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Sphingomonas sp. MIM37 possessing aerobic anoxygenic
photosynthetic gene cluster and xanthorhodopsin-like gene: its
genome draft and growth stimulation by illumination

ZHANG Xing-Xing' LIU Ya-Peng' YUAN Bo'? ZHAO Ji-Rui'”
WANG Rui-Gang' FENG Fu-Ying""

(1. Institute for Applied & Environmental Microbiology, College of Life Sciences, Inner Mongolia Agricultural University,

Huhhot, Inner Mongolia 010018, China)
(2. Inner Mongolia Normal University, Huhhot, Inner Mongolia 010018, China)
(3. Tianjin Environmental Monitoring Center, Tianjin 300191, China)

Abstract: [Objective] The genome of the photoheterotrophic bacterium MIM37, possessing
anoxygenic photosynthetic gene cluster (PGC) and xanthorhodopsin-like gene, was sequenced and the
stimulated growth by illumination was determined, which is helpful in shedding light upon the diversity
of photosynthetic pathway and phototrophic bacteria, and the evolution and role of photosynthesis.
[Methods] The isolation was performed by the traditional plate spread and streak. To classify and
identify the isolate preliminarily, the morphological feature and, the homology and phylogeny of
16S rRNA gene, pufM and rhodopsin genes were analyzed. Spectrophotometry and fluorescence
microscopy were employed separately to reveal the concentration and size shifts of the cell cultured
under illumination or dark. Illumina PE library of 300—500 bp fragments was constructed for Illumina
Hiseq2000 genome sequencing. Sequences were assembled through the software of SOAPdenovo and
GapCloser and the online software of RAST was used to annotate. [Results] We obtained a bacterial
strain MIM 37 from Lake Swan in Desert Tenggeli in Inner Mongolia. The homology and phylogeny
analysis based on 16S rRNA gene, pufM and rhodopsin genes respectively, showed that the strain most
closely related to the members of Sphingomonas genus. Compared with the dark condition, light
condition increased the maximum of the cell concentration and volume by 1.2 and 5.6 folds
respectively. The genome draft sequence demonstrated that MIM37 has diverse metabolic pathways
with electron transport chain of the typical aerobic respiration, intact aerobic phototrophic
photosynthetic gene cluster and xanthorhodopsin-like genes, siderophore biosynthesis, heavy metal
reduction, the degradation of microcystin and polyaromatic hydrocarbon and etc. [Conclusion] The
strain MIM37 is a member of the genus Sphingomonas and possesses two different phototrophic
pathways. Light may stimulate its growth markedly. The diverse metabolic pathways may be helpful
for the strain in the survival and wide distribution in natural ecosystems, and make strain MIM37 useful
in environmental pollutes bioremediation.

Keywords: Aerobic anoxygenic phototrophic bacteria, Photosynthetic gene cluster, Rhodopsin, 16S
rRNA, pufM, Genome
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H. PGC FI LRI AN R Sphingomonas sp. MIM37,
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1.1 EHSBERIESR

2013 4F 5 RN S 1B R BLYD B R
(40°00'N, 101°35'E)iffi X #J2(0-20 cm)/KFf, 4385
KPR FR R R IRAT L, BT OCRRRARE
I, GRERNE B RAREFY). ERE
FH 172 RoA [IASESREL, AR ST 1/4 RA
WAREFRIE . 1n RoA BEFRILEHEKE RA BEFRILE
AR n RS FREE P W3 F = AR D) o
RLA #5344 Reasoner 1 Geldreich™ [ 77 il & .
1.2 BEENE
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RoA [AESFRIE ERIZE, 25 °C 1557 48 h, TR
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1.3 DNA HYIRENFIEE 18
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(5'-GGNAAYYTGTTYTAYAACC-3") fl pufM_uni
Rfresh (5'-CCCATSGTCCANCKCCARAA-3"®, ¥
LN Y B 54k PRpfl (5'-TAYCGYTAYGTN
GAYTGG-3")Hl PRprl (5-ATYGGRTANACRCCCC
A-3)°1; PCR {AZR RIS A BEAR R 5 | 9 STk BT
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=R, AR CEREEIN 12 hi12 h) 52
A PR, B 3N ERE . BRIEE
H525 °C, MR R 30 umol/(m™s). HHE 6 h il
FE P 600 nm Ab 14 IR SRR A i 240 Ak 2 AR Ak
BOWEAONR . WIS R REIA, #17 DAPL 4t
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Hybridization)!',

2 SRR

2.1 EREREYFRFM

Sr BB kg5 MIM37 R4S, 4524 0%
geta B, RAPIR, 128, Fold K pH oy 7.5,
OB 0, Fod@i oy 25-30 °C. iR Tl E
28 °C LGS ER (12 he12 WAET, 75 1/2 RoA -
Wb, HEEWELE, WEKRIERE, hgEsT,
Wi, S, WK,
22 REIRMFMARGZLXE ST

B P8 W] P (BLAS Tn) J3 BT B, MIM37 1 16S
rRNA 3K 5 Sphingomonas sp. LH-CABI13 B9AH
PESR 5 (99%), TSR AR fe =i 97%
HF33K B Sphingomonas japonica KCT'; pufM 5
Methylobacterium extorquens AM1 FRE R AR
5 (79%). TEYj Sphingomonas It 4% )@ s Fh
HWEMAREEEWN(E 1AF, MIM37 5
Sphingomonas & MR AR 47 #b SR 75— (B B {H 1A
85%). TE ST L1 AAnPB — & H 1Y pufM BEIH &

A

GRBEWH, MIM37 5% B Sphingomonas J& 1
ANTE AL F A — AL S (B 1B) ., #0048 5 35 A1 1) T 2
P55 Sphingomonas elodea W) XR At =
(75%) , RakKaE R HSkIET
Sphingomonas 43S HH T 7 Ja& W A PR 5% ¢ R il
75 HASE R Wy A AR R G (B 1C),
23 HREKSH

TESEE IR (1/4 RoA S5-I AT, 43 5IE 6 )
5RO R TR SR, AT AR K& (A 2)
T PIRNEE IR 50 T M AR Kt & A AL E
#e AERWIBI6 h i), PIFISRAT AR R
2e5s MZJE, JCRREEFRE T BA0 Mk B2 ] s TR
WGBSR N0 2076 12 h i, ROXPEORAIA, Pifhs
TR T MR B YA R B R, DGR T
AR 0.267 (ODgoo)« M [RIIN 2| BRI TR T
AR 1.2 4% TEARMOMR T M A rp W] — X%
FEEFE, SGRERE IR N MR R B AT R
1.1-1.5 {5 TIAERTEORA , SCREEFR T B9 44
FRA A R T RIS R T Y, AR siAA
BUMIREZEZ 2.5, 1.5 1 5.6 f5(1& 3).

100| Sphingomonas asaccharolytica IFO 15499" (Y09639)
87|" Sphingoamonas asaccharolytica Y-345" (NR 029327)

64| = Sphingomonas pruni IFO 15498" (Y09637)

83

85

100

Sphingomonas sp. PAMC 26605 (AHIS01000152)

0Q Sphingomonas sp. PAMC 26621 (AIDW01000026)
Sphingomonas cynarae SPC-1" (HQ4391860)
Sphingomonas sp. MIM37 (JROH00000000)
Sphingomonas sp. LH-CAB13 (HQ717396)
Sphingomonas japonica KC7' (NR 041681)
Sphingomonas sanxanigenens NX02 (NR121736)
Sphingomonas indica Dd16" (NR109170)
Sphingomonas suberifaciens IFO 152117 (D13737)
Blastomonas natatoria DSM 3183" (AB024288)
Sphingopyxis witflariensis W-50" (AJ416410)
Novosphingobium panipatense SM16" (EF424402 )

100 L— Novosphingobium barchaimii L1L02" (IN695619 )

0.05
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Novosphingobium acidiphilum DSM 19966 (NZAUBA01000006)

Sphingomonas sanxanigenens NX02 (CP006644)

Sphingomonas sp. FUKUSWIS1 (NZJPJC01000083)

Sphing sp. PAMC 26621 (NZAIDW01000027)

Sphing s sp. PAMC 26605 (NZJH584241)
Sphing as sp. MIM37 (JROH00000000)

Sphingomonas sp. PB56 (AY853583)

Sphingomonas humi PB323 (HM003578)

Blastomonas sp. NT12 (AB026182)

Roseibacterium elongatum OCh 323 (JQ694099)

Erythrobacter sp. MBIC3361 (AB015707)

Porphyrobacter sanguineus (AB011074)

Bradyrhizobium sp. BTAil (CP00030)

Rubrivivax gelatinosus 11144 (AP12320)

Thiobaca sp. MTRDDF079 (FN257162)

Methylobacterium extorquens AM1 (NC012808)

Xanthorhodopsin-like [Sphingoonas sp. MIM37] (JROH00000000)
Xanthorhodopsin [Sphingobium sp. Ant17] (EXS71053)
Xanthorhodopsin [Novosphingobium acidiphilum] (WP028640910)
Xanthorhodopsin [Sphingomonas elodea] (WP010544871)
Xanthorhodopsin [Sphingomonas sanxanigenens NX02] (AHES2940)

92| Xanthorhodopsin [Sphingomonas sp. PAMC 26605] (WP010183493)
n 79L Xanthorhodopsin [Sphingomonas sp. PAMC26621] (WP010162638)

100 Rhodopsin [Flavobacteria bacterium MS024-2A] (ZP03702117)
Proteorhodopsin [Flavobacterium frigoris PS1] (ZP09895557)
91 — Proteorhodopsin [Gamma proteobacterium HTCC6124] (ABO88138)
97 Proteorhodopsin hot75 (PRRBPRB02)
50‘,_ER [Betaproteobacteria bacterium MOLA814] (WP_023471763)
53 Proteorhodopsin [Vibrio campbellii] (ADC84422)

—
0.1

1 16S rRNA #[E(A), pufM EEB)RMEREAC)FINRGLER
Figure 1 Phylogenetic tree based on 16S rRNA gene (A), pufM (B) and rhodopsin protein sequences (C)
7. Outgroup, A W', Haloarcula vallismortis JCM 8877 (AB355982); B "', Chloroflexus aurantiacus (X07847); C H', Rhodopsin

[Halobacterium salinarum] (AF306937). BRI 7 A R 56 PR 21 [R5 4S8R 7 0 A S R SR AR T S AL

Note: Haloarcula vallismortis JCM 8877 (AB355982), Chloroflexus aurantiacus (X07847), and rhodopsin [Halobacterium salinarum]
(AF306937) was used as outgroup for phylogenetic tree A, B and C, respectively. Letters in bold denote the corresponding genome contains
anoxygenic photosynthetic gene cluster and rhodopsin gene simultaneously.

24 HEBMFEERSH
W Ar S E Ak MIM37 L4 K JE R
3 695 881 bp, L& 154 4~ Contigs, 129 4~ Scaffolds,
G+C it 64.47%, FENZH A 75 5 318.5%, Contig Nso
fHM 71 636 bp, HliF51 3 377 2k, 45 49 Fl (RNA,
A E RGN A A R AR, HAHE
) AAnPB SLA M (PGC) LML E & M
0 12 24 36 48 60 (XR-like), 7% BLIE BRI /R SCHEIR o S B2 AN
e ome () Rubisco MEHCHEDE . MIM37 () PGC JEFEHESIF 7

2 K. BERHTHEREE KL
Figure 2 Growth curve of bacteria in light and dark conditions cycA-ORF-tspO-bchPG-ppsR-ppaA-bchFFNBHLM-1ha
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A-puhAB-acsF-ORF-pufBALMC-bchCXYZ-crtCDF-
ORF-bchID, FARSY X IEE KRS Jr 20 1E 1)
bchFNBHLM-lhaA-puh, JZIw) crtF-bchCXYZ-puf (Kl
4A) o FEN A A7 e I AR 58 o (0 s —— L B
JBORHEREI bih, LIRS ZMKRRIER B-S1% bR
BIEE ertY 555 KRB B BAERIAHSCHY L,

FER (N 2GR 2 ()RR I S i A LR . %
O B 23 f AR AR A B B R A

Entner-Doudoroff & 4% | MR INHIRE . —RBRIGFR
&, MIM37 B 1A A R BRI SE R, 5 A
PRI YS . 52 AR SE A 4 43 DA I — e S R 4
BAXKET . Ak, MIM37 I8 A B4 8RR | 3

HA SRR B e oy . — LB B R MO RREZMEUEYIEEIIRE, &

A

2 um
—

El3 JH(A). BEB)FMHTUARNLR
Figure 3 Cell size comparison in light (A) and dark (B) conditions

El4 HKEEFEFREMFIHTIGEH

Figure 4 Photosynthetic gene cluster structure and arrangement

#¥: A: MIM37; B: Loktanella vestfoldensis SKAS3; C: Congregibacter litoralis KT71; D: Citromicrobium sp. JL354. £¢{0: beh (AN
MR G AR FER ;s £06: puf OB PO AR GBSO BT RE R M. puh OGO REDEE SR ) B
W 0 o GRS PRGWAR); WG hem (MELLRFMAI)F cye (UM ERG WA R ; 86 lhad GHOLE NGRS
BSOS R RBEE ;1. AR ESAHDCER; F BRI, B, CFI D FiRS% [ Zheng 517,

Note: A: MIM37; B: Loktanella vestfoldensis SKAS53; C: Congregibacter litoralis KT71; D: Citromicrobium sp. JL354. Green: bch genes
(related to bacteriochlorophyll biosynthesis); Red: puf (related to photosynthetic reaction unit fixed) and regulators genes; Pink: puh genes
(related to photosynthetic reaction unit and light harvesting complexes); Orange: crt genes (related to carotinoid biosynthesis); Blue: sem
(related to heme biosynthesis) and cyc gene (related to cytochrome biosynthesis); Yellow: LhaA gene (related to light harvesting complex

assembling protein); Blank: uncertain or unrelated genes; Grey: hypothetical protein. The horizontal arrows represent putative transcripts. B,
C and D refered from Zheng et al'?.
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B W ow & i B B K E W R
PHA) I £ R B
(Polyphosphate, polyP)iEs 1145,

B A Lk B R W, MIM37
Sphingomonas wittichii RW1 (GenBank % %5 A
NC_009511)[Al MR, (H2 B0 16S rRNA 3
FIRLPEFIE N 4154 DDH #1405 HA 93%F1
32%, -S5[S PGC ML) Sphingomonas
sanxanigenens NXO02 . Sphingomonas sp. PAMC
26621 Fil Sphingomonas sp. PAMC 26605 JEK ZH A9
il DDH fizis R A 20%.

3 e

PSSR AN HEA T AR KA S R
g RE A HLIR ERARIR . TR B R ]
— S S IR Y AT POGRE A ATP SRkbFERE &
Wk, EIAREER . XFERDEE IR AA
FEEE A AR (AANPB)FI S LS R Al B, efi])
TR HFEERESY, fEeBk
REREIA ARG D R EEEANE N, B FRTEN
B AV IR TSR 554 1,

ABIFSE A S 1t i I TR K VA RIS T8 7315
1R E—HRANTE MIM37, SIESMARGK T EE

B & (Sphingomonas) E F1 . Sphingomonas Fc7-
i Yabuuchi Z542H 5 T PAE - 5 FH ¢ )& Takeuchi
LEHVLRE Sphingomonas JEIF—53 1 4 A&, Bl
Sphingomonas . Sphingobium . Novosphingobium

(Polyhydroxyalkanoate

Sphingopyxis (53254044), AF% Sphingomonads (1
srdetans,)). Sphingomonads 2RI ZE/KFRES Hh
TCATE, WP EAAE LR f# 2 FhBUE Y i RE

452 Xk e [Eif, 482 Sphingomonads 2541 4
HEA AAnPB 1G4 HE A % (Photosynthetic gene
cluster, PGC), %43 W04 3k R i i A o & 2 il
R —2E, FENY] DNA (A (DNA-DNA
hybridization, DDH) KT 70%/J& T [FF . 1i/NF 70%
AP BER AT T IR R 4F ) (9 DDH
SEGIET A H AN DDH ARGEAHICH:, I
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B{E 70% A] APy Fe, MIM37 5804 Y
Sphingomonas spp. (% FeiL kL i) Ik R AR
DDH ¥ % F 70% , % B MIM37 #f B >
Sphingomonas J& T

HOARAE GenBank HU#E P AL R F 3 bk
Sphingomonas sp. (K 1) [EEAEAE PGC FIFL LR
B BZEH A OC I REEE R IE BRI AR (1T 2
Hypothetic protein), B/ A AHICAE# IR RS
MARIE PGC AL R FIBAAE", MibA It
PCR " G FIIN 3 LA Ko 3 PR 2H 00 34 3 B MIM37
Al W 5% A PGC A H A g 14 AL % BT A
Xanthorodopsin-like (XR-like)fJE [ | X 26504 TRk
JEN S BERILIN 168 rRNA I RS & & o Hrss
RN, PhRERE SRS R EAU RGEEL B 4
BT 7 K 35 T 8 55 DY AT RE O AR 56 IR K P55 8 1Y 45
RO FrLk, FAMEMFE A PGC Al XR-like [
MIM37 H A ARSI R AT BE IRl RE D e 7% |
M Sphingomonas Z AW HABISHER A W ARAT 1Y . F¢
HEFI Y, PGC Ry =2&: 1E[M] bchFNBHLM-
LhaA-puh , 1E [ crtF-bchCXYZ-puf ; 1E [
bchFNBHLM-LhaA-puh, [0 crtF-bchCXYZ-puf';
iE [ crtF-bchCXYZ-puf , 1F 1] bchFNBHLM-
LhaA-puh"(F] 4B .C \D).MIM37 HA5 52 # ¥ PGC,
R T ZEHES i HAR R B PGC AL B Y A
Hr PGC MHESI ) T2 2. e
(Rhodopsin)s— KW RIE T, ORIV AT
(Retinal )i 23 MBS 5 T BT+ 22 R slgO B R
PIRLERLL 0T, T 2R AU AT AE YIRS T & i ATP,
AR AR, BRI T 105 SR
AN [F) BT W B AN R 43 A 2, R EIR
W (Gln 105)FILE G (Leu 105)7], MIM37
HA R R R R K 8 R 627 bp, FLZfi 105 74
B RN Len, H AP YH T FE B
Xanthanorhodopsin (XR)& AL KL, MIM37 (1)
XR-like WiZ &k SR . FERAEDI, 15,155
S B-FA%E N R LR, B
EAIMIER R crt FWE, W erey 20 X BOAR 3L



kB RS SRR A IEIH M Xanthorhodopsin-like JEK 1Y Sphingomonas sp. MIM37: ... 1527
‘@»ﬁiﬂ_ﬁﬁ: MIM37 ':F'o McCarren %ij’g‘tﬂ@l/ l:* }Bi"ﬁ anoxygenic  phototrophic  bacteria—a  review[J]. Acta

PR A G IR bhl AR . IR T IRl 45 i
BPO, e MIM37 w0 A28 2 A A |-
WEAAAE— AT RE bhl BYFED, dH RN A& 15
Thioalkalimicrobium cyclicum ALMI1 & BHAfF B
15,15- B B E R e, (EAH IR AR (X 30%),
HIREE T AP RIBF LIRS, TERGELER
H, MIM37 LS 5k B F Sphingomonas J& 1)
TRE (1 A 100%)E R — 32 | B S 5 HAtL A R
S AL E AN, I HAREE B R PR e R
s A 70% A4, BRI, FefTa s el
& Jfi A 44 M Sphingorhodopsin.

FEAREVE N AAnPB ME—BEEORIE, TN
FEA DU AERFILACI A A= K S OLRB{L AT 5 AAnPB
(0 5 2R A Ty AN ST T B RE TR 1) 20%, {HJEDE
BEAN R L WL IR AR B s — 51275 o
HE s BB 1 5 02 0 5 o S AL 5 T A TR e SR B R
ST AR KPS (BT AT Ak 2 A A
FUMFIVE R, Setid— b 50 2 ot R
KA mA RO fers ik gniarh, Anpsnt st
P B A W i 0 BB OR [RD AN RR R AR K T
800—870 nm AbA e KM, THIRLEEEELE 490 nm
(W ETRIA LR ) B 525 nm (SR EHIA LR o) B i i
IR, BT, AT TR A T {8 AR A
[l Be o, EOGRlR KAk, Bk, MIM37
7 200 L, 2 9 i T 17 R M D' 1 I A A 1 A
TP 200 TR - £ 2R L B T AR R S (Rl R 1), 3
WTRESA RS BURAREA . [N, AR
i, WARERHIE SR PGC ., i )2 XR-like FLAIEM
HUE A FEER, EXEXSEEFRAMT MIM37
A AR A T BRI E R o X — PR
A TS P R TS N, (ARSI
P #E— L IRABIESE o

2 £ X W

[1] Xiong J, Fischer WM, Inoue K, et al. Molecular evidence for the
early evolution of photosynthesis[J]. Science, 2000, 289(5485):
1724-1730

[2] Yang SP, Lin ZH, Cui XH, et al. Current taxonomy of

[3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[15]

[16]

Microbiologica Sinica, 2008, 48(11): 1562-1566 (in Chinese)
WM, AR, B/ME, S AR EDGE AN 17 2t
[7]. T2k, 2008, 48(11): 1562-1566

Yurkov VV, Beatty JT. Aerobic anoxygenic phototrophic
bacteria[J]. Microbiology and Molecular Biology Reviews, 1998,
62(3): 695-724

Beja O, Aravind L, Koonin EV, et al. Bacterial rhodopsin:
evidence for a new type of phototrophy in the sea[J]. Science,
2000, 289(5486): 1902-1906

ME, Blankenship RE. Evolution of
photosynthesis[J]. Annual Review of Plant Biology, 2011, 62:
515-548

Hohmann-Marriott

Martinez-Garcia M, Swan BK, Poulton NIJ, et al.
High-throughput single-cell sequencing identifies
photoheterotrophs and  chemoautotrophs in  freshwater

bacterioplankton[J]. The ISME Journal, 2012, 6(1): 113-123
Kang I, Oh HM, Lim SI, et al. Genome sequence of Fulvimarina
pelagi HTCC2506T, a Mn(Il)-oxidizing alphaproteobacterium
possessing an aerobic anoxygenic photosynthetic gene cluster
and Xanthorhodopsin[J]. Journal of Bacteriology, 2010, 192(18):
4798-4799

Reasoner DJ, Geldreich EE. A new medium for the enumeration
and subculture of bacteria from potable water[J]. Applied
Environmental Microbiology, 1985, 49(1): 1-7

Wisotzkey JD, Jurtshuk P Jr, Fox GE. PCR amplification of 16S
rDNA from lyophilized cell cultures facilitates studies in molecular
systematics[J]. Current Microbiology, 1990, 21: 325-327

Tamura K, Stecher G, Peterson D, et al. MEGAG6: molecular
evolutionary genetics analysis version 6.0[J]. Molecular Biology
and Evolution, 2013, 30(12): 2725-2729

Meier-Kolthoff JP, Auch AF, Klenk HP, et al. Genome
sequence-based species delimitation with confidence intervals
and improved distance functions[J]. BMC Bioinformatics, 2013,
14: 60

Zheng Q, Zhang R, Koblizek M, et al. Diverse arrangement of
photosynthetic gene clusters in aerobic anoxygenic phototrophic
bacteria[J]. PLoS One, 2011, 6(9): 25050

Hunter N, Daldal F, Thurnauer M, et al. The Purple Phototrophic
Bacteria[M]. Dordrecht: Springer, 2009, 28: 31-55

Jiao NZ, Luo TW, Zhang Y, et al. Microbial carbon pump in the
ocean—from microbial ecological process to carbon cycle
mechanism[J]. Journal of Xiamen University (Natural Science
Edition), 2011, 50(2): 387-401 (in Chinese)

ok, WEM, KIE, & TR A YRR — IR AEY)
ABEBBAGIIHLEIRON )], BTIRF M ARBRAR,
2011, 50(2): 387-401

Yabuuchi E, Yano I, Oyaizu H, et al. Proposals of Sphingomonas
paucimobilis gen. mnov. and comb. nov., Sphingomonas
parapaucimobilis sp. nov., Sphingomonas yanoikuyae sp. nov.,
Sphingomonas adhaesiva sp. nov., Sphingomonas capsulata
comb. nov., and two genospecies of the genus Sphingomonas[J].
Microbiology and Immunology, 1990, 34(2): 99-119
Vaz-Moreira I, Nunes OC, Manaia CM. Diversity and antibiotic
resistance patterns of Sphingomonadaceae isolates from drinking
water[J]. Applied Environmental Microbiology, 2011, 77(16):

http://journals.im.ac.cn/wswxtbcn



1528 A8 Microbiol. China 2015, Vol.42, No.8

5697-5706 [25] Armstrong GA. Genetics of eubacterial carotenoid biosynthesis:

[17] Stackebrandt E, Goebel BM. Taxonomic note: a place for a colorful tale[J]. Annual Review of Plant Biology, 1997, 51:
DNA-DNA reassociation and 16S rRNA sequence analysis in the 629-659
present species definition in bacteriology[J]. International [26] McCarren J, DeLong EF. Proteorhodopsin photosystem gene
Journal of Systematic Bacteriology, 1994, 44(4): 846-849 clusters exhibit co-evolutionary trends and shared ancestry

[18] Wayne LG, Brenner DJ, Colwell RR, et al. International among diverse marine microbial phyla[J]. Environmental
committee on systematic bacteriology announcement of the Microbiology, 2007, 9(4): 846-858
report of the ad hoc Committee on Reconciliation of Approaches [27] Soora M, Cypionka H. Light enhances survival of
to Bacterial Systematics[J]. Journal of Applied Bacteriology, Dinoroseobacter shibae during long-term starvation[J]. PLoS
1988, 64(4): 283-284 One, 2013, 8(12): 83960

[19] Lee H, Shin SC, Lee J, et al. Genome sequence of Sphingomonas [28] Palovaara J, Akram N, Baltar F, et al. Stimulation of growth by
sp. strain PAMC 26621, an Arctic-lichen-associated bacterium proteorhodopsin phototrophy involves regulation of central
isolated from a Cetraria sp.[J]. Journal of Bacteriology, 2012, metabolic pathways in marine planktonic bacteria[J].
194(11): 3030 Proceedings of the National Academy of Aciences of the United

[20] Wang Q, Yue JP, Zhang TC, et al. Horizontal gene trensfer States of America, 2014, 111(35): E3650- E3658
provides new insights into biological evolution[J]. Chinese [29] Jiao NZ, Sieracki ME, Zhang Y, et al. Aerobic anoxygenic
Science Bulletin, 2014(21): 2055-2064 (in Chinese) phototrophic bacteria and their roles in marine ecosystems[J].
T, RS, kiR, 45 KPR A Db R Chinese Science Bulletin, 2003, 48(6): 530-534 (in Chinese)
FH[I]. Bl i, 2014(21): 2055-2064 fERK, Sieracki ME, #kEE, & PN A LA FHRAH

[21] Wang N, Lan YL, Wang WW. The review and prospect of K HAEWHEAESRETWERD]. Bltd@if, 2003, 48(6):
proteorhodopsin in ten years[J]. Acta Biophysica Sinica, 2010, 530-534
26(11): 1036-1046 (in Chinese) [30] Giovannoni SJ, Bibbs L, Cho JC, et al. Proteorhodopsin in the
T, ZHAR, EAR. RIE RS LI AR Y [l e ubiquitous marine bacterium SAR11[J]. Nature, 2005, 438(7064):
[7]. AEPPaAdR, 2010, 26(11): 1036-1046 82-85

[22] Man D, Wang W, Sabehi G, et al. Diversification and spectral [31] Gonzalez JM, Fernandez-Gomez B, Fernandez-Guerra A, et al.
tuning in marine proteorhodopsins[J]. European Molecular Genome analysis of the proteorhodopsin-containing marine
Biology Organization, 2003, 22(8): 1725-1731 bacterium  Polaribacter sp. MEDI52 (Flavobacteria)[J].

[23] Wang WW, Sineshchekov OA, Spudich EN, et al. Spectroscopic Proceedings of the National Academy of Sciences of the United
and photochemical characterization of a deep ocean States of America, 2008, 105(25): 8724-8729
proteorhodopsin[J]. Journal of Biological Chemistry, 2003, [32] Stingl U, Desiderio RA, Cho JC, et al. The SAR92 clade: an
278(36): 33985-33991 abundant coastal clade of culturable marine bacteria possessing

[24] Giuliano G, Al-Babili S, Lintig J. Carotenoid oxygenases: cleave proteorhodopsin[J]. Applied and Environment Microbiology,

it or leave it[J]. Trends in Plant Science, 2003, 8(4): 145-149

http://journals.im.ac.cn/wswxtbcn

2007, 73(7): 2290-2296



