'Summed Feature 3 39.0 37.1 34.2 24.6 33.2 33.2 28.8 30.8 35.5 21.4 
'Summed Feature 4 8.1 6.2 9.5 10.3 5.1 4.0 6.0 9.6 6.7 6.5 

* A s indicated by Montero-Calasanz et al. {Int J Syst Evol Microbiol 2013; 63:4386-4395) summed features are groups of two or three fatty acids that are treated together for the purpose of 
evaluation in the MIDI system and include both peaks with discrete E C L s as well as those where the E C L s are not reported separately. Summed feature 1 was listed as iso-C 1 5 : 0 H / C 1 3 : 0 3 0 H , 
Summed Feature 2 was listed as C 1 4 : 0 3 0 H / i s o - C i 6 : i I, Summed Feature 3 was listed as C i 6 : i co 1c / C i 6 : i co 6c Summed feature 4 was listed as anteiso-C 1 7 : 1 B/iso I 



Hymenobacter coccineus C C M 8649T Hymenobacterlapidarius C C M 8643T 

Hymenobacter glacialis C C M 8648T 

F i g . S I . Transmission electron microscopy of Hymenobacter coccineus C C M 8649T, Hymenobacter 

lapidarius C C M 8643T and Hymenobacter glacialis C C M 8648T performed with a Morgagni 268D 
Philips (FEI Company, U S A ) electron microscope. Negative staining with 2% ammonium molybdate. 
Original magnification x 10 000. 



F i g . S2. Two dimensional T L C showing the total polar lipids of strains Hymenobacter lapidarius 
C C M 8643T, Hymenobacter coccineus C C M 8649T and C C M 8647 and Hymenobacter glacialis 
C C M 8648T. Abbreviations: L I - L I 4 , unidentified polar l ipids; A L 1 - A L 3 , unidentified 
aminolipids; G L 1 and G L 2 , unidentified glycolipids; A G L 1 , unidentified aminoglycolipid; 
A P L 1 and A P L 2 , unidentified aminophospholipid; P L 1 - P L 3 , unidentified phospholipids; PS, 
phosphatidylserine; P E , phosphatidylethanolamine. 
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Mucilaginibacter terrae sp. nov., isolated from Antarctic soil 
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Abstract 

A bacterial strain designated CCM 8645 T was isolated from a soil sample collected nearby a mummified seal carcass in the 
northern part of James Ross Island, Antarctica. The cells were short rods, Gram-stain-negative, non-motile, catalase and 
oxidase positive, and produced a red-pink pigment on R2A agar. A polyphasic taxonomic approach based on 16S rRNA gene 
sequencing, extensive biotyping using conventional tests and commercial identification kits and chemotaxonomic analyses 
were applied to clarify its taxonomic position. Phylogenetic analysis based on the 16S rRNA gene placed strain CCM 8645 T in 
the genus Mucilaginibacter with the closest relative being Mucilaginibacter daejeonensis Jip 10 T, exhibiting 96.5% 16S rRNA 
pairwise similarity which was clearly below the 97% threshold value recommended for species demarcation. The major 
components in fatty acid profiles were Summed feature 3 (C 1 6 : 1 o ;7c /C 1 6 : 1 a ;6c ) , C 1 5 : 0 iso and C 1 7 : 0 iso 30H. The cellular 
quinone content was exclusively menaquinone MK-7. The major polyamine was sym-homospermidine and predominant polar 
lipids were phosphatidylethanolamine and phosphatidylserine. Based on presented results, we propose a novel species for 
which the name Mucilaginibacter terraesp. nov. is suggested, with the type strain CCM 8645 T (=LMG 29437T). 

The genus Mucilaginibacter is a member of the family 
Sphingobacteriaceae [1, 2] within the phylum Bacteroidetes. 
The genus Mucilaginibacter was proposed by Pankratov 
et al. [2] and subsequently the genus description was 
emended by Urai et al. [3], Baik et al. [4], and Chen et al. 
[5]. In recent years numerous novel Mucilaginibacter spp. 
have been discovered worldwide among environmental 
bacteria and described as novel species [5-13]. Members of 
the genus Mucilaginibacter are known to hydrolyse organic 
matter such as xylan, pectin and laminarin, and produce 
large amounts of extracellular polymeric substances [2, 14, 
15]. Representatives of Mucilaginibacter spp. have been iso­
lated from various habitats of environment, e.g. from rhizo-
sphere of plants [14-16], fresh water [4, 6, 10], soil [8, 17, 
18], marine sand [19] or moss [5]. The majority of mucila-
ginibacters are psychrotolerant organisms revealing good 
growth at 4°C. However, they have not been reported to be 
found in polar regions, except for Mucilaginibacter soli iso­
lated from Arctic tundra soil [17]. In the present taxo­
nomic study we report classification of strain C C M 8645T 

representing a novel species of the genus Mucilaginibacter. 

Strain C C M 8645T was isolated from a soil sample col­
lected nearby a mummified seal carcass on James Ross 
Island, Antarctica (63°49'52" S, 57°49'55" W) in 2012. The 
seal carcass was located at the bottom of V-shaped valley 
well supplied by thawing water [20]. Thanks to local 
microclimate and availability of nutrients, a small-in-area 
vegetation spot (about 16 m 2) rich in terrestrial algae, 
lichens and mosses had developed in the neighbourhood 
of the carcass. Sampling was carried out by dispersing 1 g 
of soil sample in 5 ml of sterile saline solution and 100 ul 
of the suspension was spread on R2A agar (Oxoid) plate 
and cultivated at 15 °C for 4 days. Afterwards, individual 
red-pink pigmented colonies were purified by repeated 
streaking on R2A plates and incubation at 15 °C, and the 
final pure strain C C M 8645T was stored in R2A broth sup­
plemented with 15 % glycerol (v/v) and maintained at -
70 °C until analysed. 

Extraction of D N A for molecular analyses by FastPrep Lys-
ing Matrix type B and FastPrep Homogenizer (MP Biomed­
icals), 16S rRNA gene amplification by PCR and partial 16S 
rRNA gene sequencing (1472 bp) was performed as 
described previously [21]. The 16S rRNA gene sequences 

Author affiliations: 'Czech Collection of Microorganisms, Department of Experimental Biology, Faculty of Science, Masaryk University, Kamenice 5, 
625 00 Brno, Czech Republic; 2Section of Genetics and Molecular Biology, Department of Experimental Biology, Faculty of Science, Masaryk 
University, K o t l á ř s k á 2, 611 37 Brno, Czech Republic; 3Centre Algatech, Institute of Microbiology, Academy of Sciences, N o v o h r a d s k á 237, 379 81 
T ř e b o ň , Czech Republic; 4 Sect ion of Plant Physiology, Department of Experimental Biology, Faculty of Science, Masaryk University, Kamenice 5, 625 
00 Brno, Czech Republic; Institut f ü r Mikrobiologie, V e t e r i n ä r m e d i z i n i s c h e U n i v e r s i t ä t Wien, V e t e r i n ä r p l a t z 1, A-1210 Wien, Austria. 
'Correspondence: Pavel Švec , mpavel@sci.muni.cz 
Keywords: Mucilaginibacter terrae sp. nov.; James ross island; Antarctica; soil; taxonomy. 
The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of Mucilaginibacter terrae CCM 8645 T is KY1 71988. 
Four supplementary figures are available with the online Supplementary Material. 
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with the highest scores were identified by the calculation of 
pairwise sequence similarity with strain C C M 8645T using a 
global alignment algorithm, which was implemented at the 
EzBioCloud (http://www.ezbiocloud.net/; [22]). Resulting 
16S rRNA gene sequence similarities demonstrated that 
strain C C M 8645T is a member of the genus Mucilagini-
bacter and identified Mucilaginibacter daejeonensis Jip 10T 

as its closest relative (96.5 %). Other Mucilaginibacter spe­
cies did not show higher sequence similarities than 95.5 %. 
Since the nearest neighbours exhibited similarity scores of 
<97 %, strain C C M 8645T was considered a candidate for a 
new species. Phylogenetic analysis was performed using 
M E G A version 6 software [23]. Genetic distances were calcu­
lated using Tamura and Nei [24] model and the evolution­
ary history was inferred using the maximum-likelihood and 
neighbor-joining methods. Maximum-likelihood analysis 
(Fig. 1) matched the tree topology obtained by the neigh­
bor-joining clustering (Fig. SI, available in the online Sup­
plementary Material) except the position of 
Mucilaginibacter koreensis which was placed in different 
clusters. Phylogenetically, strain C C M 8645T formed a com­
mon branch with M. daejeonensis which is in accordance 
with the highest value of 16S rRNA gene sequence 
similarity. 

The cell morphology of strain C C M 8645T was observed by 
Gram-staining and by transmission electron microscopy 
(Morgagni 268D Philips, FEI Company) using a sample 
stained with 2 % ammonium molybdate (Fig. S2). The pres­
ence of flexirubin-type pigments was investigated using a 
20% (w/v) K O H solution [25]. Spectrophotometric charac­
terization of carotenoid pigments was done from the cells 
grown on R2A agar for 72 h at 20 °C [21]. The basic pheno-
typic classification was performed using key tests relevant 
for Gram-negative rods. Catalase (ID colour Catalase, bio-
Merieux) and oxidase (OXItest, Erba-Lachema) activity was 
tested according to manufacturers' instructions. Further 
tests were done as follows: oxidation-fermentation (OF) test 
[26], arginine dihydrolase, ornithine and lysine decarboxyl­
ase [27], urease [28], hydrolysis of aesculin, starch [29], gel­
atin, Tween 80 [30], casein, tyrosine [31], and D N A 
(CM321, Oxoid), egg-yolk reaction [32], O N P G [33], nitrate 
and nitrite reduction, growth on Simmon's citrate agar [29], 
utilization of acetamide [34] and sodium malonate [35]. 
Motility was observed in a glucose oxidation tube. Cells 
grown at 20 °C for 48-72 h on R2A agar were used to inocu­
late all tests during all experiments. Liquid culture was not 
used because of the poor growth of the isolate C C M 8645T 

in broth media. Growth on several media such as Plate 
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M. lulimaris BR-3 T (HQ455786) 
M. ogu/WPCB133 T(EU747841) 

- M. phyllosphaerae PP-F2F-G21 T (KU878873) 
M. fluminis TTM-2 T (HG942367) 

M. soli R9-65 T (JF701183) 
M. carri PR0008K 1 (JX089330) 
M. litoreus BR-18 T (JF999998) 
M. detluvii A 5 T (JQ955677) 

M. roseus TTM-1 T (LM654288) 
- M. gynuensis YC7003 T (KC247157) 

M. mallensis MP1X4 T (FN400859) 
M. pedocola TBZ30 T (KU593480) 
M. psychrotolerans NH7-4 T (KJ755879) 

— M. polysacchareus DRP28 T (HM748604) 
M. yixingensis YX-36 T (KC480578) 

- M. herbaticus DR-9 T (JN695632) 
- M. boryungensis BDR-9 T(HM061614) 

M. myungsuensis HMD1056 T (GQ144415) 
M. jinjuensis YC7004 T (JQ7 65855) 

- M. polylrichaslri RG4-7 T (KC560020) 
M. koreensis TF8 T (JQ966281) 

M. daejeonensis Jip 10 T (AB26771 7) 
M. terrae sp. nov. CCM 8645 T (KY171988) 

— M. frigoritolerans FT22 T (FN400860) 
— M. gotjawali SA3-7 T (KM5881 82) 

M. gracilis TPT18 T (AM490403) 
— M. paludis TPT56 T (AM490402) 

Sphingobacterium spiritivorum NCTC 11386 T (EF090267) 

Fig. 1. Phylogenetic tree based on 16S rRNA gene sequence comparison showing the position of strain CCM 8645 T within the genus 
Mucilaginibacter. The evolutionary history was inferred by using the Maximum Likelihood method based on the Tamura-Nei model. The 
tree with the highest log likelihood is shown. Bootstrap probability values (percentages of 500 tree replications) greater than 50 % are 
indicated at branch points. There were a total of 1465 positions in the final dataset. Bar indicates number of substitutions per nucleo­
tide position. Sphingobacterium spiritivorum was used as an outgroup. 
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count agar (Oxoid), Tryptone soya agar (Oxoid), Nutrient 
agar CM03 (Oxoid), MacConkey agar (Becton Dickinson) 
and Brain heart infusion agar (Oxoid) at 20 °C was evalu­
ated. Anaerobic growth on R2A agar was tested using the 
Anaerocult A system (Merck) at 20 °C for 72 h and com­
pared with those cultivated in the ambient atmosphere. 
Growth at different temperatures (1, 5, 10, 15, 20, 25, 30 
and 35 °C) and tolerance to various NaCl concentrations 
(0.5, 1, 2, 3, 4 and 5 % w/v) were determined based on culti­
vation on R2A agar plates for up to 4 days. The p H range 
for growth was tested on R2A agar plates adjusted to pH 
5.0-10.0 by using the buffer system (pH 5.0-8.0, 0.1M 
K H 2 P O 4 / 0 . 1 M NaOH; p H 9.0-10.0, 0.1M NaHCO 3 /0 .1M 
N a 2 C 0 3 ; at interval of 1 p H unit) for one week at 20 °C [36]. 
Further extended phenotyping using identification test kits 
API Z Y M (bioMerieux) and GN2 MicroPlate (Biolog) was 
performed according to the manufacturers' instructions and 
enabled detailed characterization of the isolate. Inoculated 
kits were incubated at 20 °C, and the results were read after 
18 h (API ZYM) or 24 and 48 h (GN2 MicroPlate). Antibi­
otic resistance pattern was assessed by the disc diffusion 
method on R2A agar for 2 days at 20 °C. Sixteen antibiotic 
discs generally used for Gram-negative rods [37, 38] were 
chosen: ampicillin (10 ug), aztreonam (30 ug), carbenicillin 
(100 ug), cefrxim (5ug), ceftazidime (10 ug), cephalothin 
(30 ug), ciprofloxacin (5ug), gentamicin (10 ug), chloram­
phenicol (30 ug), imipenem (10 ug), kanamycin (30 ug), co-
trimoxazole (25 ug), piperacillin (30 ug), polymyxin B 
(300 U), streptomycin (10 ug) and tetracycline (30 ug). 
EUCAST/CLSI standards were strictly followed for cultiva­
tion and inhibition zone diameter reading. 

Strain C C M 8645T represented psychrotolerant (growing 
in the temperature range 5-25 °C), Gram-stain-negative, 
aerobic, catalase and oxidase positive non-fermenting short 
rods and formed slimy colonies with a pink-red colour. 
The extracted pigments were separated by HPLC, which 
revealed at least five different compounds with absorbance 
properties typical for carotenoids (Fig. S3). The red-shifted 
spectrum of the most abundant pigment in C C M 8645T 

resembled major carotenoid species of the recentiy 
described Rufibacter ruber C C M 8646T strain [21] with 
maxima at 482 and 506 nm and a shoulder at 450 nm. 
Nonetheless, H P L C mobility and absorbance spectra of 
these pigments were slightiy shifted, which suggests that 
these carotenoids are similar but not identical (Fig. S3). 
Strain C C M 8645T was susceptible to ciprofloxacin, imipe­
nem, co-trimoxazole, streptomycin and tetracycline, resis­
tant to ampicillin, aztreonam, carbenicillin, cefixim, 
ceftazidime, gentamicin, chloramphenicol, kanamycin, 
piperacillin and polymyxin B and intermediate result was 
revealed for cephalothin. 

Comprehensive morphological, biochemical and physiologi­
cal traits of strain C C M 8645T are summarized in the spe­
cies description given below. The tests distinguishing strain 
C C M 8645T from the phylogenetically closest Mucilagini-
bacter spp. are shown in Table 1. 

Fatty acids methyl ester (FAME) analysis was performed 
using cells grown on R2A agar (Difco) incubated at 20±1 °C 
for 72 h, where the bacterial communities reached the late-
exponential stage of growth according to the four quadrants 
steak method [39]. The extraction of fatty acids methyl 
esters was performed according to a standard protocol of 
Sherlock Microbial Identification System [39]. Cellular fatty 
acid extract was analysed by G C (model 7890B, Agilent) by 
using the rapid Sherlock Identification system (MIS, version 
6.2B, MIDI database: RTSBA6, MIDI Inc.). The predomi­
nant fatty acids of C C M 8645T were Summed feature 3 
(C16:1UJ7C/C16:1UJ6C) (37.0%), C 1 5 : 0 iso (22.6%) and C 1 7 : 0 

iso 3 0 H (13.4 %). Cellular contents of remaining fatty acids 
detected in strain C C M 8645T were as follows: C16:1u>5c, 
Summed Feature 9 (CU:i 10-methyl/iso u>9c), C i 5 : 0 ISO 
3 0 H , Ci8:i(xi9c, Summed Feature 4 ( C i 7 : i anteiso B/iso I), 
C 1 7 : 0 iso, and C 1 6 : 0 . The F A M E profile of C C M 8645T was 
similar to profiles of other Mucilaginibacter species [2, 4]. 

Quinones and polar lipids were extracted from freeze-dried 
biomass grown on R2A medium and analysed as described 
previously [40-43]. The major respiratory quinone was 
menaquinone MK-7 , which is in agreement with the 
description of the genus Mucilaginibacter [44]. The pre­
dominant polar lipids were phosphatidylethanolamine, 
phosphatidylserine and an unidentified lipid (L4) lacking a 
detectable functional group. Strain C C M 8645T also con­
tained moderate to minor amounts of nine unidentified lip­
ids L I , L2, L3, L5, L6, L7, L8, L9 and L10 lacking a 
functional group, four unidentified aminolipids AL1, AL2, 
AL3, and AL4, unidentified phospholipid PL1 and unidenti­
fied glycolipid GL1 (Fig. S4). These chemotaxonomic data 
were in agreement with the emended description of the 
genus Mucilaginibacter [5]. The presence of sphingolipids 
in strain C C M 8645T was investigated by applying the 
method of Kato et al, [44]. After mild alkaline hydrolysis, 
one-dimensional thin layer chromatography and detection 
with ninhydrin one positive lipid spot was detected which 
was negative after detection with molybdenum blue. These 
results demonstrate that this alkaline-stable lipid is not a 
sphingophospholipid as known to be present in members of 
the genus Sphingobacterium. However, this observation is in 
agreement with findings in Mucilaginibacter Utoreus, Muci­
laginibacter sabulilitorius and Mucilaginibacter gallii [19, 45, 
46]. The biomass subjected to polyamine analysis was 
grown on R2A agar, scrapped off the surface, freeze dried 
and then extracted according to Busse and Auling [47] and 
analysed by H P L C as reported by Busse et al. [48]. The 
HPLC equipment applied was described by Stolz et al. [41]. 
Strain C C M 8645T contained sym-homospermidine 
[26.5 umol (g dry weight) _ 1] as the main polyamine. More­
over, spermine [0.4 umol (g dry weight) - 1], spermidine [1.7 
umol (g dry weight) _ 1] and putrescine [0.1 umol (g dry 
weight) - 1] were present in smaller amounts. Similar poly­
amine patterns with the major compound sym-homosper-
midine have also been detected in Mucilaginibacter 
phyllosphaerae, Mucilaginibacter auburnensis and M. gallii 
[7, 46]. 
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Table 1. Phenotypic characteristics that differentiate Mucilaginibacter terrae sp. nov. from closely related Mucilaginibacter spp. 

Strains: 1, M. terrae sp. nov. CCM 8645 T ; 2, M. daejeonensis Jip 10 T ; 3, M. boryungensis BDR-9 T ; 4, M. lutimaris BR-3 T ; 5, M.jinjuensis YC7004 T ; 6, M. po/-
ythchasth RG4-7 T . +, positive; w, weakly positive; —, negative; data for reference type strains were obtained from An etat. [49]; Kang et a I. [18]; Kim 
ef ai [50]; Khan ef ai [51 ] and Chen ef ai [5], 

Characteristics 1 2 3 4 5 6 

Pigment Red-pink Orange Light yellow Light pink Pale orange Orange 

Growth at 5°C + - + + + + 

Growth at 30 °C - + + + + + 

Growth in>l% NaCl - + - - - + 

a— galactosidase - + + + w + 

Cystine arylamidase - + - - - -
Esterase (C4) + + - - - + 

N-acetyl-/3glucosaminidase - + + + + + 

a— mannosidase - - - + - -

A l l phenotypic, genotypic and chemotaxonomic results 
obtained in the present taxonomic study demonstrated that 
strain C C M 8645T isolated from soil in Antarctica repre­
sents a novel Mucilaginibacter species, for which the name 
Mucilaginibacter terrae sp. nov. is proposed. 

DESCRIPTION OF MUCILAGINIBACTER TERRAE 
SP. NOV. ( T E R R A E . L. GEN. N. TERRAE, OF 
SOIL) 

Cells are Gram-stain-negative short rod-shaped to coccoid 
cells, occurring predominantly in pairs or in irregular clus­
ters and non-spore forming. Red-pink pigmented colonies 
on R2A agar are circular, with whole margins, slightiy 
mucous, smooth, glistening, and 2 mm in diameter. Aerobic, 
non-haemolytic on sheep blood agar. Grows on Plate count 
agar, but not on Tryptone soya agar, Brain heart infusion 
agar, MacConkey agar and CM03 agar. No anaerobic 
growth on R2A agar. Grows in the range from 5 to 25 °Cbut 
not at 1 or 30 °C. Grows in the presence of up to 1 % NaCl 
and at p H range from 5 to 8. No fluorescein pigment on 
King B medium. Hugh and Leifson of fermentation test neg­
ative. Catalase, oxidase (weak), DNase (weak), esterase (C 
4), esterase lipase (C 8) (weak), leucine arylamidase, valine 
arylamidase, naphthol-AS-Bi-phosphohydrolase, ^-galacto­
sidase, a-glucosidase (weak), alkaline and acid phosphatase 
positive. Aesculin, ONPG, casein (weak) and starch hydro­
lysis positive. Negative Simmons citrate, sodium malonate, 
acetamide and hydrolysis of Tween 80, gelatine, tyrosine 
and lecithin (egg-yolk reaction). Urease, arginine dihydro-
lase, lysine decarboxylase, ornithine decarboxylase, lipase (C 
14), cystine arylamidase, trypsin, chymotrypsin, a-galactosi-
dase, ^-glucuronidase, /3-glucosidase, N-acetyl-/3glucosami-
nidase, a-mannosidase, a-fucosidase, nitrate reduction and 
nitrite reduction negative. Acid is produced from glucose, 
fructose, xylose and maltose. Acid is not produced from 
mannitol. 

Strain C C M 8645T has the ability to use the following car­
bon sources via respiration: a-cyclodextrin, dextrin, Tween 
40, cellobiose, D-galactose, a-D-glucose, a-lactose, lactulose, 

maltose, D-mannose, trehalose, D-glucuronic acid and L-glu-
tamic acid. Negative utilization tests were revealed for glyco­
gen, Tween 80, N-acetyl-D-galactosamine, N-acetyl-D-
glucosamine, adonitol, L-arabinose D-arabitol, erythritol, m-
inositol, D-mannitol, melibiose, /3-methyl-D-glucoside, D -
psicose, raffinose, L-rhamnose, D-sorbitol, sucrose, succinic 
acid monomethyl ester, acetic acid, cis-aconitic acid, citric 
acid, formic acid, D-galactonic acid lactone, D-gluconic acid, 
D-glucosaminic acid, a-hydroxybutyric acid, /3-hydroxybu-
tyric acid, y-hydroxybutyric acid, p-hydroxy phenyl acetic 
acid, itaconic acid, a-keto butyric acid, a-keto glutaric acid, 
a-keto valeric acid, D,L-lactic acid, malonic acid, propionic 
acid, quinic acid, D-saccharic acid, sebacic acid, succinic 
acid, bromosuccinic acid, succinamic acid, glucuronamide, 
L-alaninamide, D-alanine, L-alanine, L-alanyl-glycine, L -
asparagine, L-aspartic acid, glycyl-L-aspartic acid, L-histi-
dine, hydroxy-L-proline, L-leucine, L-ornithine, L-phenylala-
nine, L-pyroglutamic acid, D-serine, D,L-carnitine, y-
aminobutyric acid, urocanic acid, inosine, uridine, thymi­
dine, phenyl ethylamine, putrescine, 2-aminoethanol, 2,3-
butanediol, glycerol, D.L-a-glycerol phosphate, a-D-glucose-
1-phosphate and D-glucose-6-phosphate. The borderline 
results were obtained for utilization of D-fructose, L-fucose, 
gentiobiose, turanose, xylitol, pyruvic acid methyl ester, D -
galacturonic acid, glycyl-L-glutamic acid, L-proline, L-serine 
and L-threonine. 

The quinone system cosists exclusively of menaquinone 
M K - 7 and the major compound in the polyamine pat­
tern is sym-homospermidine. In the polar lipid profile 
phosphatidylethanolamine, phosphatidylserine and an 
unidentified lipid (L4) are predominant. In addition 
moderate to minor amounts of nine unidentified lipids 
(LI, L2, L3, L5, L6, L7, L8, L9, L10) lacking a functional 
group, four unidentified aminolipids (AL1, AL2, AL3, 
AL4), unidentified phospholipid PL1 and unidentified 
glycolipid GL1 are present. One alkali-stable aminolipid 
is present. The fatty acid profile contains as major com­
ponents Summed feature 3 ( C i 6 : iw7c/Ci 6 : iw6c), C i 5 : 0 

iso and C 1 7 : 0 iso 3 0 H . 
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The type strain C C M 8645T (=LMG 29437T) was isolated 
on James Ross Island, Antarctica, from a soil sample col­
lected nearby a mummified seal carcass. 
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Fig. SI. Neighbour-Joining tree based on 16S r R N A gene sequence comparison showing the 
phylogenetic position of strain C C M 8645T within the genus Mucilaginibacter. Bootstrap probability 
values (percentages of500 tree replications) greater than 50 % are shown at branch points. Bar indicates 
number of substitutions per nucleotide position. Sphingobacterium spiritivorum was used as an 
outgroup. 



F i g . S2. Transmission electron microscopy of Mucilaginibacter terrae C C M 8645T performed with a 
Morgagni 268D Philips (FEI Company, U S A ) electron microscope. Negative staining with 2% 
amonium molybdate. Bar represents 500 nm (original magnification x 10 000). 



F i g . S3. Analysis of pigments extracted from the Mucilaginibacter terrae C C M 8645T. 

A ) Methanol extract was separated by H P L C and pigments detected at 480 nm. Five major peaks are 
marked (I-V) and the chromatogram is compared with separated pigments from the Rufibacter ruber 
C C M 8646T strain (dotted; see main text). B) Absorbance spectra of the most abundant pigments from 
the Mucilaginibacter terrae C C M 8645T (III) and from the Rufibacter ruber C C M 8646T (*) recorded 
by a diode-array detector. C) Absorbance spectra for peaks I, II, I V and V. 
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F i g . S4. Two dimensional T L C showing the total polar lipids of strains Mucilaginibacter terrae 
C C M 8645T. Abbreviations: L1-L10 , unidentified polar lipids; A L 1 - A L 4 , unidentified aminolipids 
P E , phosphatidylethanolamine; P L 1 , unidentified phospholipid; PS, phosphatidylserine; G L 1 , 
unidentified glykolipid. 
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A red-pigmented, Gram-stain-negative, rod-shaped, aerobic bacterium, designated strain C C M 
8646 T , was isolated from stone fragments in James Ross Island, Antarctica. Strain C C M 8646 T 

was able to grow from 10 to 40 ° C , in the presence of up to 1 °/o (w/v) NaCI and at pH 7.0-11.0. 
Analysis of the 16S rRNA gene sequence placed strain C C M 8646 T in the genus Rufibacter 

with the closest relative being Rufibacter roseus H359 T (97.07% 16S rRNA gene sequence 
similarity). The digital D N A - D N A hybridization values between strain C C M 8646 T and R. roseus 

H359 T were low (21.30+2.34 %). The major quinone was menaquinone MK-7. The polar lipids 
comprised phosphatidylethanolamine, an unknown aminoglycolipid and six unknown polar lipids. 
The G + C content of strain C C M 8646 T was 51.54 mol°/o. On the basis of phenotypic, 
chemotaxonomic and genotyping results, strain C C M 8646 T is considered to represent a novel 
species within the genus Rufibacter, for which the name Rufibacter ruber sp. nov. is proposed. 
The type strain is C C M 8646 T (=LMG 29438 T). 

The genus Rufibacter is a member of the family Cytophaga-
ceae and comprises four species with validly published 
names. Rufibacter tibetensis isolated from soil was described 
as the type species of the genus (Abaydulla et al, 2012). 
Later, Rufibacter roseus f rom radiation-polluted soil (Zhang 
et al, 2015), Rufibacter immobilis f rom saline lake (Polkade 

The GenBank /EMBL/DDBJ accession number for the 16S rRNA gene 
sequence of Rufibacter ruber CCM 8646 T is KU603607. 

The Whole Genome Shotgun projects have been deposited at D D B J / 
EMBL/GenBank under the accession LRML00000000 {Rufibacter 
roseus C C M 8621) and LRMM00000000 (Rufibacter ruber sp. nov. 
CCM 8646). The version described in this paper is version 
LRML01000000 and LRMM01000000, respectively. 

Abbreviations: dDDH, digital DNA-DNA hybridization; FAME, fatty acid 
methyl ester; ANI, average nucleotide identity. 

Four supplementary figures and two supplementary tables are available 
with the online Supplementary Material. 

et al, 2015) and Rufibacter glacialis f rom glacier soil (Liu 
et al, 2016) were assigned to the genus. Bacteria of the 
genus Rufibacter are aerobic, psychrotolerant, Gram-stain-
negative, catalase-positive and non-spore-forming with red 
carotenoid pigments. The major respiratory quinone is 
menaquinone 7 ( M K - 7 ) and phosphatidylethanolamine is 
the predominant polar l ip id of the genus Rufibacter. 

Strain C C M 8646 T was isolated from fragmentary rock in 
James Ross Island, Antarctica (57° 48' 32.036" W 63° 47' 
34.888" S). Phenotypic classification of C C M 8646 T was 
performed using key tests applicable for Gram-negative 
rods, such as those for oxidase, catalase and urease, nitrate 
reduction, oxidation-fermentation (OF), arginine dihydro-
lase, ornithine and lysine decarboxylase, and production of 
hydrolytic enzymes (Atlas, 2010; Barrow & Feltham, 1993; 
Kosina et al, 2013). The temperature range for growth ( 1 -
40 °C i n increments of 5.0 °C) and NaCI concentration tol­
erance (0, 1, 2 and 3 % , w/v) were tested on R 2 A agar 
(Oxoid) adjusted accordingly. The p H range for growth was 
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tested o n R 2 A agar adjusted to p H 6.0-11.0 (in increments 
of 1 p H unit) by using the buffer system ( p H 6.0-8.0, 0.1 M 
K H 2 P O 4 / 0 . 1 M N a O H ; p H 9.0-10.0, 0.1 M N a H C O 3 / 0 . 1 M 
N a 2 C 0 3 ; p H 11.0, 0 . 0 5 M N a 2 H P O 4 / 0 . 1 M N a O H ) as 
described by D a et al (2015). Further extended phenotyp-
ing was achieved by using G N 2 MicroPlate (Biolog) and 
A P I Z Y M (bioMérieux) identification test kits. The mor­
phology of the isolate was observed by Gram staining and 
transmission electron microscopy (Morgagni 268D Philips; 
FEI) using samples stained with 2 % a m m o n i u m molybdate 
(Fig. SI, available in the online Supplementary Material). 
Differences i n the antibiotic resistance patterns were tested 
by the disc diffusion method on R 2 A agar (Oxoid). Sixteen 
antibiotic discs generally used for Gram-negative rods 
( E U C A S T v5.0., 2015 ; CLSI , 2015) were chosen: ampici l l in 
(10 pg), aztreonam (30 pg), carbenicillin (100 pg), cefbdm 
(5 pg), ceftazidim (10 pg), cephalothin (30 pg), ciprofloxa­
cin (5 pg), gentamicin (10 pg), chloramphenicol (30 pg), 
imipenem (10 pg), kanamycin (30 pg), cotrimoxazol (25 
pg), piperacillin (30 pg), polymyxin B (300 U ) , streptomy­
cin (10 pg) and tetracycline (30 pg). E U C A S T / C L S I stand­
ards were strictly followed for cultivation and inhibit ion 
zone diameter reading. Strain C C M 8646 was susceptible 
to the majority of tested antibiotics. It was resistant to 
aztreonam, gentamicin and polymyxin B only. The bio­
chemical/physiological data of C C M 8646 T are presented i n 
the species description. The characterization of C C M 8646 T 

using G N 2 MicroPlates is detailed i n Table SI. The strain 
was grown at 20 °C for 48-72 h on R 2 A medium (Oxoid) 
during all experiments. Reference strain R, roseus C C M 
8621 T was obtained from the Czech Collection of Microor ­
ganisms (http://www.sci.muni.cz/ ccm/). 

Genomic D N A was extracted for phylogenetic analysis using a 
FastPrep Lysing Matrix type B and FastPrep Homogenizer 
( M P Biomedicals) and purified using a H i g h Pure P C R Tem­
plate Preparation Kit (Roche Diagnostics). A fragment of the 
16S r R N A gene corresponding to positions 8-1542 (Escheric­
hia coE nomenclature) was amplified by P C R with FastStart 
P C R Master (Roche Diagnostics) and using conserved pri ­
mers forward p A ( A G A G T T T G A T C C T G G C T C A G ) and 
reverse p H ( A A G G A G G T G A T C C A G C C G C A ) (Edwards 
et al, 1989) and purified using a Q I A quick P C R Purification 
Kit (Qiagen). Sequencing was performed using P C R primers 
and custom primers F l ( G T G G G G A K C R A A C A G G A T T A G ) , 
F2 ( C G T C A R G T C M T C A T G G C C C T T ) , R l ( A T T A C C G -
C G G C T G C T G G C A C ) and R2 ( C A C A T S M T C C M C C R C 
T T G T ) in the Eurofins M W G Operon sequencing facility. 
The obtained partial 16S r R N A gene sequence of strain C C M 
8646T was compared with corresponding sequences of type 
strains using the EZtaxon database ( K i m et al, 2012). Prelimi­
nary 16S r R N A gene sequence analysis identified R. roseus 
H 3 5 9 T as its closest relative (97.07 % similarity). To determine 
the taxonomie position of this novel strain in more detail, 
whole genome sequencing was performed. 

The purified genomic D N A of strain C C M 8646 T and R. 
roseus C C M 8621 T was used for 400 bp sequencing library 
preparation as described previously (Sedláček et al, 2016). 

The sample was loaded on a 316 v2 chip and sequenced 
using the Ion P G M H i - Q sequencing kit (Life Technologies) 
on an Ion P G M system (Life Technologies). Quality t r im­
ming and error correction of the reads were performed with 
the Ion Torrent Suite Software (version 5.0.2). The assem­
bly computation was performed using the plug- in Assem­
bler SPAdes (v5.0.0). The total length of the assembly 
comprised 5 502 314 bp ( C C M 8646T) and 5 117 794 bp {R. 
roseus C C M 8621 ). Assembled contigs larger than 200 bp 
were used for subsequent analysis. 

The complete 16S r R N A gene sequence extracted from 
whole genome sequence data using the R N A m m e r 1.2. 
server (Lagesen et al, 2007) showed similarity to that 
obtained by Sanger sequencing and therefore was used for 
further phylogenetic analysis. Pairwise similarities were cal­
culated with the BioNumerics version 7.5 software (Applied 
Maths) and showed that strain C C M 8646 T shared 95.4-
97.1 % 16S r R N A gene sequence similarity with other 
members of the genus Rufibacter, Phylogenetic analysis was 
performed using M E G A version 6 software (Tamura et al, 
2013). Genetic distances were corrected using Kimura's 
two-parameter model (Kimura , 1980) and the evolutionary 
history was inferred using the maximum-l ikel ihood (Fig. 1) 
and neighbour-joining algorithms using a bootstrap test 
based on 5000 replications. Neighbour- joining clustering 
confirmed the tree topology obtained by the m a x i m u m -
likelihood analysis (data not shown). 

To evaluate the mean level of nucleotide sequence similarity 
at the genome level among strain C C M 8646 and R. roseus 
C C M 8621 T , average nucleotide identity (ANI) and digital 
D N A - D N A hybridization ( d D D H ) values were determined. 
The d D D H values were calculated using the web-based 
genome-to-genome distance calculator ( G G D C ) version 
2.1. (Meier-Kolthoff et al, 2013) and the recommended 
formula 2 was taken into account to interpret the results. 
To calculate the A N I value, the algorithm implemented at 
the EzGenome server was used (http://www.ezbiocloud.net/ 
ezgenome; Goris et al, 2007). The d D D H values (21.30 
±2.34 %) and A N I (74.5465 %; reciprocal value 74.5491 %) 
were well below the cut-off values recommended for delin­
eation of species (70 % and 95-96 %, respectively) (Richter 
& Rossello-Mora, 2009; Meier-Kolthoff etal, 2013). 

To estimate the D N A G+C content, the draft genome 
sequence was used. The G+C content was 51.54 m o l % , 
which falls i n the range 43.9-52.8 % observed i n other Rufi­
bacter species (Abaydulla et al, 2012; Zhang et al, 2015; 
Polkade et al, 2015; L i u et al, 2016). 

Colonies of strain C C M 8646 T exhibited a p i n k - r e d colour 
and the whole absorbance spectra with three maxima (458, 
487 and 518 n m ; Fig. S2) suggested the presence of a red-
shifted carotenoid. Pigments were extracted with an excess 
of methanol and the extract was injected into an Agilent -
1200 H P L C system. Separation was performed o n a 
reversed-phase co lumn (Kinetex C8 , 2.6 p m particle size, 
3.9x150 m m ; Phenomenex) with 3 5 % methanol and 15% 
acetonitrile in 0.25 M pyridine (solvent A) and 20 % 
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• Rufibacter ruber sp. nov. CCM 8646T (KU603607) 
- Rufibacter roseus H359 T (KM264303) 

- Rufibacter tibetensis 1351T (CP012643) 
— Rufibacter immobilis MCC P1 T (HG316123) 
Rufibacter glacialis MDT1 -10-3T (JX949546) 

Nibribacter koreensis GSR3061 7 (JN607156) 
Pontibacter populi HYL7-1 5 T (HQ223078) 

24| Pontibacteryuliensis H9X T (KF146891) 
— Pontibacter xinjiangensis 311 -10 T (FJ004994) 

Pontibacter korlensis X14-1T (DQ888330) 
Pontibacter actiniarum KMM 6156T (AY989908) 

5 1 1 Pontibacter roseus S R C - 1 T (AM049256) 

35 

- Adhaeribacter terreus DNG6 T (EU682684) 
Adhaeribacter aquaticus MBRG1.5 T (AJ626894) 

Adhaeribacter aerophilus 6424S-25 7 (GQ421850) 
Cytophaga hutchinsonii ATCC 334067 (M58768) 

Fig. 1. Molecular phylogenetic analysis of 16S rRNA gene sequences by the maximum-likelihood method based on the 
Kimura two-parameter model showing the relationships among strain C C M 8646 T, the type strains of Rufibacter species and 
related taxa of the family Cytophagaceae. The percentage of trees in which the associated taxa clustered together is shown 
next to the branches. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. There 
were a total of 1543 positions in the final dataset. Bar, 0.02 substitutions per nucleotide position. 

methanol and 20 % acetone i n acetonitrile (solvent B). Pig­
ments were eluted with a linear gradient of solvent B (30 to 
95 % i n 25 min) followed by 95 % of solvent B at a flow rate 
o f 0 . 8 m l m i n _ 1 a t 4 0 ° C . 

As shown by H P L C separation of extracted pigments,cells of 
strain C C M 8646T contained three major and several minor 
pigments (Fig. S3a). A l l major pigment absorbances resem­
bled those of carotenoids; the spectrum of the most abundant 
pigment is shown in Fig. S3(b). It is of note that this red-
shifted spectrum did not correspond to any typical carotenoid 
and it might represent a new, relatively polar carotenoid. 

The analysis of fatty acid methyl esters (FAMEs) was per­
formed with cells grown on R2A agar (Oxoid) incubated at 20 
±2 °C for 72 h (late log-phase). Extraction of F A M E s was per­
formed according to the standard protocol of the Sherlock 
Microbial Identification System (Sasser, 1990). Cellular fatty 
acid extracts were analysed by G C (model 7890B; Agilent) by 
using the rapid Sherlock Identification system (MIS, version 
6.2B, M I D I database: RTSBA6, M I D I ) . The F A M E profile of 
strain C C M 8646 T is shown i n Table S2. The predominant 
fatty acids of strain C C M 8646T were summed feature 4 (iso-
C 1 7 : 1 I /ante iso-C 1 7 : 1 B) (27.2%), i s o - C 1 5 : 0 (16.8%), 
C 1 7 : 1 a ; 6 c (11.2%) and summed feature 3 ( C 1 6 : 1 o ; 7 c / 
C 1 6 : 1 o;6c ) (10.1 %), which is in agreement with the F A M E 
data for the type strains of Rufibacter species (Abaydulla et ah, 
2012; L i u etal, 2016; Polkade etal, 2015; Zhang era/., 2015). 

Quinones and polar lipids were extracted from freeze-dried 
biomass and analysed as previously described (Altenburger 
et al, 1996; Stolz et al, 2007; Tindal l , 1990a, b). The major 
respiratory menaquinone was M K - 7 and the major compo­
nent i n the polar l ip id profile was phosphatidylethanol-
amine, which is i n agreement with the description of the 
genus Rufibacter (Abaydulla et al, 2012; L i u et al, 2016; 

Polkade et al, 2015; Zhang et al, 2015). In addition, an 
unidentified aminoglycolipid and six unidentified polar l ip­
ids were also present (Fig. S4). 

Based on 16S r R N A gene sequence similarities, strain C C M 
8646 was related most closely to members of the genus 
Rufibacter wi th in the family Cytophagaceae. Further investi­
gation by a polyphasic taxonomic approach differentiated 
strain C C M 8646 T f rom the type strains of recognized Rufi­
bacter species and revealed strain C C M 8646 T as a represen­
tative of a novel species of the genus Rufibacter, for which 
the name Rufibacter ruber sp. nov. is proposed. 

Descr ipt ion of Rufibacter ruber sp. nov. 
Rufibacter ruber (ru'ber. L . masc. adj. ruber red, referring to 
the colour of the colonies). 

Cells are Gram-stain-negative, short rods, occurring pre­
dominantly i n pairs or i n irregular clusters and are non-
spore-forming. Colonies on R 2 A agar are circular, with 
whole margin, slightly convex, smooth, glistening and 1-
2 m m in diameter. Aerobic; non-haemolytic on sheep blood 
agar. Grows at 10 -37°C but not at 5 or 42 °C. Growth is 
observed in the presence of up to 1 % (w/v) N a C l and at p H 
7.0-11.0 on R 2 A medium. Most abundant growth is 
observed on R 2 A agar without N a C l , at p H 8.0 and at 25 ° C 
N o fluorescein pigment o n K i n g B medium. Grows on plate 
count agar (Oxoid), tryptone soya agar (Oxoid) and brain 
infusion agar (Oxoid) but not on MacConkey agar (Oxoid) 
or C M 0 3 agar (Oxoid). N o anaerobic growth is observed on 
R2A agar. OF test is negative. Positive for catalase, DNase, 
esterase lipase (C8), leucine arylamidase, valine arylamidase, 
a-glucosidase, a-galactosidase (weak), j\T-acetyl-/3-glucosa-
minidase, alkaline phosphatase and acid phosphatase. 
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Table 1. Differential characteristics between strain C C M 
8646 Tand R. roseus C C M 8621 T 

All presented data were obtained in this study. +, Positive; —, nega­
tive; w, weakly positive. 

Characteristic CCM 
8646T 

R. roseus CCM 
8621T 

Growth in the presence of 3 % - + 
(w/v) NaCl 

Growth at 5 °C - + 
Oxidase - + 
Enzyme activity of (API ZYM): 

a-Galactosidase w -
(3-Galactosidase - w 

Negative for urease, oxidase, arginine dihydrolase, lysine 
decarboxylase, ornithine decarboxylase, esterase (C4), lipase 
(C14), cystine arylamidase, trypsin, chymotrypsin, naph-
thol-AS-BI-phosphohydrolase, /3-galactosidase, ^ - g l u c u ­
ronidase, /3-glucosidase, a-mannosidase, a-fucosidase, 
nitrate reduction and nitrite reduction. Aesculine, gelatine, 
O N P G and starch hydrolysis are positive. Negative for Sim­
mons citrate, sodium malonate, acetamide, and hydrolysis 
of Tween 80, tyrosine, casein and lecithin (egg-yolk reac­
tion). A c i d is produced from glucose, fructose, xylose and 
maltose (King's modified OF medium with phenol red). 
A c i d is not produced from mannitol . 

The type strain, C C M 8646 T ( = L M G 29438 T), was isolated 
from fragmentary rock in Antarctica. The D N A G+C con­
tent of the type strain is 51.54 m o l % . Basic tests distinguish­
ing the type strain f rom its phylogenetically closest related 
species, Rufibacter roseus, are shown in Table 1. 
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Table SI: Metabolic fingerprint of Rufibacter ruber sp. nov. C C M 8646 T obtained by the 
Biolog G N 2 MicroPlate. 

Posi t ive f o r u t i l i za t i on o f : Nega t i ve f o r u t i l i za t i on o f : 

dex t r i n a -cyc lodex t r in p rop ion ic acid 

g lycogen Tween 40 quin ic acid 

N-acety l -D-g lucosamine Tween 80 D-saccharic acid 

D-fructose N-acety l -D-galactosamine sebacic acid 

gen t iob iose adon i to l succinic acid 

ot-D-glucose D-arabi to l b romosucc in ic acid 

ma l tose D-cel lobiose succ inamic acid 

D-mannose e ry th r i t o l g l ucu ronam ide 

D-mel ib iose L-fucose L-alaninamide 

D-raff inose m- inos i to l D-alanine 

sucrose a-D- lac tose L-alanine 

D-trehalose lactulose L-alanyl-glycine 

D-mann i to l L-asparagine 

P -methy l -D-g lucos ide L-aspartic acid 

D-psicose glycyl-L-aspart ic acid 

L-rhamnose glycy l -L-g lutamic acid 

D-sorbi to l L-hist idine 

Bo rde r l i ne f o r : tu ranose hydroxy-L-pro l ine 

L-arabninose xy l i to l L-leucine 

succinic acid m o n o m e t h y l ester pyruv ic acid m e t h y l ester L-orn i th ine 

acet ic acid c is-aconit ic acid L-phenyla lanine 

L-glutamic acid c i t r ic acid L-pyrog lu tamic acid 

L-prol ine f o r m i c acid D-serine 

a -D -g l ucose - l - phospha te D-galactonic acid lactone L-serine 

D-galacturonic acid L- threonine 

D-gluconic acid D,L-carni thine 

D-glucosaminic acid y - am inobu t y r i c acid 

D-glucuronic acid urocanic acid 

a -hyd roxybu t y r i c acid inos ine, u r id ine 

P -hydroxybu ty r i c acid t h y m i d i n e 

y -hyd roxybu ty r i c acid pheny le thy l am ine 

p-hydroxy pheny lacet ic acid pu t resc ine 

i taconic acid 2 -am inoe thano l 

ot-keto bu ty r ic acid 2 ,3 -bu taned io l 

ot-keto g lu tar ic acid g lycero l 

ot-keto valer ic acid D,L-a-g lycero lphosphate 

D,L-lactic acid D-g lucose-6-phosphate 

ma lon ic acid 



Table S2: Cellular fatty acid composition (as the percentage of the total) of strain C C M 
8646T. Cells were grown on R 2 A at 20 °C for 72 hrs. 

Fat ty a c i d % 
C l 5 : 1 iSO G 4.4 
C 15:0 iSO 16.8 
Ci5:o anteiso 4.5 
C 15:1 0J6C 3.1 
C l 6 : 1 iSO H 1.7 
C 16:0 iSO 1.6 
C 16:1 0J5C 2.6 
Ci5:o iso 3 0 H 3.2 
C l 7 : 1 UJ8C 1.0 
C l 7 : 1 UJ6C 11.2 
Ci6:o iso 3 0 H 1.4 
C 16:0 3 0 H 1.1 
Ci7:o iso 3 0 H 3.7 
S u m m e d Feature 1 * 1.6 
S u m m e d Feature 3 t 10.1 
S u m m e d Feature At 27.2 

*Summed feature 1 represents C 13:0 3 0 H / C 15:1 iso H 
tSummed feature 3 represents C i 6 : i U)7c7 C i 6 : i uJ6c 
^Summed feature 4 represents C i 7 : i iso 1/ C i 7 : i anteiso B 



Figure SI. Transmission electron micrographs of the strain C C M 8646 T cultured on R 2 A at 
30 °C for 72 hours. Bar represents 500 nm (original magnification x l O 000). 

Figure S2. Whole-cell spectra of strain C C M 8646T. Spectra were measured with a Shimadzu 
UV-3000 spectrophotometer; absorbance maxima suggest prevalence of a carotenoid(-like) 
pigment(s). 
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Figure S3. Analysis of pigments extracted from strain C C M 8646T. A ) Methanol extract was 
separated by H P L C and pigments detected at 460 nm. B) Absorbance spectra of the most 
abundant (p2) pigment as recorded by a diode-array detector. 

Figure S4. Two dimensional T L C showing the total polar lipids of strain C C M 8646T: L 1 - L 6 : 
unknown polar lipids, PE-phosphatidylethanolamine, A G L 1 - unknown aminoglycolipid. 
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Strain C C M 4446 T , with notable biodegradation capabilities, was investigated in this study in 
order to elucidate its taxonomic position. Chemotaxonomic analyses of quinones, polar lipids, 
mycolic acids, polyamines and the diamino acid of the cell-wall peptidoglycan corresponded 
with characteristics of the genus Rhodococcus. Phylogenetic analysis, based on the 16S rRNA 
gene sequence, assigned strain C C M 4446 T to the genus Rhodococcus and placed it in the 
Rhodococcus erythropolis 16S rRNA gene clade. Further analysis of catA and gyrB gene 
sequences, automated ribotyping with EcoRI restriction endonuclease, whole-cell protein 
profiling, D N A - D N A hybridization and extensive biotyping enabled differentiation of strain C C M 
4446 T from all phylogenetically closely related species, i.e., Rhodococcus baikonurensis, 

Rhodococcus qingshengii, Rhodococcus erythropolis and Rhodococcus globerulus. The results 
obtained show that the strain investigated represents a novel species within the genus 
Rhodococcus, for which the name Rhodococcus degradans sp. nov., is proposed. The type 
strain is C C M 4446 T (=LMG 28633 T). 

The genus Rhodococcus is an abundant bacterial group 
widely distributed i n various types of environments inc lud­
ing soils, sludge, anthropogenic and marine sediments, and 
fresh and salt waters. Certain species are opportunistic 
pathogens of plants and animals, including humans. M e m ­
bers of the genus Rhodococcus have become important 
agents i n the fields of environmental and industrial bio­
technology and bioremediation due to their ability to 
degrade a remarkable range of substances, such as polycyc-
lic and aliphatic hydrocarbons, steroids, chlorinated 

Abbreviations: GL, glycolipid; L, lipid; PIM, phosphatidylinositol-
mannoside. 

The GenBank /EMBL /DDBJ accession numbers for the 16S rRNA, 
gyrB and catA gene sequences of strain C C M 4 4 4 6 T are JQ776649, 
KP663665 and KP663666, respectively. 

One supplementary table and three supplementary figures are available 
with the online Supplementary Material. 

phenols, l ignin, nitroaromatic compounds and some pesti­
cides or polychlorinated biphenyls (Jones & Goodfellow, 
2012; Mart inkova et al, 2009). The tolerance of members 
of this genus to diverse and harsh conditions is related to 
the high complexity, and capacity for modification, of the 
fatty acid composit ion of the cell membrane and to the 
usage of unique transport systems (de Carvalho et al, 
2014). Rhodococci are also used for the product ion of 
enzymes for biotransformation of a number of polymers 
and xenobiotics (Bell et al, 1998; Warhurst & Fewson, 
1994) and may be utilized as sources of biosurfactants 
and carotenoid pigments or as biosensors (Lang & Phi lp , 
1998; Roach et al, 2003). 

The present taxonomic study deals wi th strain C C M 4446 T 

( = H A 1 T ) , assigned tentatively to the genus Rhodococcus, 
but revealing characteristics differentiating it from species 
of the genus Rhodococcus with validly published names. 
This strain was isolated i n Switzerland from a soil contami­
nated by organic pollutants and was originally assigned as 
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Arthrobacter sp. H A 1 T (Scholtz et al, 1987b). It was depos­
ited i n the Czech Collect ion of Microorganisms ( C C M ) 
public collection i n 2002. The bio degradation capacities 
of strain C C M 4446 T ( = H A 1 T ) have been investigated in 
a number of earlier studies, which documented its signifi­
cant physiological capability to reduce organic and inor­
ganic substances f rom the environment. The strain has 
been shown to degrade polychlorinated biphenyls and 
low-molecular polycyclic aromatic hydrocarbons (Janáková 
& Vojtková, 2012; Kašáková et al, 2012). It produces deha-
logenases that break the carbon-halogen b o n d i n haloge-
nated aliphatic compounds via the hydrolytic mechanism 
(Damborský et al, 1997; Damborský & Koča, 1999; 
Martínková et al, 2009; Poelarends et al, 2000; Scholtz 
et al, 1988). The strain was shown to produce 1-chloro 
hal idohydrolase (Scholtz et al, 1987a) and to ut i l ize 1-
ch loro - , 1-bromo- and 1-iodo-alkanes (Scholtz et al, 
1987a, b; Scholtz et al, 1988). Strain C C M 4446 T was 
also examined for its applicability to treating wastewater 
from a textile production plant containing multiple toxic 
metals originating f rom textile dyeing and pigmentation 
processes, dispersing agents, inorganic salts, dust-reducing 
substances, thickening agents and buffers (Vojtková et al, 
2012). In the present study we determined the taxonomie 
position of strain C C M 4446 T. 

The type and reference strains included i n individual 
experiments were obtained from the C C M (Masaryk U n i ­
versity, Brno, www.sci .muni.cz/ccm/). 

The almost complete 16S r R N A gene sequence and 
sequences of the partial gene coding for the subunit B 
of D N A gyrase (gyrB) and the partial gene for catechol 
1,2-dioxygenase (catA) involved i n the metabolism of 
monoaromatic compounds, were determined as described 
by Táncsics et al. (2014). D N A amplif icat ion was per­
formed w i t h crude boi led cell extracts and sequencing 
was performed i n the Eurofins M W G Operon sequencing 
facility (Ebersberg, Germany). The sequences obtained 
were compared w i t h those o f other taxa of the genus Rho-
dococcus retrieved f rom the G e n B a n k / E M B L / D D J B data­
base. Phylogenetic analysis was performed using M E G A 

version 6 software (Tamura etal, 2013). The evolutionary 
history was inferred using the neighbour- joining, maxi ­
m u m - l i k e l i h o o d and m a x i m u m - p a r s i m o n y methods and 
using a bootstrap test based o n 1000 replications. M a x i ­
m u m - l i k e l i h o o d and m a x i m u m - p a r s i m o n y clustering 
confirmed the tree topologies obtained by the neigh­
bour- jo in ing analyses of all three genes (data not 
shown). The 16S r R N A , catA and gyrB gene sequence 
similarities were calculated using B ioNumer ics software 
(Appl ied Maths) . Phylogenetic analysis based o n the 16S 
r R N A gene showed that strain C C M 4446 T belongs to 
the Rhodococcus erythropolis 16S r R N A gene clade (Jones 
& Goodfel low, 2012) and placed it i n a subcluster con­
taining Rhodococcus qingshengii, Rhodococcus baikonuren-
sis, Rhodococcus erythropolis and Rhodococcus globerulus 
(100 %, 99.8 %, 99.4 % and 99.0 % 16S r R N A gene 
sequence similarities, repectively) (Fig. 1). The 

phylogenetic posi t ion o f strain C C M 4446 was further 
assessed using catA and gyrB genes, which have been 
shown to be suitable alternative phylogenetic markers 
for differentiating between species of the genus Rhodococ­
cus (Tancsics et al, 2014). The catA (595 bp) and gyrB 
(1059 bp) nucleotide sequence based phylogenetic anal­
ysis showed that strain C C M 4446 T is separate f r o m 
species of the genus Rhodococcus w i t h val idly published 
names. The catA gene sequence similarities between 
C C M 4446 T and the closest species phylogenetically 
ranged f r o m 90.8 % w i t h R. globerulus to 99.4 % w i t h 
R. qingshengii. Similarly, the gyrB gene sequence similarity 
values ranged f r o m 88.4 % towards the R. globerulus 
sequence to 99.1 % towards the R. qingshengii sequence 
(Fig- 2). 

Automated ribotyping with the EcoRI restriction enzyme 
was performed using the RiboPrinter M i c r o b i a l Character­
ization System (DuPont Qualicon) i n accordance with the 
manufacturer's instructions. Numerica l analysis and den­
drogram reconstruction was carried out using B i o N u ­
merics 7.5 software (Applied Maths) . The ribotype 
patterns were exported into the BioNumerics database 
using a load samples import script provided by the manu­
facturer. The ribotype pattern obtained f rom strain C C M 
4446 T was clearly separated (72 % similarity) f rom those 
of the remaining type strains representing phylogenetically 
closely related species (Fig. SI , available i n the online Sup­
plementary Material) . 

Comparison of whole-cell protein profiles from strain 
C C M 4446 T , R. erythropolis C C M 277 T , R. globerulus 
C C M 8449 T , R. baikonurensis C C M 8450 T and 
R. qingshengii C C M 8451 T was carried out using an Agilent 
2100 Bioanalyser system with a Protein 230 kit (Agilent 
Technologies). Whole-cel l proteins were extracted from 
the cells grown o n Tryptone Soya agar (Oxoid) at 30 °C 
for 48 h . In total, 50 m g of cells were harvested, washed 
twice i n 800 pi of PBS buffer (137 m M N a C l , 10 m M 
N a 2 H P 0 4 , 2.7 m M KC1, 2 m M K H 2 P 0 4 , p H 7.4) and 
finally resuspended i n 600 pi PBS buffer. Subsequently, 
the cell suspensions were transferred into tubes containing 
1 g of 0.1 m m diameter Zirconia/Sil ica Beads (BioSpec 
Products) and treated using a FastPrep-24 homogenizer 
for 40 s at 6 m s _ 1 . The cell lysates obtained were centri-
fuged and protein extracts were transferred into clean 
tubes and analysed immediately. Further processing of 
the protein extracts and analysis using the Agilent 2100 
Bioanalyser system was performed according to the proto­
col provided by the manufacturer. Numerica l analysis of 
the protein patterns obtained and reconstruction of the 
dendrogram was carried out using BioNumerics 7.5 soft­
ware (Applied Maths) . Whole-cel l protein profiles obtained 
from individual type strains were visually similar with s imi­
larity values ranging from 86 to 73 %. The dendrogram 
(Fig. S2) showed differentiation of strain C C M 4446 T 

from phylogenetically related strains of species of the 
genus Rhodococcus. The most similar fingerprint (86 % 
similarity) was that of R. globerulus C C M 8449 T . 
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99 
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100 

• R. rhodochrous DSM 4 3 2 4 1 T (X79288) 

R. pyridinivorans DSM 4 4 5 5 5 T (AF1 73005) 

— R. kroppenstedtii DSM 44908 T (AY726605) 

R. corynebacterioides DSM 2 0 1 5 1 T (AF430066) 

Fig. 1. Unrooted neighbour-joining tree based on 16S rRNA gene sequence comparisons showing the phylogenetic position 
of C C M 4 4 4 6 T within the genus Rhodococcus. Bootstrap probability values (percentages of 1000 tree replications) are indi­
cated at branch points. The evolutionary distances were computed using the maximum composite likelihood method. There 
were a total of 1338 positions in the final dataset. Bar, 0.005 substitutions per site. 

H i g h molecular mass genomic D N A for D N A - D N A 
hybridization experiments and D N A G + C content analysis 
was obtained using the protocol described by Gevers et al. 
(2001). The D N A G + C content of strain C C M 4446 T was 
determined using the H P L C method described by Mesbah 
& W h i t m a n (1989) and was 63 m o l %. 

D N A - D N A hybridization between strain C C M 4446 T and 
the type strains representing the nearest phylogenetically 
neighbouring species was performed using the microplate 
method described by Ezaki et al (1989), according to the 
protocols described previously (Cleenwerck et al, 2002; 
Goris et al, 1998). The hybridization temperature calcu­
lated f rom the G + C content of the strains analysed was 
48 °C. The D N A - D N A relatedness percentages were calcu­
lated as means based on at least three independent hybrid­
izations. Reciprocal reactions were performed and also 
considered as independent experiments. The standard devi­
ation between reciprocal reactions was approximately 7 %, 
as reported by Goris et al (1998). The D N A - D N A 

hybridization levels obtained between strain C C M 4446 T 

and R. globerulus C C M 8449 T , R. baikonurensis C C M 
8450 T , R. qingshengii C C M 8451 T and R. erythropolis 
C C M 277 T were 18 %, 44 %, 47 % and 50 %, respectively. 
This confirmed that strain C C M 4446 T represented a differ­
ent species. Similarly, the D N A - D N A hybridization values 
between R. erythropolis C C M 277 T , R. globerulus C C M 
8449 T , R. baikonurensis C C M 8450 T and R. qingshengii 
C C M 8451 T ranged from 15 % to 46 %. 

Quinones and polar lipids were extracted from freeze-dried 
biomass and analysed as described previously (Altenburger 
et al, 1996; Stolz et al, 2007; Tindal l , 1990a, b) . The qui -
none system of strain C C M 4446 T comprised menaquinone 
M K - 8 ( H 2 ) as the predominant respiratory quinone (85 %) , 
with m i n o r amounts of M K - 7 ( H 2 ) (9.4 %) , M K - 9 ( H 2 ) 
(3.3 %) , M K - 8 (1.6 %) and M K - 7 (0.7 %) . The major 
polar lipids detected i n C C M 4446 were diphosphatidyl-
glycerol, phosphatidylethanolamine, one phosphatidyl-
inositol-mannoside (PIM1) , phosphtidylinositol and an 
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R. erythropolis JCM 3201 T (AB355723) 

- R. baikonurensis DSM 44587 T (KF374698) 

R. globerulus JCM 7472 T (KF374697) 

Fig. 2. Neighbour-joining trees reconstructed using partial nucleotide sequences of a) catA genes and b) gyrB genes show­
ing the relationships of R. degradans C C M 4446 T and reference type strains of phylogenetically closely related species of 
the genus Rhodococcus. Bootstrap probability values (percentages of 10 000 tree replications) are indicated at branch 
points. The evolutionary distances were computed using the maximum composite likelihood method. There were a total of 
1 239 and 595 positions for gyrB and catA, respectively, in the final datasets. Bar, 0.01 substitutions per site. 

unidentified glycolipid, G L 1 . Also, moderate amounts of 
the unidentified glycolipids, G L 2 and G L 3 , and minor 
amounts of P I M 2 and unidentified lipids ( L I , L2 and L3) 
were detected (Fig. S3a). A similar polar l i p i d profile was 
detected i n R. qingshengii C C M 8451 T , but i n this strain 
only P I M 1 was detectable and the glycolipids, GL1 and 
G L 2 , were absent. In addition two unidentified phospholi­
pids, three polar lipids only detectable after total polar l ip id 
staining (L4, L5 and L6) and one unidentified aminol ip id 
were found (Fig. S3b), which were absent f rom strain 
C C M 4446 T . Hence the polar l i p i d profile distinguishes 
strain C C M 4446 T unambiguously f rom its nearest relative, 
R. qingshengii C C M 8451 T . 

The diamino acid was determined according the method 
described by Schumann (2011). The diamino acid of the 
cell-wall peptidoglycan of strain C C M 4446 was meso-dm-
minopimelic acid. 

Mycolic acids were determined according to the method of 
Frischmann et al. (2012). The chromatographic motility of 
the mycolic acids of strain C C M 4446T was slightly lower 
than that of R. qingshengii C C M 8451T, but slightly higher 
than that of Rhodococcus hoagii D S M 20307 (formerly the 
type strain of Rhodococcus equi; Kampfer et al, 2014). Since 
R. equi was reported to contain mycolic acids consisting of 
30-36 carbons (Klatte et al, 1994) the number of carbons 
of the mycolic acids of C C M 4446 T is estimated to be 32-38. 

Biomass for the detection of polyamines was harvested 
from the late exponential growth phase. Extraction and 

analysis was carried out according to Altenburger et al. 
(1996). Strain C C M 4446 T contained (all umol g " 1 dry 
weight) putrescine (0.1), spermidine (0.02), 1,3-diamino-
propane (0.01), cadaverine (0.01), sym-homospermidine 
(0.01) and traces of spermine (<0.01). This pattern with 
very low polyamine content is similar to that reported 
for Rhodococcus wratislaviensis (Altenburger et al, 1996) 
and a very low polyamine content was also detected in 
R. qingshengii C C M 8451 T (results not shown). 

For cellular fatty acid analysis the strains were cultivated on 
B B L Trypticase Soy Agar plates (BD) at 28 °C for 24 h. The 
extraction procedure was performed according to Sasser 
(1990). The fatty acids were analysed by the Agilent 
7890B gas chromatograph according to the standard proto­
col of the Sherlock M I D I Identification System ( M I D I 
Sherlock version 6.2, M I D I database R T S B A 6.21). The 
fatty acid content of strain C C M 4446 T corresponded 
with those of phylogenetically related species (Table SI). 

The phenotypic characteristics of the strains were deter­
mined using conventional tube or plate tests according to 
Adas (2010) and M a c F a d d i n (2000). Conventional test 
characteristics were supplemented with those of the A P I 
Coryne and A P I Z Y M micro test systems (bioMerieux). 
Subsequently, phenotypic fingerprinting using the Biolog 
system with the Gram-positive identification test panel 
GP2 MicroPlate (Biolog) was performed to obtain more 
extensive phenotypic profiles. The phenotypic character­
istics of C C M 4446 T are given i n the species description. 
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Table 1. Characteristics differentiating Rhodococcus degra­
dans sp. nov., from phylogenetically related species of the 
genus Rhodococcus 

Strains: 1, R. degradans C C M 4446T; 2, R. baikonurensis C C M 8450T; 
3, R. erythropolis C C M 277 T ; 4, R. globerulus C C M 8449T; 5, 
R. qingshengii C C M 8451T. +, Positive; --, ne; native; w weak reac-
tion. All data were obtained in this study. 

Characteristic 1 2 3 4 5 

Nitrate reduction - - - + -
Growth in 6.5 % (w/v) NaCl + + + - -
Growth at 15 °C + + + + -
Hydrolysis of tyrosine - w - - w 
Hydrolysis of DNA w - w - -
Pyrazinamidase - + - + w 
Esterase (C4) + - - + + 
Acid from: 
D-Xylose + + - + + 
Cellobiose + + - - + 
Lactose - + w + + 
D-Mannitol + + + + — 

Strain C C M 4446 T can be differentiated f rom the type 
strains of phylogenetically closely related species using the 
tests listed i n Table 1. 

In summary, data f rom the present study showed that 
strain C C M 4446 T can be distinguished both genotypically 
and phenotypically from all species of the genus Rhodococ­
cus with validly published names, which demonstrates that 
it represents a novel species wi th in the genus Rhodococcus. 
We, therefore, propose classifying this strain as Rhodococcus 
degradans sp. nov., with strain C C M 4446 T ( = L M G 
28633T) as the type strain. 

Description of Rhodococcus degradans sp. nov. 

Rhodococcus degradans (de.gra'dans L. part. adj. degradans 
returning to the original order, referring to the ability of 
the type strain to degrade several complex organic 
compounds). 

Cells are Gram-stain-variable rods occurring predominantly 
in pairs and i n irregular clusters, non-spore-forming. Aerobic. 
Colonies on Tryptone Soya agar (Oxoid) are circular with 
whole margins, flat, matt with pale salmon-pink pigment 
and reach 1-3 m m i n diameter when cultivated at 30 °C for 
48 h . N o haemolytic activity o n sheep blood agar. The species 
grows at 15 and 30 °C, but it is inhibited at 37 °C. Grows i n the 
presence of 6.5 % (w/v) N a C l , but not i n 10 % (w/v) N a C l . 
Catalase, urease, alkaline phosphatase, acid phosphatase, 
esterase (C4), esterase lipase (C8), leucine arylamidase, 
valine arylamidase, a-glucosidase, /J-glucosidase and 
naphthol-AS-biphosphohydrolase-positive. Simmons citrate, 
DNase and cystine arylamidase are weakly positive. Aesculin 
and O N P G hydrolysis positive. A c i d is aerobically produced 

from D-glucose, D-fructose, cellobiose, D-xylose, D -manni to l 
and myo-inositol when tested conventionally i n a tube test, 
but these tests are negative in an A P I Coryne kit. Oxidase, argi-
nine dihydrolase, pyrazinamidase, pyrrolidonyl arylamidase, 
lipase (C14), trypsin, chymotrypsin, a-galactosidase, /)-galac-
tosidase, /^-glucuronidase, N-acetyl-^-glucosaminidase, oc-
mannosidase, a-fucosidase, acetamide, Voges-Proskauer test 
(acetoin) and nitrate reduction negative. Hydrolysis of 
Tween 80, gelatin, starch, casein, tyrosine and lecithine are 
negative. A c i d is not produced from lactose. Carbon source 
utilization ability via respiration, determined i n Biolog GP2 
MicroPlate test panels, is positive for dextrin, Tween 40, 
Tween 80, D-fructose, D -gluconic acid, a-D-glucose, malto-
triose, D-mannose, D-psicose, D-ribose, trehalose, acetic 
acid, a-hydroxy-butyric acid, a-ketovaleric acid, L-lactic 
acid, L -mal ic acid, pyruvatic acid methyl ester, succinic acid 
monomethyl ester, propionic acid, pyruvic acid, L-alanina-
mide, L-asparagine, glycyl-L-glutamic acid and glycerol. Nega­
tive utilization tests were for a-cyclodextrin, /?-cyclodextrin, 
glycogen, inul in , mannan, N-acetyl-D-glucosamine, 
N-acetyl-/?-D-mannosamine, amygdalin, L-arabinose, D - a r a -
bitol, arbutin, L-fucose, D-galactose, D-galacturonic acid, gen-
tiobiose, m-inositol, a-lactose, lactulose, maltose, 
D -manni to l , melezitose, melibiose, a-methyl-D-galactoside, 
/1-methyl-D-galactoside, 3-methyl glucose, a-methyl-D -glu-
coside, /J-methyl-D-glucoside, a-methyl-D-mannoside, pala-
tinose, raffmose, L-rhamnose, salicin, sedoheptulosan, 
D -sorbitol , stachyose, sucrose, D-tagatose, turanose, xylitol, 
D-xylose, ^-hydroxy-butyric acid, y-hydroxy-butyric acid, p-
hydroxy phenylacetic acid, a-ketoglutaric acid, lactamide, 
D-lactic acid methyl ester, D - m a l i c acid, succinamic acid, suc­
cinic acid, D-alanine, L-alanine, L-alanyl-glycine, L-glutamic 
acid, L-pyroglutamic acid, L-serine, putrescine, 2,3-butane-
diol , adenosine, 2'-deoxyadenosine, inosine, thymidine, 
uridine, adenosine-5'-monophosphate, thymidine-5 ' -mono­
phosphate, uridine-5'-monophosphate, D-fructose-6-phos-
phate, a-D-glucose-l-phosphate, D-glucose-6-phosphate 
and DL-a-glycerol-phosphate. Borderline reactions were 
revealed for the utilization of cellobiose and N-acetyl-L-gluta-
mic acid. 

Polyamine concentrations are very low consisting of 
putrescine, spermidine, 1,3-diaminopropane, cadaverine, 
sym-homospermidine (0.01) and spermine. The quinone 
system contains predominantly menaquinone M K - 8 ( H 2 ) , 
lesser amounts of M K - 7 ( H 2 ) , M K - 9 ( H 2 ) , M K - 8 and M K -
7. The major polar lipids are diphosphatidylglycerol, 
phosphatidylethanolamine, one phosphatidylinositol-
mannoside, phosphatidylinositol and one unidentified 
glycolipid. In addition, moderate amounts of two unidenti­
fied glycolipids and m i n o r amounts of phosphatidyl-
inositol-mannoside and three unidentified lipids are 
present. Myco l i c acids are present consisting of approxi­
mately 32-38 carbons. The major fatty acids ( > 3 %) are 
C 1 6 : 0 (31.7%), ClS:la>9c (31.2%), Summed Feature 3 
( C 1 6 : 1 c o 7 c and/or Cl6:la>6c) (13.3%), C 1 8 : 0 10 methyl 
(TSBA) (11.6 %) , and C 1 4 : 0 (3.8 %) . 
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The type strain C C M 4446 T ( = L M G 28633 T) was isolated 
from soil i n Switzerland. The D N A G + C content of the 
type strain is 63 m o l %. 
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Table SI. Cellular fatty acid composition (as a percentage of the total) of strain C C M 4446 
and type strains of related Rhodococcus spp. 

Species: 1, R. degradans C C M 4446 T ; 2, R. baikonurensis C C M 8450T; 3, R. erythropolis 
C C M 277 T ; 4, R. globerulus C C M 8449T; 5, R. qingshengii C C M 8451 T. A l l data were 
obtained in this study. Values of less than 1 % are not shown. TR, trace amounts (< 1%); N D , 
not detected. 

Fatty acid 1 2 3 4 5 

Ci4 0 3.8 5.4 5.0 2.8 5.9 

Ci6 iC09c T R N D N D 3.1 N D 

Ci6 iC07c/Ci6:iC06c* 13.3 20.1 17.8 10.1 10.8 

Ci6 0 31.7 25.8 27.1 28.7 30.3 

Ci7 T R 3.8 2.6 1.2 2.4 

Ci7 0 T R 1.2 T R 1.5 1.8 

Ci7 o 10 methyl T R 1.1 T R T R T R 

Ci8 iQ)9c 31.2 26.6 27.4 36.2 32.6 

Ci8 0 2.8 1.3 1.1 6.8 7.7 

Cig o 10 methyl ( T B S A f ) 11.6 10.9 13.6 5.9 5.7 

Ci9 lC0llc7Ci9: 10)9(7$ T R 1.3 1.7 N D T R 

Ci9 iC07c7Ci9: iQ)6c§ T R T R T R 1.8 T R 

Summed feature 3; f Tuberculostearic acid; ^Summed feature 6; §Summed feature 7 
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F i g . S I . Dendrogram based on cluster analysis of EcoRl ribotype patterns obtained using the 
RiboPrinter system from Rhodococcus degradans C C M 4446T and the type strains of the 
phylogene tic ally related Rhodococcus species. The dendrogram was calculated with Pearson's 
correlation coefficients with U P G M A clustering method (r, expressed as percentage similarity 
values). 
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F i g . S2. Dendrogram based on cluster analysis of whole-cell protein profiles obtained using the 
Agilent 2100 Bioanalyzer system with the Protein 230 kit (Agilent Technologies) from 
Rhodococcus degradans C C M 4446T and the type strains of the phylogene tic ally related 
Rhodococcus species. The dendrogram was calculated with Pearson's correlation coefficients 
with U P G M A clustering method (r, expressed as percentage similarity values). 



a) b) 

AL1 

Fig. S3. Two-dimensional thin layer chromatogram of polar lipids from a) Rhodococcus 
degradans C C M 4 4 4 6 T and b) Rhodococcus qingshengii C C M 8 4 5 1 T . D P G , 
d i p h o s p h a t i d y l g l y c e r o l ; P E , p h o s p h a t i d y l e t h a n o l a m i n e ; P I M 1 - 2 , 
phosphatidylinositolmannosides; PI, phosphatidylinositol; PL1-2 ; unidentified phospholipids; 
A L 1 , unidentified aminolipid; G L 1 - 3, unidentified glycolipids; L I - 6, unidentified lipids not 
containg a sugar moiety, an amino group or a phosphate group. 
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25 ABSTRACT 

26 Two Gram-stain-positive, coagulase-negative staphylococcal strains were isolated from abiotic 

27 sources, stone fragments and sandy soil in James Ross Island, Antarctica. Here we describe properties 

28 of novel species of the genus Staphylococcus that has near identical 16S r R N A gene sequence 

29 to Staphylococcus saprophyticus. However, compared to S. saprophyticus and the next closest 

30 relatives, the new species demonstrates considerable phylogenetic distance at whole genome level, 

3 1 average nucleotide identity <85 %, and inferred D N A - D N A hybridization <30%. It forms a separate 

32 branch in S. saprophyticus phylogenetic clade confirmed by multilocus sequence analysis of six 

33 housekeeping genes rpoB, hsp60, tuf, dnaJ, gap, and sod. M A L D I - T O F M S and key biochemical 

34 characteristics allowed these bacteria to be distinguished from their nearest phylogenetic neighbours. 

35 In contrast to S. saprophyticus subsp. saprophyticus, strains were pyrrolidonyl arylamidase- and P-

36 glucuronidase-positive, p -galactosidase-negative, nitrate was reduced and acid produced aerobically 

37 from D-mannose. Whole genome sequencing of 2.75 Mb large chromosome revealed the presence of a 

38 number of mobile genetic elements including the 27-kb-long pseudo staphylococcus cassette 

39 chromosome mec (\|/SCCmecp5085) harboring mecC gene, two composite phage-inducible 

40 chromosomal islands essential to adaptation to extreme environment, and one complete and one 

4 1 defective prophage. Both strains are resistant to penicillin G, ampicillin, ceftazidin, methicillin, 

42 cefoxitin, and fosfomycin. We hypothesize that antibiotic resistance might represent an evolutionary 

43 advantage against beta-lactams producers, which are common in a polar environment. Based on these 

44 results, a novel species of the genus Staphylococcus is described and named Staphylococcus edaphicus 

45 sp. nov. The type strain is P5085T (=CCM 8730T = D S M 104441T). 

46 IMPORTANCE 

47 The description of Staphylococcus edaphicus sp. nov. enables the comparison of multidrug-resistant 

48 staphylococci from human and veterinary sources evolved in the globalized world to their 

49 geographically distant relative from the extreme Antarctic environment. Although this new species 

50 was not exposed to the pressure of antibiotic treatment in human or veterinary practice, mobile genetic 

5 1 elements carrying antimicrobial resistance genes were found in the genome. The presented genomic 

52 characteristics elucidate the evolutionary relationships in the Staphylococcus genus with a special 

53 focus on antimicrobial resistance, pathogenicity and survival traits. Genes encoded on mobile genetic 

54 elements were arranged in unique combinations but retained conserved locations for the integration of 

55 mobile genetic elements. These findings point to enormous plasticity of the staphylococcal pangenome 

56 shaped by horizontal gene transfer. Thus the soil bacterium 5. edaphicus can act not only as a reservoir 

57 of antibiotic resistance in a natural environment, but also as a mediator for the spread and evolution of 

58 resistance genes. 

59 
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60 INTRODUCTION 

6 1 Members of the genus Staphylococcus are widespread in nature and occupy a variety of niches (1 ) . As 

62 a result of their ubiquity and adaptability, staphylococci are a major group of bacteria inhabiting the 

63 skin, skin glands, and mucous membranes of humans, other mammals, and birds. Most environmental 

64 sources also contain small, transient populations of staphylococci, many of which are probably 

65 contaminants disseminated by human, other mammal, or bird host carriers (2, 3). Moreover, 

66 Staphylococcus succinus subsp. succinus was isolated from plant and soil inclusions in Dominican 

67 amber (4). Recently, Staphylococcus argensis was isolated from river sediments (5). A small number 

68 of species such as Staphylococcus xylosus and Staphylococcus sciuri have been occasionally isolated 

69 from soil, beach sand, natural waters, and also from plants (1, 6, 7). They can grow in habitats 

70 containing only an inorganic nitrogen source, and thus might be capable of a free-living existence. 

7 1 The ubiquity of 5. xylosus might be explained by its ability to adapt to different environments. 

72 Its capacity to colonize biotic and abiotic surfaces is probably due to its ability to form a biofilm (8) 

73 and genes implicated in ecological fitness (9). It has been considered a non-pathogenic commensal 

74 organism (10) and has rarely been reported to be associated with infections (11). On the other hand 

75 Staphylococcus saprophyticus, the closest phylogenetic relative of 5. xylosus, is an important 

76 opportunistic pathogen, causing human urinary tract infections, wound infections and septicaemia 

77 (12). The host range of 5. saprophyticus varies from humans to lower mammals and birds (6, 13). It 

78 has been isolated from the gastrointestinal tract of both humans and animals, as well as from meat and 

79 cheese products, vegetables and from the environment (14). 

80 The aim of this study was to investigate the genomic properties and clarify the taxonomic 

8 1 position of two coagulase-negative staphylococcal isolates belonging to 5. saprophyticus phylogenetic 

82 clade that could not be identified to the species level by common diagnostic techniques. The isolates 

83 are notable due to their origin from the Antarctic environment and resistance to beta-lactam antibiotics 

84 encoded by a novel \\tSCCmec element. 

85 RESULTS AND DISCUSSION 

86 Two Gram-stain positive isolates were obtained as a by-product in the framework of a project 

87 monitoring psychrotolerant bacteria of the phylum Bacteroidetes from abiotic sources in James Ross 

88 Island, Antarctica (CzechPolar2 project). Strain P5085T (=CCM 8730T) was isolated from stone 

89 fragments sampled from a hill above Lachman Cape (GPS coordinates 63°46'58"S 57°47'11"W), and 

90 strain P5191 (=CCM 8731) was isolated from sandy soil in the Panorama Pass locality (GPS 

9 1 coordinates 63°48'51"S 57°50'45"W). The preliminary identification by sequencing of the 16S rRNA 

92 gene assigned both isolates to the Staphylococcus saprophyticus species group defined by Takahashi 

93 et al. (15). The whole genomic sequence of the 5. saprophyticus type strain (16) even exhibited 
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94 indistinguishability from the strain C C M 8730T 16S r R N A gene in two rrn operons and only 1 residue 

95 difference (positions 190, 278 or 457) in the others. However, the obtained phenotypic results listed in 

96 the species description given below did not include isolates of any known staphylococcal species. The 

97 key characteristics differentiating the novel taxon represented by strain C C M 8730T from the 

98 phylogenetically closely related species are shown in Table 1. 

99 The strains were analysed by M A L D I - T O F M S and yielded profiles containing signals in the 

100 mass range 2 - 1 5 kDa. They did not exhibit significant similarity (BioTyper log(score) > 1.7) to any 

101 of the reference entries belonging to Staphylococcus species with valid names included in the 

102 BioTyper database version 5989 (Bruker Daltonics) and proved 5. saprophyticus to be the closest 

103 relative (Fig. SI). 

104 Three D N A fingerprinting techniques were used to show the differences between the isolates 

105 and similarity to related taxa. Repetitive sequence-based PCR (rep-PCR) fingerprinting using the 

106 (GTG)5 primer (Fig. S2) and automated ribotyping with the EcoRI restriction enzyme (Fig. S3) 

107 showed a high genetic similarity between strains C C M 8730T and C C M 8731, because they gave 

108 visually identical fingerprints. At the same time, both D N A fingerprinting techniques also clearly 

109 differentiated analysed strains from the type strains representing the phylogenetically close 

110 Staphylococcus spp. The strains C C M 8730T and C C M 8731 were also undistinguishable by Smal 

111 macrorestriction analysis resolved by PFGE (Fig. S4). 

112 The fatty acid content of strain C C M 8730T corresponded with that of phylogenetically related 

113 species (Table SI). The fatty acid composition of strains C C M 8730T and C C M 8731 was found to be 

114 very similar. The major fatty acids (> 10%) were Ci5 : U anteiso (51.4%), Ci5 : U iso (13.3%) and C ™ 

115 anteiso (12.9%). Ci5 : U and Ci5 : U anteiso, were found to be major fatty acids in all members of the 5. 

116 saprophyticus species group. The amount of C^o anteiso slightly differed between members of this 

117 group, only reaching the highest value of 10% in the C C M 8730T and C C M 8731 strains, and both 

118 subspecies of S. saprophyticus. The overall content of other fatty acids was found to be comparable in 

119 this clade, with the exception of the S. succinus type strain, where Ci3 : U iso and Ci3 : U anteiso were found 

120 to be predominant as well (4). 

121 The genome of the strain C C M 8730T was shot-gun sequenced and the contigs were compared 

122 with 5. saprophyticus A T C C 15305T and 5. xylosus C C M 2738T whole genome sequences (Fig. 1). 

123 The size of the draft genome of C C M 8730T is 2.75 Mb, comprised of 63 contigs with an average G+C 

124 content of 33.3 mol%. A total of 2645 genes were predicted. Analysis of the genes identified 2 608 

125 orthologous clusters and singletons. The majority of clusters, up to 2264, are shared with either S. 

126 xylosus or 5. saprophyticus (Fig. 2). There are 16 unique clusters, including 39 ORFs and 328 unique 

127 singletons localized mainly on variable genetic elements such as the pseudo Staphylococcus cassette 

128 chromosome mec (\\rSCCmec), two composite phage-inducible chromosomal islands (PICIs), one 
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129 complete and one defective prophage (Fig. 1). High heterogeneity in the gene composition compared 

130 to related species was detected in the region following \\tSCCmec. Genes were found for a restriction 

131 modification system type II homologous to Sau3AI, a thiamine biosynthesis operon, and two predicted 

132 protein-coding genes with an L P X T G motif, putative cell anti-adhesin Pis and cardiolipin synthase. 

133 The pis gene has been associated with virulence (18) and it has been found adjacent to SCCs present in 

134 other staphylococci (19). Cardiolipin synthesis can enhance cell survival under acid or salinity stress 

135 conditions (20, 21) and mutations in this gene enhance resistance to daptomycin (22). 

136 The 27,158-bp-long pseudo Staphylococcus cassette chromosome mec (\|/SCCmecp5085) 

137 element bordered by imperfectly matched 27-bp-long direct repeats, 

138 CCGCATCACTTGTGATA[C/T]GCTTC[C/T]CCC, was identified inserted between the rlmH gene 

139 encoding rRNA-methyltransferase and the gene for putative threonyl-tRNA synthetase. This 

140 \\tSCCmec contains mec gene complex class E (blaZ-mecC-mecRl-mecI) reflecting the corresponding 

141 IWG-SCC designation (23) and it lacks recombinase genes (ccr) or their homologues (Fig. 3). The 

142 mecC gene shares 99% nucleotide identity with that of S. aureus LGA251 (24) and 93% nucleotide 

143 identity with the mecCl gene of 5. xylosus S04009 (25) or with the mecC2 of S. saprophyticus 210 

144 (26). Apart from human and livestock staphylococcal isolates (24), the mecC gene was previously 

145 identified in isolates from wildlife such as birds and mammals (27-29), and in waste and river waters 

146 (30, 31), but to our knowledge this is the first time the mecC gene was identified in an isolate from 

147 soil. 

148 Besides the mecC gene, very few genes were conserved among \|/SCCmecp5085 and related 

149 SCCs, localized mainly in the mec gene complex (Fig. 3). This implies that SCC elements might serve 

150 for foreign D N A integration and exchange as suggested for other genomic islands. Downstream of the 

151 mec gene complex of \|/SCCmecp5085 there are 28 predicted ORFs encoding kinase, hydrolase, 

152 oxidoreductase, transcriptional regulators, and several hypothetical proteins, whose homologs were 

153 identified predominantly in coagulase-negative staphylococcal species. Furthermore, in the 

154 \|/SCCmecp5085 two intact and one truncated Ipl genes coding for tandem lipoprotein-like proteins that 

155 are usually found in vSaa genomic islands (32) were identified. Under certain nutrient limitations and 

156 environmental conditions, lipoproteins may be crucial for ion and nutrient transport allowing growth 

157 and survival (33). 

158 Noticeably lower G+C content below 29 mol% clearly leads to the identification of two 

159 genomic islands (Fig. 1). Both islands resemble the Staphylococcus aureus pathogenicity islands 

160 (SaPIs). They carry genes necessary for the transfer of the element, namely integrase, primase, 

161 terminase, and transcriptional regulators usually found in PICIs (34). However, the two genomic 

162 islands are much longer than SaPIs. The first genomic island, designated vSedl and found in C C M 

163 8730T, is approximately 45 kb long with more than 70 predicted ORFs. The island is integrated into 

5 

file:////tSCCmec
file:////tSCCmec


164 the tmRNA gene within the attachment sequence site 

165 TCCCGCCGTCTCCA[T/C]TATAGAGTCTGCAACC[C/- ]AT[T/ -

166 ]GTGGTTGTGGGCTTTTTATTTTTG that corresponds to the attachment site of SaPIm/vSa3 (35). 

167 Two additional copies of the att site were found in this island, thus dividing the element into three 

168 parts. The first part is 17.9 kb long and it resembles canonical SaPI (vSa3) in its gene composition 

169 (36). It encodes integrase and genes necessary for the transfer, fosB/fosD fosfomycin resistance gene 

170 homologue (91% amino acid identity with fosBlfosD family of 5. saprophyticus) and several proteins 

171 of unknown function. So far only plasmid-borne fosfomycin resistance genes have been detected in 

172 Staphylococcus sp., though the possible localization of the fosB on other mobile genetic elements has 

173 been discussed (37). The second 15.4-kb-long part of the vSedl is comprised of phage- and SaPI-

174 (vSa2) related genes, but no integrase has been found. It also carries a remnant of the fosB gene and 

175 other genes of unknown function. The last part of vSedl is 11.7 kb with an indistinct left border, 

176 because the bracketing sequence of the att site is absent. This part consists of genes encoding 

177 resistance to arsenic, cadmium, and bleomycin, hypothetical proteins, and a few phage-related genes, 

178 such as the transcriptional regulator from the cro/cl family, which controls the switch between the 

179 lytic and lysogenic cycle of bacteriophages. The mosaic organization of islands suggests that more 

180 than one integration event occurred in the locus. 

181 The second genomic island designated vSed2 is about 30 kb with more than 45 predicted 

182 ORFs. The attachment site T A T A T T A T T C C C A C T C G A T of vSed2 is located within the glutamine-

183 hydrolyzing G M P synthase gene, which matches the attachment site for SaPIbovl/vSa2 (35, 38). This 

184 genomic island also enhances the resistance and endurance of the host, because it codes for 

185 transporters and transcriptional regulators involved in antibiotic resistance, oxidative stress responses 

186 and the synthesis of virulence factors. It also contains the cspC gene for cold shock protein C, which 

187 has been found to be expressed strongly after antibiotic, arsenate, and peroxide induction (39). In 

188 addition, many insertion sequences from the 753 and 751182 family were found in this genomic island. 

189 A prophage designated (|)SED1 located downstream of t R N A L e u gene was identified. The 

190 prophage is 44,424 bp long with an average G+C content of 33.36 mol%, which is comparable to the 

191 G+C content of the C C M 8730T strain. The direct repeats of the phage att site 

192 A T C C C G A C C A C C G G T A T flank 67 ORFs encoding essential phage genes, which cluster together 

193 into functional modules corresponding to staphylococcal Siphoviridae (40). The lysogeny module 

194 starts with phage integrase, which has a tyrosine recombinase XerD domain, AP2-like D N A binding 

195 domain, and N-terminal SAM-like domain. There are genes in the D N A replication and transcription 

196 regulation modules encoding a D N A primase, helicase, H N H endonuclease domain protein, and 

197 putative single-stranded binding protein. The D N A packaging and head and tail morphogenesis 

198 modules share 78% nucleotide identity with a StB20 phage infecting Staphylococcus capitis (41). The 
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199 holin and amidase from the lysis module exhibit high amino acid identity to 5. saprophyticus prophage 

200 holins and amidases, 95 - 99% and 77 - 85%, respectively. The last encoded protein downstream of the 

201 lysis module is a glycosyltransferase family 2 protein. The prophage does not carry any genes 

202 encoding tRNA or virulence factors. Another, however, incomplete cl)SED2 prophage 9241 bp long 

203 bordered by T A G T G T C C T G G G A G G direct repeats was found in the C C M 8730T genome. This 

204 prophage has an average G+C content of 30.73 mol%, lower than its host. 

205 Although the strain C C M 8730T comes from a geographically isolated polar environment, it 

206 carries genes for a surprisingly high number of antimicrobial resistance factors. Its resistance to beta-

207 lactam antibiotics was unexpected. The class E mec complex coding for a beta-lactamase and 

208 alternative penicillin-binding MecC protein that is more stable and active at lower temperatures than 

209 the Mec A protein (42) might represent an evolutionary advantage against beta-lactams producers, 

210 which are common in a polar environment. McRae et al. (43) documented that penicillia are major 

211 decomposers and represent an important element of the terrestrial nutrient cycle of Antarctica, 

212 particularly since a limited range of other microbial taxa can tolerate the harsh Antarctic climate. 

213 Penicillia-producing (3-lactams, such as Penicillium chrysogenum, have been isolated from sediments 

214 of ponds (44), permafrost (45), subglacial ice (46), and oligotrophic and ornithogenic soil in 

215 Antarctica (43, 47). Several studies tested for the extrolite production and confirmed the antibacterial 

216 activity of Penicillium spp. strains isolated in Antarctica (44, 46, 48). This is consistent with the fact 

217 that both localities where the strains were isolated are apical parts of the landscape often visited by 

218 birds in austral summer and there is a high probability they are colonized by fungi. 

219 The 16S r R N A analysis had limited discriminatory power for identifying the examined 

220 staphylococcal isolates, therefore their phylogenetic position was assessed using the concatenated 

221 multilocus sequence data of six routinely used housekeeping genes rpoB, hsp60, dnaJ, tuf, gap and 

222 sod commonly used in phylogenetic studies of Staphylococcus, as well as the amino acid sequences of 

223 their protein products. Neighbour-joining and maximum-likelihood phylogenetic trees for the six 

224 housekeeping genes were very similar, and confirmed that the isolates under study represented a well-

225 delineated group within the S. saprophyticus phylogenetic clade, clearly separated from known species 

226 (Fig. 4). 

227 To evaluate the intergenomic distances between the genome sequences of strain C C M 8730T 

228 and reference type strains belonging to the phylogenetically closest Staphylococcus spp., an average 

229 nucleotide identity (ANI) and a digital D D H (dDDH) value were determined (Table S2). The 

230 calculated A N I and dDDH values are well below the threshold 95 - 96% and 70%, respectively, for 

231 species delineation (49). This confirms that the strain C C M 8730T represents a distinct Staphylococcus 

232 species. 
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233 The data from this study demonstrate that although they have a high similarity to 5. 

234 saprophyticus, the two isolates represented by strain C C M 8730T belong to a new taxon that can be 

235 distinguished both genotypically and phenotypically from established species of the genus 

236 Staphylococcus. We suggest classifying these isolates as a novel species for which the name 

237 Staphylococcus edaphicus is proposed, with the strain P5085T (=CCM 8730T = D S M 104441T) as the 

238 type strain. 

239 Description of Staphylococcus edaphicus sp. nov. 

240 Staphylococcus edaphicus (e.da'phi.cus. Gr. n. edaphos, soil; N . L. masc. adj. edaphicus, 

241 belonging to soil). 

242 Its cells are Gram-stain-positive, spherical or irregular cocci, 880 + 60 nm in diameter (Fig. 

243 S5), occurring predominantly in clusters, non-spore-forming. Colonies on P agar after 24 h are circular 

244 with whole margins, slightly convex, smooth, shiny, whitish, 2 mm in diameter and aerobic. Weak 

245 haemolytic activity (production of S-haemolysin) on blood agar. Good growth at 10 °C, 42 °C and in 

246 the presence of 11% NaCl; weak growth in the presence of 12% NaCl or at 5 °C. No growth at 0 or 45 

247 °C. No growth in M9 minimal agar. No growth in thioglycollate medium or in the presence of 14% 

248 NaCl on TSA agar plate. Catalase, urease, pyrrolidonyl arylamidase, Voges-Proskauer test (acetoin), 

249 nitrate reduction and hydrolysis of Tween 80 positive. Coagulase, clumping factor, hyaluronidase, 

250 thermonuclease, oxidase, arginine dihydrolase, ornithine decarboxylase and arginine arylamidase 

251 negative. Susceptible to polymyxin B (300 IU) and furazolidone (100 p.g), but resistant to bacitracine 

252 (0.2 IU) and novobiocin (5 \xg). Susceptible to lysostaphin (200 mg l"1) and resistant to lysozyme (400 

253 mg l"1). Hydrolysis of esculin, D N A and gelatine negative. Esterase (C 4), esterase lipase (C 8), lipase 

254 (C14) (weak), (3-glucuronidase, acid phosphatase (weak), alkaline phosphatase and naphthol-AS-Bi-

255 phosphohydrolase activity is present, but not leucine arylamidase, valine arylamidase, cystine 

256 arylamidase, trypsin, a-chymotrypsin, a-galactosidase, (3-galactosidase, a-glucosidase, (3-glucosidase, 

257 N-acetyl-(3-glucosaminidase, ot-mannosidase and a-fucosidase. Acid is produced from glycerol, 

258 ribose, galactose, D-glucose, fructose, mannose, mannitol, sorbitol (weak), N-acetyl glucosamine, 

259 salicine, maltose sucrose, trehalose and P-gentiobiose, but not from erythritol, D-arabinose, L -

260 arabinose, D-xylose, L-xylose, adonitol, P-methyl-D-xyloside, sorbose, rhamnose, dulcitol, inositol, 

261 a-methyl-D-mannoside, a-methyl-D-glucoside, amygdaline, arbutine, cellobiose, lactose, melibiose, 

262 inulin, melezitose, D-raffinose, glycogen, xylitol, turanose, D-lyxose, D-tagatose, D-fucose, L-fucose, 

263 D-arabitol, L-arabitol, gluconate, 2 keto-gluconate, or 5 keto-gluconate. The test result was strain-

264 dependent for acid production from amidon ( C C M 8730T positive). The tested strains were susceptible 

265 to cephalothin, ciprofloxacin, clindamycin, erythromycin, gentamicin, chloramphenicol, imipenem, 

266 kanamycin, neomycin, cotrimoxazol, tetracycline, and vancomycin. Resistant to penicillin G, 

267 ampicillin, ceftazidin, methicillin, cefoxitin, fosfomycin and novobiocin. The ability to utilize carbon 
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268 sources via respiration as well as chemical sensitivity assays determined by Biolog G E N III 

269 MicroPlate test panel are shown in Table S3. 

270 The type strain C C M 8730T (=P5085T = D S M 104441T) was retrieved in January 2013 from fragments 

2 7 1 of black porous stone at a hill above Cape Lachman, James Ross Island, Antarctica. G+C content 33.3 

272 mol% calculated from whole genomic sequence. The majority of the characteristics of the type strain 

273 are in agreement with the general species description; in addition, strain C C M 8730T produces acid 

274 from amidon. 

275 MATERIALS AND METHODS 

276 Sampling and cultivation. Sampling was carried out by dispersing approx. 1 g of stone fragments in 

277 5 ml of sterile saline solution and 100 pi of the suspension was spread on an R2A agar plate (Oxoid) 

278 and cultivated at 15 °C for 5 days. Subsequently, individual morphologically diverse colonies were 

279 picked up, purified by repeated streaking on R2A medium at 15 °C, and the resulting pure cultures 

280 were maintained at -70 °C until analysed. Two Gram-stain positive isolates were obtained. Additional 

2 8 1 cultivation of these isolates for biotyping and genotyping was performed with cells growing on TSA 

282 agar (Oxoid). The type strains of the closely related staphylococcal taxa were obtained from the Czech 

283 Collection of Microorganisms (www.sci.muni.cz/ccm) and were simultaneously investigated in all 

284 tests. 

285 Phenotypic characterization. Extensive phenotypic characterization using the commercial kits API 

286 50CH, API ID 32 Staph and API Z Y M (bioMerieux), phenotypic fingerprinting using the Biolog 

287 system with the identification test panel G E N III MicroPlate (Biolog) and conventional biochemical, 

288 physiological and growth tests relevant for the genus Staphylococcus were done as described 

289 previously (50, 51). Transmission electron microscopy was performed with bacterial cells negative 

290 stained with 2% ammonium molybdate using a T Morgagni 268D Philips (FEI Company, USA) 

2 9 1 electron microscope. 

292 The antibiotic resistance pattern was tested by the disc diffusion method on Mueller-Hinton 

293 agar (Oxoid). Sixteen discs generally used for Gram-positive cocci were applied: ampicillin (10 ug), 

294 ceftazidime (10 ug), cephalothin (30 ug), ciprofloxacin (5 ug), clindamycin (2 ug), erythromycin (15 

295 ug), gentamicin (10 ug), chloramphenicol (30 ug), imipenem (10 ug), kanamycin (30 ug), neomycin 

296 (10 ug), novobiocin (5 ug), penicillin G (1 IU), cotrimoxazol (25 ug), tetracycline (30 ug), 

297 vancomycin (30 ug). EUCAST/CLSI standards were strictly followed for cultivation and inhibition 

298 zone diameter reading (52, 53). 

299 Matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry (MALDI-TOF 

300 MS). The strains were analysed using a M A L D I - T O F mass spectrometer (Microflex LT, Bruker 
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301 Daltonics) in an automatic acquisition mode. Mass spectra were processed using the software Flex 

302 Analysis (version 3.4, Bruker Daltonics) and BioTyper (version 3.0, Bruker Daltonics). Signals 

303 present in at least eight out of the total of ten replicate analyses of each sample were used as input 

304 data. The M A L D I - T O F MS-based dendrogram was generated using the correlation distance measure 

305 with the unweighted average linkage algorithm. 

306 Fatty acid methyl esters analysis (FAME). The fatty acid methyl esters analysis (FAME) was 

307 performed with cells growing on B B L Trypticase Soy Agar plates (BD) at 28 °C + 1° C for 24 hrs. 

308 The extraction of fatty acid methyl esters was performed according to the standard protocol of the 

309 Sherlock Microbial Identification System (54). Cellular fatty acid extracts were analysed with an 

310 Agilent 7890B gas chromatograph using the rapid Sherlock Identification system (MIS, version 6.2B, 

311 MIDI database: RTSBA 6.21, MIDI Inc.). 

312 Genotypic analysis by fingerprinting techniques. Rep-PCR fingerprinting with the (GTG) 5 primer 

313 was performed as described previously (55). The automatic ribotyping was performed using a 

314 RiboPrinter Microbial Characterization System (DuPont Qualicon, USA) in accordance with the 

315 manufacturer's instructions. Numerical analysis of obtained fingerprints and dendrogram construction 

316 was done using the software BioNumerics 7.6 (Applied Maths, Belgium). The ribotype patterns were 

317 imported into the software BioNumerics using the load samples import script provided by the 

318 manufacturer. Pulsed-field gel electrophoresis (PFGE) using Smal macrorestriction pattern analysis 

319 was performed as previously described (56). 

320 Genome sequencing and bioinformatics analysis. Genomic D N A was extracted using a High Pure 

321 PCR Template Preparation Kit (Roche) according to the manufacturer's recommendations. The 

322 concentration of extracted D N A was estimated with a Qubit 2.0 Fluometer using a Qubit dsDNA BR 

323 assay kit (Invitrogen). The partial 16S rRNA gene was sequenced as described previously (57). 

324 Whole-genome shotgun (WGS) sequencing was performed using an Ion Torrent™ Personal Genome 

325 Machine (Ion PGM™). The purified genomic D N A was used for preparing a 400-bp sequencing 

326 library with an Ion Plus Fragment Library Kit (Thermo Fisher Scientific). The sample was loaded onto 

327 a 316v2 chip and sequenced using an Ion P G M Hi-Q View sequencing kit (Thermo Fisher Scientific). 

328 Quality trimming and error correction of the reads were performed with the Ion Torrent Suite Software 

329 (version 5.0.4). The assembly computation was performed using the Assembler SPAdes 3.9 (58) with 

330 default parameters for Ion Torrent data. Contigs were then re-ordered according to the reference 

331 genome S. saprophyticus A T C C 15305T; GenBank accession number NC_007350 (16) using 

332 MauveContigMover (59). Ordering was evaluated using assembly graph visualized in Bandage (60). 

333 Sequences were manipulated and inspected in the cross-platform bioinformatics software 

334 Ugene vl.23.1 (61). For primal analysis, the genome was annotated using RAST (62). Gene content 
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335 was further examined by BLASTp (63), ISFinder (64), InterProScan (65), and CD-Search (66). The 

336 complete 16S r R N A gene sequence was extracted from WGS data using RNAmmer version 1.2 (67). 

337 Phylogenetic analysis from multilocus sequence data was performed using the software M E G A 

338 version 7 (68). 

339 The GenBank accession number for the 16S r R N A genes of isolate C C M 8730T is KY315825. 

340 The data from WGS of strains Staphylococcus edaphicus C C M 8730T and Staphylococcus xylosus 

3 4 1 C C M 2738T were recorded in the GenBank WGS project under the accession numbers 

342 MRZN00000000 and MRZO00000000. 

343 DNA homology studies. To calculate the A N I value, the OrthoANI algorithm implemented on the 

344 EzBioCloud server (http://www.ezbiocloud.net/tools/ani) was used (69). The dDDH values were 

345 calculated using web-based genome-to-genome distance calculator (GGDC) version 2.1 (70) and the 

346 recommended formula 2 was taken into account to interpret the results. Whole genome sequences of 

347 related staphylococcal species were obtained from the NCBI database (71-74). 

348 SUPPLEMENTAL MATERIAL 

349 Supplemental material for this article may be found online. 
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630 FIGURE LEGENDS 

631 Fig. 1. Circular display of Staphylococcus edaphicus C C M 8730T genome (GenBank accession 

632 number MRZN00000000) compared to Staphylococcus saprophyticus A T C C 15305T (GenBank 

633 accession number NC_007350) and Staphylococcus xylosus C C M 2738T (GenBank accession number 

634 MRZO00000000) genomes. The picture shows (from inner to outer) GC skew , mol% G+C, unique 

635 regions n C C M 8730T genome based on BLASTn analysis, orthologous regions in S. saprophyicus 

636 A T C C 15305T genome and S. xylosus C C M 2738T genome based on BLASTn analysis. Outer circle 

637 depicts location of accessory elements in Staphylococcus edaphicus C C M 8730T genome. 

638 Fig. 2. Venn diagram showing orthologous gene clusters for strain Staphylococcus edaphicus C C M 

639 8730T (GenBank accession number MRZN00000000), Staphylococcus saprophyticus A T C C 15305T 

640 (GenBank accession number NC_007350) and S. xylosus C C M 2738T (GenBank accession number 

641 MRZO00000000). 

642 Fig. 3. Comparison of genetic structure of SCCmec element type X I in 5. aureus LGA251 (GenBank 

643 accession number FR821779), \|/SCCmecp5085 in Staphylococcus edaphicus C C M 8730T and mecCl 

644 region in Staphylococcus xylosus S04009 (GenBank accession number HE993884). Arrows indicate 

645 ORFs and their orientation on the genome; mec complex is depicted in dark blue, ccr complex in green 

646 and part of arginine catabolic mobile element (ACME) in orange. 

647 Fig. 4. Unrooted maximum-likelihood trees based on concatenated sequences from six multiple loci 

648 showing the phylogenetic position of Staphylococcus edaphicus sp. nov. The sections of gene 

649 sequences used and their protein products corresponded to the following gene coordinates of 

650 Staphylococcus aureus subsp. aureus N C T C 8325: 949..2748 for rpoB, 16..1573 for hsp60, 1..1136 

651 for dnaJ, 1..1185 for tuf, 4..1004 for gap, and 1..597 for the sod gene. Bootstrap probability values 

652 (percentages of 500 tree replications) greater than 70% are shown at branch points. The evolutionary 

653 distances are given as the number of substitutions per site (next to the branches). Filled circles indicate 

654 that the corresponding nodes are also obtained in the neighbour-joining tree. (A) The evolutionary 

655 history inferred from nucleotide sequences by using the Maximum Likelihood method based on the 

656 Tamura-Nei model. There were a total of 7175 positions in the final dataset. (B) The evolutionary 

657 history was inferred from amino acid sequences by using the Maximum Likelihood method based on 

658 the Poisson correction model. There were a total of 2391 positions in the final dataset. 
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Table 1. Differentiation of Staphylococcus edaphicus sp. nov. from phylogenetically closest 

Staphylococcus spp. 
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Nitrate reduction + + / d * - / - + / + - / - + / + + / + + / + 

Pyrrolidonyl arylamidase + + / d - / - w / + - / - - / - - / - - / -

Voges-Proskauer test (acetoin) + - / d + / + + / d - / - - / - - / - - / -

Esculine hydrolysis - - / d - / - - / - + / + + / + - / d - / -

P-glucosidase - + / + - / d - / d + / N T + / N T + / N T - / N T 

P-glucuronidase + + / + - / - - / - + / + + / + w / + + / + 

P-galactosidase - + / + + / + + / d + / + + / + w / d - / -

Acid f rom mannose + + / + - / - - / - + / d + / + - / + + / + 

A b b r e v i a t i o n s : +, positive reaction; w, weakly positive reaction; -, negative reaction; d, 

variable reaction; N T , not tested 

* data obtained from type strains in this study (left) and from species description (right) based 

on data from Schleifer & B e l l (17) 
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Table SI. Cellular fatty acid composition (as a percentage of the total) of strains C C M 8730T, C C M 

8731, Staphylococcus saprophyticus subsp. saprophyticus C C M 883 T , Staphylococcus saprophyticus 

subsp. bovis C C M 4410T, and Staphylococcus xylosus C C M 2738 T . A l l data were obtained in this study. 

Values of less than 1% are not shown. A l l strains were cultivated on TSBA agar plates for 24 h at 28±1°C. 

Fatty acid CCM 8730T CCM 8731 CCM 883 T CCM 4410 T CCM 273 8 T 

C 13:0 iS0 TR TR TR TR 2.2 
C i3:o anteiso ND TR ND ND 2.2 
C 14:0 iS0 TR TR TR TR 1.4 
C 14:0 TR TR TR 1.0 1.3 
C 15:0 ÍSO 13.3 13.2 13.4 14.8 19.6 
C 15:0 anteiso 51.4 51.0 52.8 45.6 42.0 
C 16:0 ÍSO 1.2 1.2 1.2 1.1 1.3 
C 16:0 2.5 2.6 1.4 3.30 2.7 
C 17:0 ÍSO 5.6 5.3 6.3 6.0 5.8 
C 17:0 anteiso 12.9 12.8 12.9 9.9 5.9 
C 18:1 C09c TR TR ND ND 1.1 
C 18:0 3.5 3.7 2.4 5.5 4.8 
C 19:0 ÍSO 1.2 1.2 2.3 1.8 2.0 
C 20:1 G>9c 1.0 1.0 ND ND 1.6 
C 20:0 5.2 5.6 5.2 8.6 4.9 

Legend: TR, trace amounts (< 1%); N D , not detected 



Table S2. Intergenomic distances between the genomes of Staphylococcus edaphicus C C M 8730T and reference type strains of phylogenetically closest 
staphylococcal species represented by average nucleotide identity (ANI) and digitally derived genome-to-genome distances (GGD) emulating D N A - D N A 
hybridization (DDH) values (%). 

Reference genome 
S. edaphicus CCM 8730T S. saprophyticus ATCC 15305T S. xylosus CCM 2783T S. equorum UMC-CNS-924 S. succinus DSM 14617T S. gallinarum DSM 20610T 

Reference genome ANI(%) dDDH ANI (%)| dDDH ANI (%)| dDDH ANI (%)| dDDH ANI (%) | dDDH ANI (%)| dDDH Reference genome 
Formula* 

S. edaphicus CCM 8730T 

GenBank accession number MRZN00000000 -

1 
2 (recom.) 

3 
84.78 

63.50% [59.7-67.1%] 
29.00% [26.6-31.5%] 
53.00% [49.9-56.1%] 

80.37 
35.00% [31.7-38.6%] 
24.00% [21.7 -26.4%] 
31.20% [28.3 -34.3%] 

79.49 
30.10% [26.7-33.7%] 
22.90% [20.6 - 25.3%] 
27.30% [24.4 - 30.5%] 

78.53 
26.00% [22.7-29.7%] 
22.20% [19.9-24.6%] 
24.20% [21.3-27.3%] 

76.9 
21.90% [18.7-25.6%] 
21.30% [19.1 -23.8%] 
20.90% [18.1 -23.9%] 

S. saprophyticus ATCC 15305T 

GenBank accession number AP008934 
84.78 

1 63.50% [59.7-67.1%] 
2 (recom.) 29.00% [26.6-31.5%] 

3 53.00% [49.9-56.1%] 
- - 80.61 

35.10% [31.7-38.6%] 
24.20% [21.9 -26.7%] 
31.30% [28.4 - 34.4%] 

79.71 
33.90% [30.5 - 37.4%] 
23.20% [20.9 - 25.7%] 
30.10% [27.2-33.2%] 

78.72 
28.30% [25 - 32%] 
22.60% [20.4-25.1%] 
26.00% [23.1 -29.1%] 

77.29 
22.60% [19.4-26.3%] 
21.90% [19.7 -24.4%] 
21.50% [18.7-24.6%] 

S. xylosus CCM 2783T 

GenBank accession number MRZO00000000 
80.37 

1 35.00% [31.7-38.6%] 
2 (recom.) 24.00% [21.7 - 26.4%] 

3 31.20% [28.3-34.3%] 
80.61 

35.10% [31.7-38.6%] 
24.20% [21.9 - 26.7%] 
31.30% [28.4 - 34.4%] 

- - 79.78 
31.50% [28.1 -35.1%] 
23.30% [21 -25.8%] 
28.50% [25.5-31.6%] 

78.9 
28.10% [24.7-31.7%] 
22.70% [20.4-25.1%] 
25.80% [22.9-28.9%] 

77.38 
22.50% [19.2-26.1%] 
21.70% [19.5 -24.2%] 
21.40% [18.6-24.5%] 

S. equorum UMC-CNS-924 
GenBank accession number CP013114 79.49 

1 30.10% [26.7-33.7%] 
2 (recom.) 22.90% [20.6-25.3%] 

3 27.30% [24.4-30.5%] 
79.71 

33.90% [30.5 - 37.4%] 
23.20% [20.9 - 25.7%] 
30.10% [27.2-33.2%] 

79.78 
31.50% [28.1 -35.1%] 
23.30% [21 - 25.8%] 
28.50% [25.5-31.6%] 

- - 79.86 
32.70% [29.4 - 36.3%] 
23.30% [21 - 25.8%] 
29.40% [26.4 - 32.5%] 

77.445 
22.60% [19.3-26.3%] 
21.70% [19.4-24.1%] 
21.50% [18.7-24.5%] 

S. succinus DSM 14617T 

GenBank accession number LCSH00000000 
78.53 

1 26.00% [22.7-29.7%] 
2 (recom.) 22.20% [19.9 - 24.6%] 

3 24.20% [21.3-27.3%] 
78.72 

28.30% [25 - 32%] 
22.60% [20.4 -25.1%] 
26.00% [23.1 -29.1%] 

78.9 
28.10% [24.7-31.7%] 
22.70% [20.4 -25.1%] 
25.80% [22.9 - 28.9%] 

79.86 
32.70% [29.4 - 36.3%] 
23.30% [21 - 25.8%] 
29.40% [26.4 - 32.5%] 

- - 78.19 
25.70% [22.4 - 29.4%] 
22.80% [20.5 - 25.2%] 
24.00% [21.2-27.1%] 

S. gallinarum DSM 20610T 

GenBank accession number JXCF00000000 
76.9 

1 21.90% [18.7-25.6%] 
2 (recom.) 21.30% [19.1 -23.8%] 

3 20.90% [18.1 -23.9%] 
77.29 

22.60% [19.4-26.3%] 
21.90% [19.7 -24.4%] 
21.50% [18.7-24.6%] 

77.38 
22.50% [19.2-26.1%] 
21.70% [19.5 -24.2%] 
21.40% [18.6-24.5%] 

77.45 
22.60% [19.3-26.3%] 
21.70% [19.4-24.1%] 
21.50% [18.7-24.5%] 

78.19 
25.70% [22.4-29.4%] 
22.80% [20.5 - 25.2%] 
24.00% [21.2-27.1%] 

- -

Legend: *, recommended formula no. 2 for draft genomes (70) 



Table S3. Metabolic fingerprints of Staphylococcus edaphicus sp. nov. obtained using Biolog G E N III 

MicroPlate. 

Variable metabolic fingerprints: 
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C C M 8730T + - + + + b + + + + + + 

C C M 8731 - b b - b - - b b b b -

regend: +, positive; -, negative; b, Dorder ine 

Positive utilisation of: dextrin, D-maltose, D-trehalose, gentiobiose, sucrose, D-turanose, p-methyl-
D-glucoside, D-salicin, N-acetyl-p-D-mannosamine, N-acetyl neuraminic acid, ot-D-glucose, D-
mannose, D-fructose, D-galactose, inosine, D-mannitol, D-arabitol, glycerol, glycyl-L-proline, L -
alanine, L-arginine, L-aspartic acid, L-glutamic acid, L-histidine, L-serine, pectin, D-gluconic acid, D-
glucuronic acid, glucuronamide, L-lactic acid, Tween 40, acetoacetic acid, acetic acid and formic acid. 

Positive growth: pH 6.0, l % N a C l , 4 % N a C l , 8%NaCl , 1% sodium lactate, nalidixic acid, lithium 
chloride, potassium tellurite, aztreonam and sodium butyrate. 

Negative utilisation of: D-cellobiose, stachyose, D-raffinose, a-D-lactose, D-melibiose, N-acetyl-D-
galactosamine, 3-methyl glucose, L-fucose, D-sorbitol, myo-inositol, D-glucose-6-P04, D-aspartic 
acid, D-serine, gelatin, L-pyroglutamic acid, D-galacturonic acid, D-galactonic acid lactone, mucic 
acid, quinic acid, D-saccharic acid, p-hydroxy phenylacetic acid, D-malic acid, bromo-succinic acid, y-
amino-butyric acid, ot-hydroxy-butyric acid, P-hydroxy-D,L-butyric acid, a-keto butyric acid and 
propionic acid. 

Negative growth: pH 5.0, fusidic acid, troleandomycin, minocycline, lincomycin, niaproof 4, 
vancomycin, tetrazolium violet, tetrazolium blue and sodium bromate. 



s. xylosus CCM 2738T 
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s saprophyticus subsp. saprophytics CCM 883T 
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Fig. SI. Dendrogram based on MALDI-TOF MS profiles of Staphylococcus edaphicus sp. nov. and 

other phylogenetically related species. The MALDI-TOF MS profiles were acquired using a Microflex 

instrument (Bruker Daltonik) and the dendrogram was generated using the correlation distance measure 

with the average linkage algorithm (UPGMA). 



20 
Similarity (%) 

40 60 80 100 

i r 
L. I I 
r'li i II I 1 i IT II II 
Hi ii Mi l l 1 

in i lllllllllllll 1 

iO
OO

 
K3

00
 

:0
00

 

IO
OO

 

50
0 

OO
O 

50
0 

20
0 

fb
n)

 

S. edaphicus C C M 8730T 

S. edaphicus C C M 8731 

S. arlettae C C M 3830 T 

S. saprophyticus subsp. bow's C C M 4410 T 

S. saprophyticus subsp. saprophyticus C C M 883 T 

S. nepalensis C C M 7045T 

S. cohnii subsp. cohnii CCM 2736T 

S. co/in// subsp. urealyticum C C M 4294 T 

S. xylosus C C M 2738 T 

S. gallinarum C C M 3572T 

S. equorum subsp. /mens C C M 7278T 

S. equorum subsp. equorum C C M 3832 T 

S. succinus subsp. succinus C C M 7157 T 

S. succinus subsp. case/ C C M 7194T 

S. kloosii C C M 3834T 

Molecular Size Marker 

Fig. S2. Dendrogram based on cluster analysis of rep-PCR fingerprints obtained with (GTG) 5 primer from novel 

Staphylococcus strains and the type strains of the phylogenetically closely related species. The dendrogram was 

calculated with Pearson's correlation coefficients with U P G M A clustering method (r, expressed as percentage 

similarity values). 
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Fig. S3. Dendrogram based on cluster analysis of £coRI ribotype patterns obtained using the RiboPrinter system 

from novel Staphylococcus strains and the type strains of phylogenetically closely related species. The 

dendrogram was calculated with Pearson's correlation coefficients with the U P G M A clustering method (r, 

expressed as percentage similarity values). 
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Fig. S4. Pulsed-field gel electrophoresis showing identical Smal macrorestriction patterns of 

Staphylococcus edaphicus sp. nov. strains C C M 8730T (lane 2) and C C M 8731 (lane 3). Staphylococcus 

aureus N C T C 8325 was used as a size marker (lane 1). 

Fig. S5. Transmission electron microscopy of the type strain Staphylococcus edaphicus C C M 8730T 

performed with a Morgagni 268D Philips (FEI Company, USA) electron microscope. Negative staining 

with 2% ammonium molybdate. Bar represents 500 nm (original magnification x 10,000). 


