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Description of Pseudomonas asuensis sp. nov. from biological soil 
crusts in the Colorado plateau, United States of America§

A Gram-negative, aerobic, non spore-forming, non-motile, 
rod-shaped, yellow pigmented bacterium CP155-2T was iso-
lated from a biological soil crusts sample collected in the 
Colorado plateau, USA and subjected to polyphasic taxo-
nomic characterization. Strain CP155-2T contained sum-
med feature 3 (C16:1ω5c/C16:1ω7c) and C18:1ω7c as major fatty 
acids and diphosphatidylglycerol (DPG) along with phos-
phatidylethanolamine (PE) and phosphatidylglycerol (PG) 
as major polar lipids. Based on these characteristics CP155-2T 
was assigned to the genus Pseudomonas. Phylogenetic analy-
sis based on 16S rRNA gene sequence further confirmed the 
affiliation of CP155-2T to the genus Pseudomonas and showed 
a 16S rRNA gene sequence similarity of less than 98.7% with 
already described species of the genus. Pseudomonas luteola, 
Pseudomonas zeshuii, and Pseudomonas duriflava were iden-
tified as the closest species of the genus Pseudomonas with 
16S rRNA gene sequence similarities of 98.7%, 98.6%, and 
96.9%, respectively. The values for DNA–DNA relatedness 
between CP155-2T and Pseudomonas luteola and Pseudo-
monas zeshuii were 23% and 14% respectively a value below 
the 70% threshold value, indicating that strain CP155-2T 

belongs to a novel taxon of the genus Pseudomonas lineage. 
The novel taxon status was strengthened by a number of phe-
notypic differences wherein CP155-2T was positive for oxi-
dase, negative for gelatin hydrolysis, could utilize D-cello-
biose, D-raffinose, L-rhamnose, D-sorbitol but not L-aspartic 
acid and L-glutamic acid. Based on the collective differences 
strain CP155-2T exhibited, it was identified as a novel species 
and the name Pseudomonas asuensis sp. nov. was proposed. 
The type strain of Pseudomonas asuensis sp. nov. is CP155- 
2T (DSM 17866T =ATCC BAA-1264T =JCM13501T =KCTC 
32484T).

Keywords: Pseudomonas asuensis, biological soil crusts, 
Colorado plateau, United States of America

Introduction

The definition, occurrence and importance of biological soil 
crusts (BSCs) has been introduced previously by Belnap 
(1993) and our group (Nagy et al., 2005; Reddy and Garcia- 
Pichel, 2005, 2006; Reddy et al., 2006). BSCs, besides Cyano-
bacteria, are dominated by heterotrophic communities such 
as Actinobacteria, Proteobacteria, Bacteriodetes, and low G+C 
bacteria (Smith et al., 2004; Nagy et al., 2005; Reddy and 
Garcia-Pichel, 2006). The Proteobacterial communities do-
minate the BSCs by contributing 16.3% and 13.8% of the 
total diversity respectively in the BSCs from Colorado plateau 
and Sonoran deserts (Nagy et al., 2005; Reddy and Garcia- 
ichel, 2006) studied so far. Among the members of Proteo-
bacteria, occurrences of Alphaproteobacteria, Betaproteobac-
teria, and Deltaproteobacteria have been reported by culture 
independent and culture based methods in BSCs (Garcia- 
Picehl et al., 2003; Smith et al., 2004; Nagy et al., 2005; Reddy 
and Garcia-Pichel, 2006). However, no Gammaproteobac-
teria has been reported from BSCs from the arid or semi- 
arid regions of southwest arid parts of the United States of 
America though only two molecular sequences were detected 
from soil crusts from Tengger desert, China (Zhang et al., 
2012). In the present study, for the first time, a bacterium 
belonging to Gammaproteobacteria was isolated from BSCs 
in the Colorado plateau and characterized. Based on the poly-
phasic taxonomic assessment, the strain CP155-2T was iden-
tified as a novel species of the genus Pseudomonas.
  The genus Pseudomonas belongs to Gram-negative aerobic 
Gammaproteobacteria belonging to the family Pseudomona-
daceae was originally described by Migula (1894) and pres-
ently contains 211 validly described species (http://www. 
bacterio.net/pseudomonas.html). The genus Pseudomonas 
is highly heterogeneous and some members of the genus 
have been reclassified to other genera based on phenotypic 
characteristics (Sneath et al., 1981), DNA–DNA hybridiza-
tion (Palleroni, 1984), chemotaxonomic data (Oyaizu and 
Komagata, 1983; Vancanneyt et al., 1996), and 16S rRNA 
gene sequence similarities (Anzai et al., 2000). The genus is 
subdivided into two main intra-generic clusters (Anzai et 
al., 2000), the first cluster comprised of six groups (Pseudo-
monas syringae; Pseudomonas chlororaphis; Pseudomonas 
fluorescens; Pseudomonas putida and Pseudomonas aerugi-
nosa) and the second contained only one group (Pseudo-
monas pertucinogena). Analyses of 16S rRNA gene sequence 
of CP155-2T indicated that the isolate was closely related to 
Pseudomonas luteola (Kodama et al., 1985; Holmes et al., 
1987) and Pseudomonas zeshuii (Feng et al., 2012) of Pseu-
domonas aeruginosa/Pseudomonas stutzeri within the first 
cluster (Anzai et al., 2000). Based on polyphasic taxonomic 



Pseudomonas asuensis sp. nov, from biological soil crusts 7

characteristics, strain CP155-2T was identified as belonging 
to a novel species of the genus Pseudomonas and the name 
Pseudomonas asuensis sp. nov. was proposed.

Materials and Methods

Isolation of the bacterial strain and growth conditions
The bacterium CP155-2T was isolated from biological soil 
crust (BSC) samples collected from Colorado plateau, United 
States of America (38° 09 839  N and 109° 44 560 W) in 
May 2003. The isolation procedure, maintenance, growth 
conditions were used previously described by Reddy and 
Garcia-Pichel (2005). Briefly, 0.5 g of crust sample was sus-
pended in Ringer’s solution (Reddy et al., 2006), vortexed 
and the suspension was allowed to settle. Approximately 
100 μl of supernatant was plated on BG11-PGY agar medium 
(Reddy and Garcia-Pichel, 2005) and incubated at room 
temperature for 15 days in the dark. A yellow pigmented mor-
photype was picked, clonally purified by repeated streaking 
on BG11-10X PGY agar medium (Reddy and Garcia-Pichel, 
2005) and maintained on the same medium. Growth at dif-
ferent temperatures (4, 10, 15, 20, 25, 30, 37, 42, 45, and 
50°C) was determined using BG11-10X PGY agar medium as 
described earlier (Reddy and Garcia-Pichel, 2013). Tolerance 
to different salt concentrations was assayed by adding dif-
ferent concentrations of NaCl (1% interval) to BG11-10X 
PGY agar medium at 25°C. Growth at various pH levels (4, 
5, 6, 7, 8, 9, 10, and 11) was assessed on BG11-10X PGY 
agar medium at 25°C. The pH of the BG11-10X PGY agar 
medium was maintained using three buffers (final concent-
ration, 50 mM): acetate buffer (pH 4.0–5.0), phosphate 
buffer (pH 6.0–8.0) and Tris buffer (pH 9.0–11.0).

Morphological and biochemical characterization
Morphological characteristics were determined using both a 
phase contrast microscope and transmission electron micro-
scope (TEM). For TEM, cells were freshly grown on BG11- 
10X PGY agar plates, a single colony was suspended in 4.0% 
formalin, negatively stained with 0.5% (w/v) uranyl acetate 
and mounted on Formvar-coated copper grids. The grids 
were examined in TEM mode on a JEOL JEM-1010 electron 
microscope operated at 60 kV (Reddy et al., 2006). Gram- 
staining was performed as described by Gerhardt et al. (1994) 
and motility was determined using BG11-10X PGY agar me-
dium containing 0.4% agar. Growth under anaerobic condi-
tions was tested by culturing CP155-2T BG11-10X PGY agar 
plates in GasPak jars at 25°C (Reddy et al., 2006). Oxidase 
activity was evaluated with oxidase discs supplied by HiMedia 
(HiMedia Laboratories) and catalase activity was determined 
applying a 3% (v/v) hydrogen peroxide solution. Aerobic 
growth on different media was assessed on tryptic soy agar 
(TSA; MacFaddin, 1985), nutrient agar (NA; Lapage et al., 
1970; Atlas and Parks, 1993), Luria-Bertani agar (LB; Bertani, 
1952), antarctic bacterial medium (ABM; Shivaji et al., 1988) 
and Reasoner’s 2A agar (R2A agar; Reasoner and Geldreich, 
1985). For determination of biochemical tests, the culture 
was grown at 25°C in BG11-10X PGY medium and tests were 
performed as described by Lanyi (1987), Smibert and Krieg 

(1994), and Cowan and Steel (1965). The ability of the culture 
to utilize a carbon compound as the sole carbon source was 
checked adding each carbon compound at a final concen-
tration of 0.5% to a base of BG11 medium without citric 
acid (Reddy and Garcia-Pichel, 2005). In order to avoid the 
inconsistencies, Hi25 Enterobacteriaceae identification kit 
(catalogue no. KB003) and the HiCarbo kits parts A, B, and C 
(catalogue no. KB009 [both from HiMedia]) were used to 
double check the important phenotypic characteristics of 
strain CP155-2T according to the manufacturer’s protocol 
(Reddy et al., 2013). The sensitivity of the culture to different 
antibiotics was checked using antibiotic discs supplied by 
Becton Dickinson Microbiological systems, Maryland, USA 
(Reddy and Garcia-Pichel, 2005; Reddy et al., 2006) on BG11- 
10X PGY medium. All the incubations (unless specifically 
mentioned otherwise) were carried out at 25°C for a week.

DNA isolation, 16S rRNA gene sequencing, and DNA-DNA 
hybridization
For 16S rRNA gene sequencing, DNA from strain CP155-2T 
was prepared using the Mo Bio microbial DNA isolation kit 
(Mo Bio Laboratories Inc.). The 16S rRNA gene was ampli-
fied using primers GM3F (5 -AGAGTTTGATCMTGGC-3 ) 
and 16S2 (5 -ACGGCTACCTTGTTACGACTT-3 ) (Nübel 
et al., 1997; Reddy et al., 2000). Fragments of about 1,500 bp 
were purified from agarose gels using a Qiagen kit and then 
sequenced using the primers 907R (5 -CCGTCAATTCCT 
TTRAGTTT-3 ) (Nübel et al., 1997), pC* (5 -CCCACTGC 
TGCCTCCCGTAG-3 ), pE (5 -AAACTCAAAGGAATTG 
ACGG-3 ) and 16S2 (Reddy et al., 2000). For the purpose 
of DNA-DNA hybridization, DNA was isolated and puri-
fied from CP155-2T, Pseudomonas luteola (JCM 3352T) and 
Pseudomonas zeshuii (KACC 15471T) from 500 ml culture as 
described earlier (Marmur, 1961). Hybridization was per-
formed as described earlier (Pandey et al., 2002) by filter 
hybridization method. Approximately 5 μg DNA per well 
(in five replicates) was immobilized onto a Hybond N+ nylon 
membrane (supplied by GE Healthcare Bio-sciences) under 
vacuum using a dot blot apparatus. Hybridization probe of 
CP155-2T was prepared by labeling 500 ng of DNA with [α- 
32P]-dATP using LCK1 nick translation kit according to 
the protocol described by the manufacturers (Jonaki, BARC). 
Hybridization was performed overnight at 60°C in a hybridi-
zation buffer (0.5 M Phosphate buffer pH 7.3, 1 mM EDTA, 
and 7% SDS). The membrane filter, after hybridization, was 
washed with 2X SSC and 0.1% SDS for 15 min at RT followed 
by 1X SSC and 0.1% SDS for 15 min at 50°C. The filter was 
dried, radioactive signals were developed using a phosphor 
imaging device (Fuji FLA3000) and quantified using the 
Image quage version 4.0.

Phylogenetic analysis
The 16S rRNA gene sequence of strain CP155-2T was sub-
jected to BLAST and EzTaxon sequence similarity search 
and closely related 16S rRNA gene sequences of related taxa 
were obtained from GenBank. Multiple alignments were 
performed with the CLUSTAL-X program (Thompson et 
al., 1997) and phylogenetic trees were constructed using the 
MEGA5 program (Tamura et al., 2011). To avoid the ‘Fel-
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Table 1. Characteristics that differentiates species Pseudomonas asuensis 
sp. nov. CP155-2T from its closely related species of the genus Pseudomonas
Data from 1, Pseudomonas asuensis sp. nov. CP155-2T (present study); 2, 
Pseudomonas zeshuii BY-1T (Feng et al., 2012); 3, Pseudomonas luteola 
IAM 13000T (Holmes et al., 1987; Feng et al., 2012); 4, Pseudomonas duri-
flava HR2T (Liu et al., 2008). -, negative; +, positive; ND, not determined.

Characteristic 1 2 3 4
Growth at 42°C - - + +
Nitrate reduction + + + -
Tolerance of 5% NaCl - + + -
Oxidase + - - -
Hydrolysis of:

Gelatin - + + -
Starch - - - +
Tween 80 - + - +

Utilization of:
D-Cellobiose + - - -
D-Maltose + + - +
Gluconate + + + -
D-Glucose + + - +
Maltose + + + -
D-Mannitol + + + -
D-Mannose + - + -
D-Raffinose + - - -
D-Ribose + - + +
L-Rhamnose + - - -
D-Sorbitol + - - -
Trehalose + + + -
D-Xylose + ND + +
Sodium malonate - - + -
Sodium acetate - + + -
L-Alanine + + - +
Potassium 5-ketogluconate - - + -
Glycogen - - - +
L-Serine - + + -
a-Ketobutyric acid - + - -
a-Ketovaleric acid - + - +
Propionic acid - + - -
L-Proline + + + -
L-Aspartic acid - + + +
L-Glutamic acid - + + +

senstein zone’ (i.e. retrieving a wrong tree even if it has 
high bootstrap values), phylogenetic analyses (Felsenstein, 
1985) were performed with different phylogenetic algori-
thms. For this purpose, neighbor joining (NJ), minimum 
evolution (ME), maximum likelihood (ML), and Maximum 
parsimony (MP) options of MEGA5 program (Tamura et 
al., 2011) were used to generate the trees. In each case, boot-
strap analysis was performed by employing 1000 replicate 
data sets in order to assess the stability among the clades. 
Pair wise distances for the neighbor-joining algorithm (Saitou 
and Nei, 1987) were calculated according to the Kimura 
two-parameter model (Kimura, 1980).

Chemotaxonomic characterization
For quantitative analysis of whole cell fatty acids, cells of 
strain CP155-2T were grown overnight on tryptic soy agar 
(TSA) at 25°C and fatty acid methyl esters were prepared, 
separated and identified (Sherlock ver. 6.01; database TSBA6; 
MIDI, Inc.) (Sasser, 1990). Polar lipids from cells of CP155-2T 
were extracted and analyzed by two-dimensional TLC accor-
ding to the procedure described by Komagata and Suzuki 
(1987) using chloroform : methanol : water (65 : 25 : 4, v/v/v) 
in the first direction and chloroform : methanol : acetic 
acid : water (80 : 12 : 15 : 4, v/v/v/v) in the second direction 
as the solvent systems. Total lipids were detected by spraying 
with molybdophosphoric acid (5%, w/v) in absolute ethanol, 
phospholipids with the molybdenum blue spray reagent, 
aminolipids with ninhydrin spray (0.2%, w/v) in acetone and 
glycolipids with anisaldehyde reagent (Lee et al., 2013; Reddy 
et al., 2013). Strain CP155-2T was grown on BG11-10X PGY 
agar (Reddy and Garcia-Pichel, 2005) for two days, cells were 
scraped off the plate and suspended in chloroform: meth-
anol (2:1 v/v) and vortexed. The pigmented suspension was 
filtered, filtrate was dried by passing nitrogen gas and UV– 
Visible spectrum was recorded from 200 to 1200 nm in me-
thanol (Reddy and Garcia-Pichel, 2005; Reddy and Garcia- 
Pichel, 2013).

Results and Discussion

Morphological, growth, and phenotypic characteristics
The colonies of CP155-2T were circular, slightly convex, 
smooth, yellow pigmented, granular and the size ranged 
from 3 to 4 mm. Cells of CP155-2T were Gram-negative, 
aerobic, non-motile, non-spore forming, rod-shaped, and 
were approximately 1.0 μm × 2.5 μm (Supplementary data 
Fig. S1) in size. Aerobic growth on different media indi-
cated that strain CP155-2T could grow on TSA, NA, LB 
agar, ABM, and R2A agar and did not grow on BG11-10X 
PGY agar medium under anaerobic conditions. Strain 155-2T 

grew from 5°C to 37°C (but not at 40°C) with an optimum 
growth temperature of 25°C. The pH range for growth was 
6 to 9 with an optimum pH of 7 and can tolerate up to 1% 
NaCl. Cells were positive for catalase, oxidase, DNAse, phos-
phatase, hydrolysis of esculin and nitrate reduction, but 
negative for lipase, β-galactosidase, urease, gelatinase, argi-
nine decarboxylase, lysine decarboxylase, ornithine decarbo-
xylase, phenyl alanine deaminase, and arginine dihydrolase. 

The other physiological characteristics of strain CP155-2T 
are in the species description section and in Tables 1 and 2. 
Strain CP155-2T shared most of the physiological characteri-
stics with the phylogenetically closely related species Pseu-
domonas luteola (Kodama et al., 1985; Feng et al., 2012) and 
Pseudomonas zeshuii (Feng et al., 2012) but was different 
from them with respect to tolerance to sodium chloride, 
hydrolysis of gelatin and utilization of carbon compounds 
(Table 1).

Phylogenetic analysis
The 16S rRNA gene sequence of strain CP155-2T obtained 
was a continuous stretch of 1,498 nucleotides spanning from 
6 to 1513 with respect to Escherichia coli 16S rRNA gene 
sequence (nucleotide sequence accession number J01695). 
A BLAST (Altschul et al., 1990) similarity search based on 
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Table 2. Comparison of the fatty acid content of strain Pseudomonas asuen-
sis sp. nov. CP155-2T and closely related species of the genus Pseudomonas
1, Pseudomonas asuensis sp. nov. CP155-2T# (present study); 2, Pseudo-
monas zeshuii BY-1T$; 3, Pseudomonas luteola IAM 13000T$. Data from
#present study; $Feng et al., 2012); -, negative.

Fatty acid 1 2 3 4
C10:0 3-OH 0.9 2.5 2.0 2.1
C12:0 6.0 7.2 6.9 6.6
C12:0 2-OH 2.9 1.5 1.5 0.7
C12:0 3-OH 3.2 4.2 4.3 3.5
C14:0 1.4 1.1 1.7 0.8
C16:0 10.9 21.9 23.0 11.2
C18:1 (ω7c) 38.4 39.4 35.6 46.3
C18:0 1.7 - 0.6 0.7
C19:0 cyclo (ω8c) 2.9 2.3 6.8 4.6
Summed feature 3* 31.8 17.7 15.7 22.8
* Summed features represent groups of two or three fatty acids that could not be 
separated by GLC using the MIDI system. Summed feature 3 comprises C16:1ω6c 
and/or C16:1ω7c.

Fig. 1. Neighbour-joining tree, based on 16S 
rRNA (1458 nucleotide) gene sequence, show-
ing the phylogenetic relationship between 
Pseudomonas asuensis sp. nov. CP155-2T and 
other related taxa. Bootstrap values (expressed
as percentages of 1,000 replications) greater 
than 50% are given at nodes. Scale bar: 0.01 
substitutions per nucleotide

the 16S rRNA gene sequence of strain CP155-2T (EMBL ac-
cession number AJ871471) resulted in the identification of 
the P. luteola strains 4239 (EMBL accession number NR_ 

037134) (Anzai et al., 1997), BSP10 (EMBL accession number 
KF360062), Marseille (EMBL accession number AY574976), 
NBRC 103146 (EMBL accession number NR114215), and 
P. zeshuii strain BY-1 (EMBL accession number JN411093) 
(Feng et al., 2012) as the nearest cultivatable bacteria with 
16S rRNA gene sequence similarities of more than 98.5% 
and the closest non-cultivable identified was clone ELU0063- 
T430-S-NIPCRAMgANa 000123 (EMBL accession number 
HQ768311) (Li et al., 2012). Except for the P. luteola strain 
NBRC 103146 (=IAM 13000 =JCM 3352 =DSM 6875 =ATCC 
43273) (Kodama et al., 1985) and the P. zeshuii strain BY-1 
(EMBL accession number JN411093) (Feng et al., 2012) all 
other cultivable bacteria were not validly described and 
were therefore ignored from the phylogenetic analyses. The 
BLAST results indicated that the strain belongs to the genus 
Pseudomonas (Migula, 1894), class Gammaproteobacteria 
and order Pseudomonadales of the family Pseudomonadaceae. 
The affiliation of strain CP155-2T to the genus was further 
confirmed, based on 16S rRNA gene sequence, by EzTaxon 
(Kim et al., 2012). The highest degree of sequence similarity 
of strain CP155-2T was found with P. luteola (Kodama et al., 
1985; Holmes et al., 1987), P. zeshuii (Feng et al., 2012) and 
P. duriflava (Liu et al., 2008). Based to base comparison of 
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Fig. 2. A typical absorption spectrum of a methanolic pigment extract 
from Pseudomonas asuensis sp. nov. CP155-2T.

16S rRNA gene sequence of CP155-2T with P. luteola, P. ze-
shuii, and P. duriflava (the three closest species in MEGA5) 
resulted in identification of a difference of 19/1459 (1 gaps), 
20/1458 (1 gaps), and 43/1404 (2 gaps) nucleotides respec-
tively. The 16S rRNA gene sequence similarities thus ob-
served were 98.7%, 98.6%, and 96.9% respectively with P. 
luteola, P. zeshuii, and P. duriflava. In addition, phyloge-
netic analyses methods neighbor joining (Fig. 1), minimum 
evolution, maximum likelihood and maximum parsimony 
(trees not shown) demonstrated clustering of strain CP155- 
2T with P. luteola (Kodama et al., 1985; Holmes et al., 1987), 
P. zeshuii (Feng et al., 2012) and P. duriflava (Liu et al., 
2008) and thus belonged to the genus Pseudomonas lineage 
in the phylogenetic trees (Fig. 1).

Chemotaxonomic characteristics
The predominant cellular fatty acids of strain CP155-2T 
were C10:0 3-OH (0.9), C12:0 (6.0), C12:0 2-OH (2.9), C12:0 
3-OH (3.2), C14:0 (1.4), C16:0 (10.9), C18:1 (ω7c) (38.4), C18:0 
(1.7), C19:0 cyclo (ω8c) (2.9), and summed feature 3* (31.8) 
(Table 2). Strain CP155-2T had large amounts of C18:1 (ω7c) 
and summed feature 3* (C16:1 ω6c and/or C16:1 ω7c), charac-
teristic feature of the genus Pseudomonas. Interestingly, 
compared to the closest species (which exhibited highest 
16S rRNA gene sequence similarity of more than 98.5%), 
strain CP155-2T had two fold increased amounts of fatty 
acid summed feature 3* and decreased amounts of C16:0 
while other fatty acids were comparable. Thus, strain CP155- 
2T could be differentiated from P. luteola (Kodama et al., 
1985) and P. zeshuii (Feng et al., 2012) based on differences 
in the compositions of the two fatty acids (Table 2). Strain 
CP155-2T contained a major proportion of diphosphatidyl-
glycerol (DPG) along with phosphatidylethanolamine (PE), 
phosphatidylglycerol (PG), and various unknown polar lipids 
such as aminopolar lipid (APL), polar lipid 1 (PL1), and polar 
lipid 2 (PL2) (Supplementary data Fig. S2). The polar lipid 
profile of strain CP155-2T was dominated by DPG, PG, APL, 
and PE, which were common in both the species P. luteola 
and P. zeshuii (Feng et al., 2012). However, strain CP155-2T 

lacks a few unknown lipids when compared to the above two 
closely related species (Feng et al., 2012). The lipid profile 
supported affiliation of strain CP155-2T with the genus Pseu-
domonas and differentiated it from its closely related spe-
cies P. luteola and P. zeshuii. Strain CP155-2T was yellow 
pigmented and the UV-Visible spectrum in methanol showed 
an absorption maxima at 267 nm, 428 nm, 449 nm, and 
476 nm (Fig. 2). The yellow pigment did not show any shift 
in the absorption maxima upon addition of KOH, indicat-
ing that the pigment is not of flexirubin type (Reddy and 
Garcia-Pichel, 2005). Based on the absorption maximum at 
449 nm, the pigment could be assigned to the family of β- 
carotenoid type (Rodriguez-Amaya, 1999; Kaiser et al., 2007; 
Arulselvi et al., 2014). Further, the absorption maxima at 
428 nm, 476 nm, and 449 nm tentatively indicated that the 
type of β-carotenoid was cis-1-(6-C11:0)-glycosyl-apo-8 - 
lycopene (Aasen et al., 1969; Perez-Fons et al., 2011). In addi-
tion to the above three, notably, the pigment had an absorp-
tion maximum in the UV region at 267 nm (Fig. 2) signify-
ing that the strain could be a potentially UV resistant one 
(Arrage et al., 1993; Zenoff et al., 2006), probably a com-
mon feature among the pigmented bacteria isolated from 
biological soil crusts (Rainey et al., 2005; Reddy and Garcia- 
Pichel, 2007, 2009, 2013; Reddy et al., 2007).

Taxonomic conclusion
The morphological, growth, biochemical, and chemotaxo-
nomic characteristics of strain CP155-2T are described in 
previous sections and in the species description part of the 
manuscript. The sequence similarity search by EzTaxon and 
BLAST analyses using the almost complete 16S rRNA gene 
sequence of CP155-2T identified the genus Pseudomonas as 
its closest relative and its affiliation to the genus was con-
firmed by the above morphological and chemotaxonomic 
characteristics. The highest degree of 16S rRNA gene se-
quence similarity of strain CP155-2T was found with P. lu-
teola (Kodama et al., 1985; Holmes et al., 1987), P. zeshuii 
(Feng et al., 2012), and Pseudomonas duriflava (Liu et al., 
2008). However, the DNA-DNA homology shared by CP155- 
2T with P. luteola and P. zeshuii was less than 70.0% (Supple-
mentary data Fig. S3), suggesting that strain CP155-2T be-
longs to a novel taxon and named as Pseudomonas asuensis 
sp. nov. (Stackebrandt and Goebel, 1994). The species status 
to CP155-2T was further supported by phenotypic differ-
ences wherein CP155-2T was positive for oxidase, negative 
for gelatin hydrolysis, could utilize D-cellobiose, D-raffinose, 
L-rhamnose, D-sorbitol but not L-aspartic acid and L-gluta-
mic acid. Other phenotypic and chemotaxonomic differ-
ences are listed in Tables 1 and 2.
  Strain CP155-2T plays an important role in the ecology of 
biological soil crusts is evident from its ability to reduce ni-
trates (aids in ammonium fixation), produce phosphatase to 
enrich the crusts with phosphate by solubilizing the rocks 
(Rodríguez and Fraga, 1999; Sharma et al., 2011; Brempong 
and Aferi, 2014) and utilize oxalate (Chandra and Shethna, 
1975), phenanthrene (Samanta et al., 1999; Tao et al., 2007) 
and various sugars that are part of the composite structure 
of exopolysaccharide extruded by Cyanobacteria, the most 
dominant community of soil crusts (Sharma and Gaur, 2008; 
Yadav et al., 2011). Besides, CP155-2T could also have a sig-
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nificant role in biological soil crust formation as it extrudes 
exopolysaccharide (Schulz et al., 2013).

Description of Pseudomonas asuensis sp. nov.
Pseudomonas asuensis (a.su.en’sis. N.L. fem. adj. asuensis, an 
adjective arbitrarily derived from Arizona State University).
  The colonies of Pseudomonas asuensis are yellow, crusti, 
convex, round, and smooth. Cells stain Gram-negative, non- 
motile, curved to straight rods, straight to V-shaped and few 
are beaded rods. They grow from 5°C to 37°C (but not at 
40°C), with an optimum growth temperature of 25°C. The 
pH range for growth is 6 to 9 with an optimum pH of 7 
and can tolerate up to 1% NaCl. Cells are positive for cata-
lase, oxidase, DNAse, phosphatase, hydrolysis of esculin, 
and nitrate reduction, but negative for lipase, β-galactosi-
dase, urease, gelatinase, arginine decarboxylase, lysine decar-
boxylase, ornithine decarboxylase, phenyl alanine deami-
nase, and arginine dihydrolase. Cells cannot hydrolyze casein, 
cellulose or starch. Cells are also negative for the methyl red, 
Voges-Proskauer and indole tests and did not produce H2S 
gas. Cells are positive for Simmon’s citrate and are capable of 
producing acid from D-glucose but not from L-arabinose, 
D-fructose, D-galactose, lactose, D-maltose, D-mannitol, su-
crose, D-sorbitol or D-xylose. They can ferment L-arabinose, 
D-fructose, D-galactose, D-glucose, lactose, D-maltose, D-man-
nose, mellibiose, D-rhamnose, sucrose, and D-xylose but 
not D-sorbitol. Cells are positive for utilization of adonitol, 
L-arabinose, D-cellobiose, dextrose, dulcitol, D-fructose, fu-
maric acid, D-glucose, glycerol, meso-inositol, inulin, D-le-
vulose, lactose, lactic acid, D-maltose, D-mannitol, D-man-
nose, D-raffinose, D-ribose, L-rhamnose, saccharose, succi-
nate, sucrose, D-sorbitol, L-sorbose, D-trehalose, L-alanine, 
L-arginine, L-aspargine, L-cystiene, L-glutamine, L-isoleucine, 
L-leucine, L-lysine, L-methionine, L-proline, L-threonine, L- 
valine, oxalate, phenanthrene as sole carbon source but not 
acetate, citrate, dextran, ethanolamine, D-galactose, D-mel-
libiose, pyruvate, D-xylose, L-aspartic acid, L-glycine, L-glu-
tamic acid, L-histidine, L-phenylalanine, L-serine, L-trypto-
phane, L-tyrosine, adenine, cytosine, guanine, thymidine, ni-
cotinic acid, indole, and tartaric acid. Cells are sensitive to 
(μg/disc) amikacin (30), chloramphenicol (30), ciprofloxacin 
(5), doxycyclin (10), erythromycin (15), kanamycin (30), 
lomefloxacin (30), nalidixic acid (30), nitrofurantoin (300), 
norfloxacin (10), rifampicin (30), streptomycin (10), tetra-
cycline (30), tobramycin (30), vancomycin (30), and poly-
myxin B (300 units/disc), but resistant to ampicilin (10), 
cephazolin (30), cefoperazone (75), cefuroxime (30), cepho-
taxime (30), colistin (10), co-trimoxazole (25), lincomycin 
(30), and penicillin G (10). The pigment present is a β-caro-
tenoid type with absorption maxima at 267 nm, 428 nm, 
449 nm, and 476 nm. The fatty acids and their percent con-
tribution are listed in Table 2. The polar lipids present are 
phosphatidyl ethanolamine (PE), phosphatidyl glycerol (PG), 
diphosphatidyl glycerol (DPG or cardiolipin), aminophos-
pholipid (APL), and unknown phosphor lipids PL1 and PL2. 
The type strain of Pseudomonas asuensis is CP155-2T (=ATCC 
BAA-1264T =JCM13501T =KCTC 32484T). The 16S rRNA 
gene accession number is AJ871471. Strain CP155-2T was iso-
lated from biological soil crusts collected from the Colorado 
Plateau, USA.
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