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A pale-pink strain (CC-FR2-10") from the rhizosphere of the sacred tree Ficus religiosa L. in
Taiwan was investigated by using a polyphasic taxonomic approach. The cells were Gram-positive,
rod-shaped and non-spore-forming. Phylogenetic analyses using the 16S rRNA gene sequence
of the isolate indicated that the organism belongs to the genus Deinococcus, the highest
sequence similarities being found with Deinococcus grandis (96-1 %), Deinococcus radiodurans
(94-3%), Deinococcus radiopugnans (93-2 %), Deinococcus indicus (93-0 %), Deinococcus
proteolyticus (92-5 %), Deinococcus murrayi (924 %) and Deinococcus geothermalis (90-7 %).
The DNA-DNA relatedness with respect to D. grandis DSM 3963" was 17-9 %. Chemotaxonomic
data revealed that strain CC-FR2-10" contains only menaquinone MK-8 as the respiratory quinone,
unknown phosphoglycolipids as the predominant polar lipids and 16:1w7¢, 17 : 1w8c and

17 :1w9c iso as the predominant fatty acids. The biochemical and chemotaxonomic properties
demonstrate that strain CC-FR2-10" represents a novel species, for which the name Deinococcus
ficus sp. nov. is proposed. The type strain is CC-FR2-10" (= CCUG 53391"=CIP 108832").

At the time of writing, the genus Deinococcus comprises nine
species with validly published names, Deinococcus radio-
durans (the type species), D. erythromyxa (transferred to the
genus Kocuria by Rainey et al., 1997), D. geothermalis, D.
grandis, D. indicus, D. murrayi, D. proteolyticus, D. radio-
philusand D. radiopugnans. These species and the taxonomy
of the genus have been extensively studied (Suresh et al,
2004; Ferreira et al., 1997; Rainey et al., 1997; Brooks &
Murray, 1981). In addition, the names of nine further
species have recently been effectively published: Deinococcus
hohokamensis, D. navajonensis, D. hopiensis, D. apachensis, D.
maricopensis, D. pimensis, D. yavapaiensis, D. papagonensis
and D. sonorensis (Rainey et al., 2005) (these names have
subsequently been validly published). Furthermore, three
species have been described whose names have not yet been
validly published; ‘Deinococcus frigens, ‘D. saxicola’ and ‘D.
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The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene
sequence of strain CC-FR2-10" is AY941086.

A supplementary table showing the fatty acid profiles of strain CC-FR2-
10" and representative Deinococcus species and a phylogenetic tree
constructed using maximum parsimony are available as supplementary
material in IJSEM Online.

marmoris (Hirsch et al., 2004). 16S rRNA gene sequence data
for an additional species, Deinococcus deserti, are already avai-
lable (this name has since been validly published; de Groot
et al., 2005). Several novel Deinococcus strains have been iso-
lated from soils, desert soil, foods, faeces and dust, and have
been characterized in detail; there are additional data on their
extreme resistance to UV light, gamma radiation and desicca-
tion, which is a distinctive characteristic of this genus, being
present in almost every species. In members of the genus
Deinococcus, ionizing radiation and desiccation induce similar
types of DNA damage, and it is has been proposed that resist-
ance to unnaturally large amounts of ionizing radiation is a
consequence of the ability to repair desiccation-induced DNA
damage (Mattimore & Battista, 1996). Recently, the extensive
diversity of this genus was recorded, and nine novel and
extremely ionizing radiation-resistant bacteria isolated from
desert soil have been described (Rainey et al., 2005). Although
the aforementioned properties of members of this genus are
well characterized, the functional roles of Deinococcus in
rhizosphere soil or in plant growth promotion remain largely
unexplored.

During screening for effective plant-growth-promoting
rhizobacteria from the rhizosphere of the tree Ficus religiosa
L., a pale-pink-pigmented bacterium was isolated on nutrient
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agar. This strain (CC-FR2-10") was maintained and sub-
cultured on nutrient agar at 30 °C for 48 h. The 16S rRNA
gene sequence, fatty acid methyl ester composition of whole-
cell hydrolysates, respiratory quinones and polar lipids were
then determined. Additional phenotypic analyses were per-
formed: biochemical tests, carbon-source utilization (Biolog
GP2), API ZYM enzyme profiles (bioMérieux), API 20E
(bioMérieux), UV radiation resistance and DNA-DNA
relatedness to D. grandis (the most closely related species in
terms of 16S rRNA gene sequence similarity).

Cultural and morphological characteristics were observed
on nutrient agar and Degryse agar (Degryse et al., 1978).
Flexirubin-like pigments were observed by flooding the
plates with 20 % (w/v) KOH (Fautz & Reichenbach, 1980).
The Gram reaction was tested by using the modified method
of Cowan (1974). Motility was tested under a microscope,
using cells grown for 3 days in motility-test, semi-solid
medium at 30 °C. Fluorescence was tested after 48 h by
means of plating on King’s B agar. The pH range for growth
was tested in Degryse medium as described by Ferreira et al.
(1997).

Strain CC-FR2-10" was Gram-positive and formed visible
(about 2 mm), pale-pink colonies after 48 h at 30°C. No
growth was observed at temperatures above 42 °C. The
colonies were translucent and shiny with entire edges. A
pale-pink pigment was produced on nutrient agar: this
pigment was non-diffusible, non-fluorescent and did not
change upon the addition of 20 % KOH. Oxidase activity
was tested for by using oxidase reagent (bioMérieux)
according to the instructions of the manufacturer. The cells
of strain CC-FR2-10" were oxidase-positive, non-motile,
non-spore-forming rods. Strain CC-FR2-10" was able to
grow well on nutrient agar and Degryse agar. Optimum
growth was observed at alkaline pH; the strain could
tolerate, and grow at, pH 10.

Physiological characterization and additional biochemical
tests were performed to assess the carbon-source utilization
pattern, using Biolog GP2 plates, and the hydrolysis of 19
substrates was investigated using the API ZYM system and
API 20E according to the methods outlined by the
manufacturer (bioMérieux).

UV irradiation was carried out according to the methods
outlined by Hirsch et al. (2004), under a 254 nm UV lamp;
Escherichia coli served as a control.

The fatty acid pattern of strain CC-FR2-10" was determined
using the method described by Kimpfer & Kroppenstedt
(1996). The pattern is compared with those of some repre-
sentative Deinococcus species in Supplementary Table S1
available in IJSEM Online. Strain CC-FR2-10" had a fatty
acid profile typical of members of the genus Deinococcus.

The respiratory quinones were extracted and analysed by
HPLC as described by Tindall (1990) and Altenburger et al.
(1996). The quinone system of strain CC-FR2-10" consisted

solely of menaquinone MK-8. This corresponds with other
Deinococcus species, all of which contain MK-8 as the major
quinone (Embley et al., 1987; Ferreira et al., 1997; Oyaizu
et al., 1987; Suresh et al., 2004).

Polar lipids were extracted and analysed by two-dimensional
TLC according to Tindall (1990). Like other Deinococcus
species (Embley et al., 1987; Suresh et al., 2004; Ferreira et al.,
1997), strain CC-FR2-10" displayed a complex polar lipid
profile consisting of various unknown glycolipids, phos-
phoglycolipids and phospholipids and an unknown amino-
phospholipid; an unknown phosphoglycolipid was the
predominant component (Fig. 1).

The 16S rRNA gene was amplified by using a PCR with
bacterial universal primers 1F and 9R (Kdmpfer et al., 2003;
Shen et al., 2005). PCR products were purified from agarose
gel using the QIAquick Gel extraction kit (Qiagen). The
sequencing primers used were 3F (5'-CCTACGGGAGG-
CAGCAG-3’, corresponding to positions 341-357 of E.
coli), 4R (5'-TTACCGCGGCTGCTGGCAC-3'; positions
533-515) and 5F (5'-AAACTCAAATGAATTGACGGGG-
3’; positions 907-928) (Brosius et al., 1978; Edwards et al.,
1989). Sequence analysis was performed using an ABI
PRISM 310 DNA sequencer (Applied Biosystems), sequence
assembly was performed using the Wisconsin Package,
version 9.1 (GCG) with a Fragment Assembly System
program supplied by the National Health Research Institute
of Taiwan. The phylogenetic tree was constructed from the
distance matrices by using the neighbour-joining method.
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Fig. 1. Polar lipid profile of strain CC-FR2-10". L1 and L2,
Unidentified polar lipids; GL1-GL5, unidentified glycolipids;
PGL1-PGL4, unidentified phosphoglycolipids; PL1-PL4,
unidentified phospholipids; APL, unidentified aminophospholipid;
PIG1 and PIG2, brick-red pigments. PIG2 stained with
o-naphthol, indicating that it contained sugar structures.
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Fig. 2. Phylogenetic tree, based on 16S
rRNA gene sequences available from the
EMBL database (accession numbers are
given in parentheses), constructed after
multiple alignment of the data by CLUSTAL X

Deinococcus sonorensis KR-87T (AY743283)
L Deinococeus maricopensis LB-34T (AY743274) (Thompson et al., 1997). Distances (distance
56 Deinococcus pimensis KR-235T (AY743277) options according to the Kimura-2 model)
EDemocomus papagonensis KR-241T (AY743280) and clustering with the neighbour-joining
97 Deinococcus yavapaiensis KR-236T (AY743279) method were obtained by using the software
Meiothermus ruber ATCC 359487 (215059) package MEGA, version 2.1 (Kumar et al,
Thermotoga maritima DSM 31097 (M21774) 2001). Bootstrap values based on 1000
Marinithermus hydrothermalis T1T (AB079382) replications are listed as percentages at

branching points. Bar, 0-05 K, value. A
maximum-parsimony tree is available as
Supplementary Fig. S1 in JSEM Online.

Trees were constructed by using neighbour joining (Fig. 2)
and maximum parsimony (see Supplementary Fig. S1
available in IJSEM Online). An almost-complete (1453 nt)
16S rRNA gene sequence of CC-FR2-10" (AY941086) was
aligned with sequences deposited in GenBank, using CLUSTAL
X (Thompson et al., 1997). This showed that strain CC-FR2-
10" was phylogenetically most closely related to species of
the genus Deinococcus. According to the gene sequence
similarity calculations, the most closely related strain was
D. grandis DSM 3963" (96-1 %), followed by D. radiodurans
DSM 20539" (94:3%), D. radiopugnans ATCC 191727
(93-2%), D. indicus Wt-1a* (930 %), D. proteolyticus DSM
205407 (925 %), D. murrayi DSM 11303" (924 %) and D.
geothermalis DSM 11300" (90-7 %). DNA-DNA hybridiza-
tion experiments were performed with strain CC-FR2-10"
and the type strain of the phylogenetically most closely
related Deinococcus species, D. grandis DSM 3963, The
method used was that described by Ziemke et al. (1998),
except that, for nick translation, 2 pg DNA was labelled with
incubation at 15°C for 3 h. Strain CC-FR2-10" showed
relatively low levels of DNA-DNA hybridization with D.
grandis DSM 3963" (17-9 %; reciprocal analysis, 14-1 %),
which clearly indicated that CC-FR2-10" represents a dis-
tinct species.

Strain CC-FR2-10" utilized several carbon sources and was
able to hydrolyse 12 out of 19 compounds in the API ZYM
system. The results of biochemical/physiological tests are
given in Table 1 and in the species description. MK-8 was
the predominant respiratory quinone of CC-FR2-10", as for

other Deinococcus species, and an unknown phosphoglyco-
lipid was the predominant polar lipid. Strain CC-FR2-10"
was resistant to UV irradiation (254 nm, 8-10 cm for

Table 1. Comparison of the phenotypic characteristics of
strain CC-FR2-10" and D. grandis DSM 3963"

Carbon source utilization was determined with the Biolog GN2
system. Both organisms were short rods, were able to grow at
40 °C, showed nitrate reduction and were positive for oxidase and
hydrolysis of aesculin and gelatin. Both strains showed positive
results for the utilization of glucose, sucrose (weak in the case of
CC-FR2-10"), fructose and maltose. Both strains produced negative
results for the utilization of cellobiose and for arginine dihydrolase,
urease, indole and H,S.

Characteristic D. ficus

CC-FR2-10"

D. grandis
DSM 39637

Pigmentation Pale pink Pink/red
Utilization as carbon source:
L-Arabinose
Lactose
D-Trehalose
D-Xylose
D-Mannose
D-Melibiose
N-Acetyl-D-glucosamine

D-Sorbitol

o+t
|
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10 min), as are many other Deinococcus species (Brooks &
Murray, 1981).

On the basis of the results of this polyphasic taxonomic
analysis and radiation-resistance studies, it is clear that
strain CC-FR2-10" represents a novel species of the genus
Deinococcus, for which the name Deinococcus ficus sp. nov. is
proposed.

Description of Deinococcus ficus sp. nov.

Deinococcus ficus (fi' cus. L. n. ficus a fig tree and the name of
a botanical genus; L. gen. n. ficus of Ficus, referring to the
isolation of the type strain from the rhizosphere of Ficus
religiosa L.).

Cells are Gram-positive, non-motile, non-spore-forming
rods. Aerobic, oxidase-positive and show good growth after
48 h on nutrient agar and tryptic soy agar at 37 °C. Colonies
on nutrient agar are smooth, pale pinkish, circular, trans-
lucent and shiny with entire edges; colonies become mucoid.
Pink pigmentation is non-diffusible, non-fluorescent and
does not change upon the addition of 20 % KOH. Unable to
grow at 5 or 42 °C. Growth occurs at pH 5-5-10. Resistant
to UV irradiation (254 nm, 8-10 cm for 10 min). Major
cellular fatty acids are 16:1w7¢, 17:1w8¢, 17:1w9c¢ iso,
16:0, 17:0 iso and 15:1w6c. MK-8 is the predominant
lipoquinone. An unknown phosphoglycolipid is the pre-
dominant polar lipid. The following compounds are utilized
as sole carbon sources (i.e. produce positive results in the
Biolog system): dextrin, Tweens 40 and 80, N-acetyl-
D-glucosamine,  N-acetyl-f-D-mannosamine  (weakly),
L-arabinose, D-fructose, L-fucose, D-galactose, D-galacturo-
nic acid, D-gluconic acid, a-D-glucose, a-D-lactose, maltose,
maltotriose, D-mannitol, D-mannose, D-melibiose, methyl
a-D-galactoside, methyl p-D-galactoside, methyl p-D-
glucoside, D-raffinose, L-rhamnose, D-ribose, D-sorbitol,
stachyose, sucrose, D-trehalose, D-xylose, acetic acid, -
hydroxybutyric acid, p-hydroxyphenylacetic acid, L-lactic
acid, D-malic acid, L-malic acid, pyruvic acid methyl ester,
succinic acid monomethyl ester, propionic acid, pyruvic
acid, succinic acid, L-alanine, alanyl L-glycine, L-asparagine,
L-glutamic acid, glycyl L-glutamic acid, L-serine, putrescine
(weakly), glycerol, adenosine, 2-deoxyadenosine, inosine,
thymidine, uridine, adenosine 5'-monophosphate, thymi-
dine 5’-monophosphate, uridine 5’-monophosphate, D-
fructose 6-phosphate, a-D-glucose 1-phosphate, D-glucose
6-phosphate, DL-a-glycerol phosphate. Positive for f-
galactosidase, acetoin production, gelatinase, mannitol
oxidation and cytochrome oxidase activity, alkaline phos-
phatase, butyrate esterase, caprylate esterase, leucine
arylamidase, a-chymotrypsin, acid phosphatase, naphthol-
AS-BI-phosphohydrolase, f-galactosidase, a-glucosidase,
p-glucosidase, a-mannosidase and a-fucosidase.

The type strain, CC-FR2-107 (=CCUG 53391"=CIP
108832T), was isolated from the rhizosphere of Ficus
religiosa L.

Acknowledgements

We thank Mr W. S. Huang for his excellent technical assistance. We
thank Jean Euzéby for his advice regarding the specific epithet. This
research work was kindly supported by a grant from the National
Science Council and the Council of Agriculture, Executive Yuan,
Taiwan, Republic of China.

References

Altenburger, P., Kdmpfer, P., Makristathis, A., Lubitz, W. & Busse,
H.-J. (1996). Classification of bacteria isolated from a medieval wall
painting. | Biotechnol 47, 39-52.

Brooks, B. W. & Murray, R. G. E. (1981). Nomenclature for
“Micrococcus radiodurans” and other radiation-resistant cocci:
Deinococcaceae fam. nov. and Deinococcus gen. nov. including five
species. Int ] Syst Bacteriol 31, 353-360.

Brosius, J., Palmer, M. L., Kennedy, P. J. & Noller, H. R. (1978).
Complete nucleotide sequence of a 16S ribosomal RNA gene from
Escherichia coli. Proc Natl Acad Sci U S A 75, 4801-4805.

Cowan, S. T. (1974). Cowan and Steel’s Manual for the Identification
of Medical Bacteria, 2nd edn. Cambridge: Cambridge University
Press.

de Groot, A, Chapon, V., Servant, P., Christen, R., Saux, M. F.,
Sommer, S. & Heulin, T. (2005). Deinococcus deserti sp. nov. a
gamma-radiation-tolerant bacterium isolated from the Sahara Desert.
Int J Syst Evol Microbiol 55, 2441-2446.

Degryse, E., Glansdorff, N. & Pierard, A. (1978). A comparative
analysis of extreme thermophilic bacteria belonging to the genus
Thermus. Arch Microbiol 117, 189—-196.

Edwards, U., Rogall, T., Blocker, H, Emde, M. & Bottger, E. C.
(1989). Isolation and direct complete nucleotide determination of
entire genes. Characterization of a gene coding for 16S ribosomal
RNA. Nucleic Acids Res 17, 7843-7853.

Embley, T. M., O’'Donnell, A. G., Watt, R. & Rostron, J. (1987).
Lipid and cell wall amino acid composition in the classification of
members of the genus Deinococcus. Syst Appl Microbiol 10, 20-27.

Fautz, E. & Reichenbach, H. (1980). A simple test for flexirubin-type
pigments. FEMS Microbiol Lett 8, 87-91.

Ferreira, A. C., Nobre, F. M., Rainey, F. A, Silva, M. T., Wait, R,
Burghardt, J., Chung, A. P. & Da Costa, M. S. (1997). Deinococcus
geothermalis sp. nov. and Deinococcus murrayi sp. nov., two
extremely radiation-resistant and slightly thermophilic species
from hot springs. Int ] Syst Bacteriol 47, 939-947.

Hirsch, P., Gallikowski, C. A., Siebert, J., Peissl, K., Kroppenstedt,
R. M., Schumann, P., Stackebrandt, E. & Anderson, R. (2004).
Deinococcus frigens sp. nov., Deinococcus saxicola sp. nov., and Deino-
coccus marmoris sp. nov., low temperature and draught-tolerating,
UV-resistant bacteria from continental Antarctica. Syst Appl Microbiol
27, 636—645.

Kémpfer, P. & Kroppenstedt, R. M. (1996). Numerical analysis of
fatty acid patterns of coryneform bacteria and related taxa. Can
J Microbiol 42, 989-1005.

Kampfer, P., Dreyer, U., Neef, A, Dott, W. & Busse, H.-J. (2003).
Chryseobacterium defluvii sp. nov., isolated from wastewater. Int J Syst
Evol Microbiol 53, 93-97.

Kumar, S., Tamura, K., Jakobsen, I.-B. & Nei, M. (2001). MEGA2:
molecular evolutionary genetics analysis software. Bioinformatics 17,
1244-1245.

Mattimore, V. & Battista, J. R. (1996). Radioresistance of Deinococcus
radiodurans: functions necessary to survive ionizing radiation are

790

International Journal of Systematic and Evolutionary Microbiology 56



Deinococcus ficus sp. nov.

also necessary to survive prolonged desiccation. ] Bacteriol 178,
633-637.

Oyaizu, H., Stackebrandt, E., Schleifer, K. H., Ludwig, W., Pohla, H.,
Ito, H., Hirata, A., Oyaizu, Y. & Komagata, K. (1987). A radiation-
resistant rod-shaped bacterium, Deinobacter grandis gen. nov., sp. nov.,
with peptidoglycan containing ornithine. Int J Syst Bacteriol 37, 62—67.

Rainey, F. A, Nobre, M. F., Schumann, P., Stackebrandt, E. &
Da Costa, M. S. (1997). Phylogenetic diversity of the deinococci as
determined by 16S ribosomal DNA sequence comparison. Int ] Syst
Bacteriol 47, 510-514.

Rainey, F. A, Ray, K, Ferreira, M. & 12 other authors (2005).
Extensive diversity of ionizing-radiation-resistant bacteria recovered
from Sonoran Desert soil and description of nine new species of the
genus Deinococcus obtained from a single soil sample. Appl Environ
Microbiol 71, 5225-5235.

Shen, F. T., Kampfer, P, Young, C. C,, Lai, W. A. & Arun, A. B.
(2005). Chryseobacterium taichungense sp. nov., isolated from
contaminated soil. Int J Syst Evol Microbiol 55, 1301-1304.

Suresh, K, Reddy, G. S. N., Sengupta, S. & Shivaji, S. (2004).
Deinococcus indicus sp. nov., an arsenic-resistant bacterium from an
aquifer in West Bengal, India. Int J Syst Evol Microbiol 54, 457—461.

Thompson, J. D.,, Gibson, T. J.,, Plewniak, F., Jeanmougin, F. &
Higgins, D. G. (1997). The CLUSTAL_X windows interface: flexible
strategies for multiple sequence alignment aided by quality analysis
tools. Nucleic Acids Res 25, 4876—4882.

Tindall, B. J. (1990). Lipid composition of Halobacterium lacus-
profundi. FEMS Microbiol Lett 66, 199-202.

Ziemke, F., Hofle, M. G., Lalucat, J. & Rossello-Mora, R. (1998).
Reclassification of Shewanella putrefaciens Owen’s genomic group II
as Shewanella baltica sp. nov. Int ] Syst Bacteriol 48, 179-186.

http://ijs.sgmjournals.org

791



