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Abstract; Partial DNA fragments encoding for helix C to G of halorhodopsin in halophilic archaea AB19, AB30 and
AJ5, as well as the 16S rDNA sequences of AB19 and AB30 were proliferated by PCR, and their nucleotide se-
quences were determined. The detection of AJ5 hr gene is the first in the genus Halobi forma. The genetic analysis
on hr gene including GC content, the ratio of transition and transvertion, and the codon usage preference indicated
that hr genes were highly evolved, which were restricted by deflected mutation pressure and evolutionary choice. On
the basis of homology and phylogenetic analysis about Ar and #r partial fragments encoding helix C to G, Ar and éor
genes had a similar species variation. And the phylogenetic tree based on the HR and BR helix C to G sequences was
more predominant than the one based on 16S rDNA sequences. The two protein sequences could be marked as novel

molecular indices,
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1 MREHE

1.1 EHMSESES

Bk AB19.AB30 4> B B 7 88 3L b 5 W s K
¥, Halobi forma salilacus A]5 A LR EHE,
BAK 4 RN B SR % SR B 5T A 250 g NaCl,
20 g MgSO, « 7H,0, 3 g #&#M,.2 g KCl, 0.2 g
CaCl,, 10 g WEHEH B (L37) .poH7. 0, IE B K E
1 L, E &5 B35S 20 g.

E.coli Topl0, AAfERE TR ZAE, h ALK
ERFE.

1.2 MELHEHIERANER

FHF 4 DNA $2E 8 W 3CER[8].
1.3 PCR ¥ 1%

4% SCmk [9,10] % 3 — XF 16S rDNA ¥ 5
PCR Y #4519, RAKREFE Y 16S rRNA ZE ¥
I B S A, F3 U F : Forward6—22.:5'-AT-
TCCGGTTGATCCTGC-3'; Reversel540—1521;
5'-AGGAGGTGATCCAGCCGCAG-3". PCR X i
FMH 50 pL WK R 30 B3R A .94 C,
45 s3iB k55 °C,45 s; 3,72 °C,75 s.

45 CER11]a B —X B H5 Py 38 ar HE
3, A Nmn. pharaonis W) hr HE KX S B0
ELFEF 40T . hr361—381,: 5-TGGGG (C/G) CG
(C/G)TA(C/T)CT (C/G)ACGTGG-3’; hr782—
754:5’-AACGCGAAGA(C/T)G TACTTCGCGA
(A/C) GA(C/T)GTC-3". 50 pl Rtk & 30 MG
A8 94 °CL,45 s33B Kk 55 °C,45 s; 3E{H 72 °C,45 s.
L4 BRERFINELRIRF

PCR 74 2 35 A5 Wl B 15 i Dk R, F UNIQ-10
HX DNA J& B ik 7l & (Sangon) 4L J5 , i
pMD 18-T Vector B R IAT & (Takara) FEF]
TEMA&E L, HUKRBHFE Toplo, ZEEFEER
(amp™ )y LB FAR | 37 CHEKIH, BB 9 1A
FEFD 1 A IEBEIR 5 35 9 B0 A K 3E Hh 4R ok,
%4 PCR MBI B E )5 , BEVLEL 3 A BH M2 4 ko )
¥.DNA 5% Fl ABI Prism 377XL [ hil 4L,
A MI13 B HEIM F R X E a2 k78

1.5 REZEHNHE

Bk AB19,AB30 i 16S rDNA F5] 5 M Gen-
Bank $(4% E 3818 MU PE EL B 16S rDNA 73, A
seqpup A, 3 A Clustalwl. 8 k{4 @ # 47 £ F¥ 51
DT B HE . H R A A Bk O R R T R AN, xR
#1751 A seqpup ¥R phylip #83, A Meg3. 0 3
HEFEATH], B “Kimura WS, BT
FIEHE 1T B4 B BE B, A J5 8 ] Neighbor-joining
Fg BT REHERMEE. 54X HEEH boot-
strap BU{E & 100007,

E#k AB19.AB30,AJ5 i) hr 2 A br HEE
ORI BIFRERBTF], 5 GenBank F4HX 75
Fi seqpup # 4 F* A, 7E genedoc HFH F LEEK,
Hoppyeo A dou R ERNE AR 16S rDNA 75
M EHBREREN.

1.6 hr BRKBEDH

SRR 5k M R B Kyte # Doollittle
B FER T hr BRI RS T B
2 AN B e 6/ B e LL (B R A Meg3. 0 8 R
S F TiHE KRS,

2 & R

2.1 MEEEHEM 16S rDNA FSIFIRZRE T

FA—315 419 # B kk AB19 1 AB30 f 16SrDNA
FEHL, or AR R 1472 A1 1474 MR R 1 BT E
Pk 16S rDNA J3 31| 7] i 4 2 7 4t , B F 16S 1D-
NA FFIMBERELTHRERERLE 1 AWK E
A LE B, YL Archaeoglobus flugidus AN FEE, It
FRRBUMESSTH 6 ML, HHK ABLY §
Haloarcula B E M ER — 2 X+, 5 Har.
marismortui ATCC 43049 ) =2k 16S rDNA FF7
FAMETE 94. 66 ~99. 40 R %; AB30 5 Haloter-
rigena J& BB BRAL F Al — 4 3 .
2.2 KEEHBEABI9AB3O MM AJSHIHR ERAEE

Mo ES

W Bk AB19,AB30 #1 AJ5 &3 hr 514
P14 B34 422,425 T 422 B EEXT G L B R
S EKEERE 2. MFLEREN, Z=4F
FISCMEFERKHE HR EQ GC F BRWEHR
FIIEEHE %5 HR EOWEERTI EKE
537 Al Kyte #1 Doollittle (1982) f 7 %1%, i
REAHIANREEANRETHE, HREZAFEK
AB19.AB30 f1 AJ5 5 Hbt. salinarum NRC-1 §)
HR ZEZ i1 GC HErH A AL sk e o & 2
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Talbe 1  Similarity of 16SrDNA sequence of halophilic archaea strains

Similarity of 16S rDNA sequences/ %

No. and Abbreviation

1 2 3 4 5 6 1 8 9 10 11
1 strain AB19 ROROIENS TR IR SIS T SRR O R 94.6 99.3 99.4 89.7 875
2 strain AB30 87.8  0d.2 9400 8TNENEE. GELE S BB GrG
3 Hbt. salinarum NRC-1 OO RGO 2 S T SO DRI G NGRS IR
4 Hbf. salilacus AJ5" 99.0 87.9 89.6 83.2 88.0 87.9 94.0
5 Hbf. haloterrestris 255 B GRLG BLE BT EaE 93.5
6 Har. vallismortis NCBM 20827 94.4 99.5 98.8 89.1 87.2
7 Har. marismortui ATCC43049" rrnA O R O AR O B SR
8 Har. marismortui ATCC43049" rrnB 99,2 89.6 87.6
9 Har. marismortui ATCC43049" rrnC 89.6 87.4
10 Hme. mukohataei arg-2" 87.0
11 Htg. thermotolerans H6
Genus
Nnm. pallidum NCIMB 777 AJ002948
77 Nnm. pellirubrum NCIMB 786 AJ002947 |Natrinema
75 Nnm. versiforme XF10 AB023426
strain AB30 DQ904560
Hig. thermotolerans Hb6 AY546170 |Haloterrigena
100 Hig. sp. arg=4 AB009%624
Hbf salilacus AlS AY277582 Halobiforma
Joo LA bf. haloterrestris 135 AF333760
Har. vallismortis NCBM 2082 U17593
Tar. marismortui ATCC 43049 mnB NC_006397
strain AB19 DQA471854 | Haloarcula
g3l ar. marismortui ATCC 43049mnC  NC_006397
100 Har. marismortui ATCC 43049 mnA NC 006397
L] Hme. mukohataeiarg-2 D50850 lH:.-hmucmb;mn
2 Hbt. salinarum NRC-1 NC_UU260?I!-hu‘nbm‘fvrmm
Archaeoglobus flugidus ATCC 49558 (outgroup )
Y00275
e
0.02

B 1 2EF 16S rDNA 5 R TR
Fig. 1 Phylogenetic tree based on the 16S rDNA sequences from the isolates and other related organisms
The tree was constructed using the neighbor-joining method with bootstrap values caleulated from 1000 resamplings. The number at each
branch point represents the percentage bootstrap support. The bar represents the scale of estimated evolution distance (2 substitutions at any

nucleotide position per 100 nucleotide positions) -

(R < et Witk AB19.AB30 Fil AJ5 ity HR #1151 515
5 T4 B bR 9 HR % 5 [ A AE 5926 ~
90% .61%~76% 1 59 % ~176 % Z Il , Wbk A] HR
2 e C # G 5 a M L 4, HR & ER
P RELE A B - A AR % () A O AR R 2R B AR
<. FE b B4R R M4 Hbt. salinarum HR
T T G A T e £ 5 R ARUIE s E A C 1 3 &
7% M 47000 5 P ) 5 A 5k 5 B (P B )
E 2 Wikk AB19,AB30 il A5 f) hr P 43 1¥ %) PCR 126 1 B LR AR I R HR M EREL A M %R
P E SRR M 5 2 R B IR P 1 160 1 43 1Y 2

Fig. 2 Agarose gel electrophoresis of PCR amplification of Rk 3 s MYM 77 e (9 7R ELF K K IR
= I R 42 T LS T AR R L GC it

he products for separated on a 2. 0% Agarose gel - 4 i . ; P

1. DNA Marker; 2. AB19; 3. AB30; 4. AJS (M[ﬂ 5) '[—]I Ijll"Eﬁ-){i hr Hl’iﬁﬁ?—t{ ﬁ (J('J-I‘ﬂ’l}’k 60. 2
lane 1. DNA marker, lane 2. AB19, lane 3. AB30, lane 4. AJS fi} 66. 9 Z_‘.:i} 'jF"ﬂJ {I!L y‘J 64, 8%- )’II%I ﬁ’!l?‘%_:‘ﬁi Tﬂj
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B 3 Witk Hbt. salinarum NRC-1,AB19 AB30 il AJ5 f HR EH B E B 106~246 i+ HEMEKEE
Fig. 3 Hydropathic profile from amino acid residue 106 to 241 of Hbt. salinarum NRC-1, AB19, AB30 and AJ5 HR
The profile is calculated according to Kyte and Doolittle (1982) with span setting of 9

Helix C Helix D Helix E
c c E__ c ¢
# AREARE #RR#8R £ # $$8S#uaa8 ## RyUSRRER S #5555 0#4 HeAREARRERAH # #54 #3583353888
106 110 120 130 140 150 160 170 180 190

01; WGRYLTWTLSTPMILLALGLLADTDIASLFTAITMDIGMCVTGLAAALITSSHLLRWVFYGISCAFFVAVLYVLLVQWPADAEAAGTSEIF
02, WGRYLTWTLSTPLILLALGLLAGVDTADLFVVIAADVGMCVTGLAAALITSSYAFRWVFYAVSCAFFLVVLYALLVEWPVDAAAAGSDEIF
03: WGRYLTWTFSTPMILLALGMLAGTNLTKLFTAITADIAMCVTGLAAAMTTSSYALRWFWYFISCTFFLVVLYVLLAEWPRDAEAAGTDEIF
04: WGRYLTWALSTPMILLALGLLADVDLGSLFTVIAADIGMCVTGLAAAMTTSALLFRWAFYAISCAFFVVVLSALVTDWAASASSAGTAEIF
05: WGRYLTWALSTPMILVALGLLAGSNATKLFTAVTADIGMCVTGLAAALTTSSYLLRWVWYVISCAFFVVVLYVLLAEWAEDAEVAGTAEIF
06: WGRYLTWALSTPMILIAVGLLAGSNTTKLFTAVVADIGMCVTGLAAALTTSSYLLRWVWYAISCAFFVVVLYILLAEWAEDAEIAGTADIF
07; WGRYLTWTFSTPMILLALGLLADTDMASLFTAITMDIGMCITGLAAALVTSSHLLRWVFYGISCAFFIAVLYVLLVEWPADAEAAGTSEIF
08: WGRYLTWTFSTPMILLALGLLADTDIASLFTAITMDIGMCVTGLAAALITSSHLLRWVFYGISCAFFVAVLYVLLVQWPADAEAAGTSEIF
09: WGRYLTWTLSTPMILLALGWLAEVDTADLFVVIAADIGMCLTGLAAALTTSSYAFRWAFYLVSTAFFVVVLYALLAKWPTNAEAAGTGDIF
10: WGRYLTWALSTPMILLALGLLAGSNATKLFTAITFDIAMCVTGLAAALTTSSHLMRWFWYAISCACFLVVLYILLVEWAQDAKAAGTADMF
11;: WGRYLTWTFSTPMILLALGLLADTDIASLFTAITMDIGMCVTGLAAALITSSHLLRWVFYGISCAFFVAVLYVLLVQWPADAEAAGTSEIF
12: WGRYLTWTFSTPMILLALGLLADTDIASLFTAITMDIGMCVTGLAAALITSSHLLRWVFYGISCAFFVAVLYVLLVQWPADAEAAGTSEIF
13; WGRYLTWAFSTPMILIALGLLAGSNMSKLFTAVVADVGMCITGLAAALTTSSYLLRWVWYGISCAFFVVVLYILLAEWAKDAEVAGTADIF

WGRYLTW STP IL A G LA LF D MC TGLAAA TS RW Y 8§ VL L w A AG F
Helix F Helix G
E E
AHASPAHHHRY SRR Rt ¥ # $S$38S #¢ #4# ##4R4# Res Strains
200 210 220 230 240
0l: GTLKLLTVVLWLGYPILWALGSEGVALLG-VGVTSWGYSGLDIFAKYVFA ABI9
02; ATLRAMTVVLWLGYPIVWALGVEGFALVESTALTSWGYSLLDVFAKYIFA AB30
03: GLLRNLTVVLWLGYPIFWALGAEGLAVLD-VAITSWAYSILDVFAKYVFA AJs
04; DTLRVLTVVLWLGYPIVWAVGVEGLALVQSVGVTSWAYSVLDVFAKYVFA Hbt. salinarum NRC-1
05; NTLKLLTVVLWLGYPIFWALGAEGLAVLD-VAVTSWAYSGMDIVAKYLFA Hrr. Sodomense
06; NTLKVLTVVLWLGYFIFWALGAEGLAVLD-VAITSWAYSGMDIVAKYLFA Hrr..sp. SG1
07: GTLKLLTVVLWLGYPILWALGSEGVALLS-VGVTSWGYSGLDILAKYVFA Har. vallismortis NCBM 20827
08: GTLKILTVVLWLGYPILWALGSEGVALLS-VGVTSWGYSGLDILAKYVFA Har marismortui ATCC 430497
09: GTLRWLTVILWLGYPILWALGVEGFALVDSVGLTSWGYSLLDIGAKYLFA Hig. sp. arg-4
10; NTLKLLTVVMWLGYPIVWALGVEGIAVLP-VGVTSWGYSFLDIVAKYIFA Nmn, Pharaonis
11; GTLKILTVVLWLGYPILWALGSEGVALLS-VGVTSWGYSGLDILAKYVFA shark
12; GTLKILTVVLWLGYPILWALGSEGVALLS-VGVTSWGYSGLDILAKYVFA port
13; NTLKVLTVVLWLGYPIFWALGAEGLAVLD-IAITSWAYSGM-— ——— mex
TV WLGYPI WA G EGA TSW YS

4 TEEEH B HRIBHE C 2 G MEAERHT LE
Fig.4 Alignment of known HR sequences from various halophilic archaea
Gaps (denoted as ~) were introduced into sequences to optimize alignments, Numbering of residues corresponds to Hbt. salinarum NR(
HR. Black cylinders above the sequences indicate the transmembrane helices (helix C to G) based on the three-dimensional structure of Hi
salinarum HR. E and C above black cylinders indicate extracellular and cytoplasmic sides, respectively. Amino acid residues in Cl~ (anion io
channel are marked as A, and amino acid residues contacting retinal are marked as R. Deduced hydrophilic regions are marked as $. Amino a
residues facing lipids in transmembrane helices are marked as #. Consensus sequences among all halorhodopsins are shown at the bottom of 1

sequences,
GCHEERB®IE 0.0, HHBEHTERFHE UM K, XKW v EEREIEEXWHELES. B
GCEHE:MBEBFE—MUGCEEHEEFE " Megl. 0B AR ir Z O FH WA ESR
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Fig. 5 Differentiation of GC content at different codon

78 9 10 11 12 13 avg

sites among 13 hr gene fragments

Symbols and strains: (@) the first site of codon, (A) the second
site of codon, (gm) the third site of coden; (1) strain port, (2) strain
shark, (3) Har. wvallismortis NCBM 20827, (4) Hrr. sodomense
SG1,(5)strain mex, (6) Hrr. sodomense, (7) Nmn. Pharaonis, (8)
Haloterrigena sp. arg-4,(9) Hbt. salinarum NRC-1, (10) Har.
marismortui ATCC 430497, (11) strain AB19, (12) strain AB30,
(13) Hbf. salilacus AJ5T,(avg)average value

Har. marismortui ATCC 43049 HR —1

Cluster A
strain AB19 HR

Har. vallismortis NCBM 2082 HR

Nmn. pharaonis HR

Hbf. salilacus AJS HR
Hrr. sodomense HR
strain SGi HR

strain mex HR

Htg. sp. arg-4 HR j

CL™ pump
Cluster B

strain AB30 HR Cluster C |
Hbt, salinarum NRC-1 HR Cluster D |
100 — Hrr. sodomense BR

strain SG1 BR Cluster E ‘ AR
strain mex BR

Cluster F | BR

Hbt. salinarum NRC-1 HR
Hrr.sodomense BR

Hbf. salilacus AJ5 BR
Hme. mukohataei arg-2 BR

65 Har_ vallismor NCBM 2082 BR
98 strain port BR Cluster H | ~p
09 |  Har. marismortui ATCC 43049 BR
71|y strain AB19 BR

0.1 96 | strain shark BR

51 Cluster G ( DR

H pump

B 6 #%F HR.BRZEE #5500 BN
Fig. 6 Unrooted phylogenetic tree based on partial HR
and BR protein sequences
The tree was constructed using the neighbor-joining method with
bootstrap values calculated from 1000 trees. The number at each
branch point represents the percentage bootstap support. Bar,

0.1 sequence divergence
BR il HR & [ IR HE C-G £ 7 51 2= [ 4544
- ER A R4 SE M, B 12 4 BR E R M 13

4 HR BHHBIE CG FIIMBEREREN (A
6). A T LB S, 25 ARSI A WA KIS
Yo, 50T eE B H A% K HY pump 5 3
12 % BREAFFIKERFETARBHES AWK
#8,AR.,BR.CR # DRM™, fi#E Cl™ pump 4+ X
K 13 4& HR B K5I A LU 4.
2.3 BEEFIS

#itk ABL9, AB30 1 AJ5 ) hr B F 5,
AB19 7 AB30 4 16S rDNA ¥ 3, B % ki 3 Gen-
Bank # 45 B ¥ 5| GenBank (4% FE h, ¥ 51 5 K AR
3 T BR B0 SO BE R B B K 2 BTR.

3 it i

M 16S rDNA FFI M RER T LW L&, Bk
AB19 5 Har. marismortui #l Har. vallismortis
St — 4 P R 9 TR AE 94, 6% ~99. 4%,
i 5 e 5 AR IS T 93%;AB30 5§ Hig ther
motolerans AT |/ — 2 X H, [ 8 #4352 98. 6%.
_Hik%,16S rDNA Fr3 R AR T 9826, AT LA
HEBFARF, W EEDT 93% ~95%, Al LA A
BFAREIY. BT ABLY 1 AB30 452 Halo-
arcula F1 Haloterrigena J& T W %7 B 5. ¥ B HR
%1 BR 7B (B 1E C-G FF 9 My 10 R 5 R A A, AR 3
B MR TS P KK S — R R P
16S rDNA 5 (0 R 5 & W # A R IF A — B
W (RAE R ERAATEY , oAk 16S rDNA J¥ 51 X # # Y
EEME —EHRE, ZRANEE G EREE
rRNA 2 E MR R (W : Haloarcula marismortui
# § rrnA . rrnB i rrnC) L T Ar by e AR AR L
BEEMYEEE, EREAZAR. FHEHFIIL
16S fDNA A EA S HF WA BB T EFENR
5 i HE B T M R Ak Rz 4% w1 W HR A BR
EEMENE C-G FF A UERE R G HE T RE
KBTI R A FHRAR.

BB mE e — AR (B A, 15 AR,
50 JLAFCY, BB HREM HREASIRAET S
& ¥ ;. Halobacterium, Haloarcula, Halorubrum
Haloterrigena # Natronomonas™. F 4 90 A
ROAMERARRABHMEERTRIENAE
BESEENR 4 % Haloarcula B H R LR
(archeaerhodopsin, AR) , Halorubrum J& #J +FMR
447 [ (cruxrhodopsin, CR), Haloterrigena &
1 R $& 10, %% 41 i (deltarhodopsin, DR) #1 Halobac-
terium JB I BRI, IR E R HHERA R
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Table 2 Halobacterial strains and accession numbers of genes encoding for halorhodopsin and bacteriorhodopsin and

16S rDNA gene sequences

Genus or Species Strains Hr 16S rDNA
Hbt. salinarum NRC-1 NC_002607 NC_002607 NC_002607
Hrr. Sodomense Unknown D50848 AB009622 X82169
SG1 X70291 X70292 ND
Har. wvallismortis NCBM 20827 D31882 D31881 U17593
Har. marismortui ATCC 430497 NC _006396 NC_006396 NC_006397
Hmc. mukohataei arg-27 S76743 ND D50850
Haloterrigena arg-4 AB009620 AB009621 AB009624
Htg. thermotolerans Hé ND AY546170
Nmn., pharaonis Unknown J05199 D87971
Hbf. salilacus AJ5T AY607024 DQY04562 AY277582
Hbf. haloterrestris 1357 ND AF333760
Miscellaneous Shark D11058 D43765 ND
Port D11057 D43766 ND
Mex D11056 D11136 ND
AB19 DQ352132 DQ471855 DQ471854
AB30 DQ904561 DQY04560

ND, not determined
BTRENENNREESEAP. £ HR M BRE
HEFIMBHAKZRKE LR LA LEE, H pump
23 BREHFIMRERETAREHESTH AR-
DR P RKH, MAE Cl™ pump 4332 i UM 43
fi. LA WL, HR 5 BR RN{EA MUK E 5 454
DHREV , R RE LA AR DL A B 4R AE.

M 16S 1DNA WA K X F LW - F, AB19,
AB30 #1 AJ5 5 Hbt. salinarum NRC-1 G 8
MIBELBE R, AT EATHR HR BEHFS CG R B2
I R A A L B SR K P I, B R RS R
#HREOBECH GRFHIMEBREAIN . HR E
HE NSEERHFFIRTFHES LRE S, HEM
THEHE C Bl G NIWEEBBREMMRT. S EHE
ZEM 19N EEMBE (Y109, W112 %) # 4 %R
T 5B FEEMXHEERKE R108,T111 1
T203 ERLaXF 4R <F , T 55 200 fof 4 2 BR 3% 40 (R <P 72
13 & HRFFI 9,4 &K Arg, HR K Lys, A H
BHRFBIFE, BRARERENAE FEEND
8. 7€ Haloarcula. Halorubrum # Natromonas &
%5 Lys, Halobacterium ¥ Haloterrigena J& " 1
K Arg. EEFFTRBM =% HR $5)+9,AB19 K&
Lys,AJ5 #1 AB30 B4 Arg, X 5 {187 16S rDNA
I RAER - AT HREAHAHE
O JE 22 5. T EL SR e A UL R 1R <F M K T g IR
XEHBRRANEERELNS 5B FEEANE”L
BB E, B E O RS HAE % A0 T 40 BB sMu)

B4 PP 31 EC AL T 40 B P9 0 B9 3 LA R B B I K 4
FER, X5HBBESMUFHENFERAESLH
x. Hed AJS Bk H HR B2 7E Halobi forma
BHEIE—REHR.

FEHFHEAMER, KRB RRXER, Bl
GCHRIERIMMEEEMH A, I N HME
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