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Figure 2. Two synthetic pathways of glycine betaine in halophilic bacteria. A: choline oxidation pathway; B:
glycine methylation pathway.
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glycine betaine through the choline pathway. The scale bar indicates the phylogenetic distance.
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Table 1. Halophilic bacteria that synthesize glycine betaine through choline oxidation pathway
Species Accession number [Na™] opt./(mol/L) [Na'] range/(mol/L) pHopt.  pH range
Actinopolyspora halophila DSM 438347 AQUI01000002  2.56-3.42 1.71-5.13 ND ND
Aestuariibacter salexigens DSM 153007 AY207502 0.34-1.03 0.17-1.71 7.0-80 ND
Afifella marina DSM 26987 FMVW01000007 0.17-0.85 0-0.68 6.9-71 ND
Alcanivorax borkumensis DSM 115737 AM286690 0.51-1.71 0.17-2.14 ND ND
Alcanivorax dieselolei DSM 16502" CP003466 0.51-1.28 0.17-2.56 ND ND
Alcanivorax pacificus W11-5" AJGP01000039  0.51-0.85 0.08-2.05 ND ND
Alkalicoccus saliphilus DSM 154027 AJ493660 2.74 0.17-4.27 9.0 6.5-10.0
Alkalicoccus halolimnae BZ-5Z-XJ29" KX618877 1.42-2.10 0.74-4.15 7.5 6.0-10.5
Arhodomonas aquaeolei ATCC 493077 M26631 2.56 1.03-3.42 7.0 6.0-8.0
Bacillus aidingensis DSM 183417 DQ504377 2.05 1.37-5.64 7.2 6.0-9.5
Bacillus atrophaeus DSM7264" AB021181 1.20 ND 5.6-5.7 ND
Bacillus chagannorensis DSM 18086" AM492159 1.20 0.51-3.42 85 5.8-10.0
Bacillus selenitireducens DSM 153267 ABHZ01000019 0.41-1.03 0.34-3.76 85-10.0 ND
Bacillus urumgiensis BZ-SZ-XJ18" KM066107 1.80 0.22-4.32 85-9.5 6.5-10.0
Candidatus Chlorothrix halophila AY395567 1.71 0.85-2.05 78-84 ND
Chromohalobacter salexigens DSM 30437 CP000285 1.28-1.71 0.15-4.27 75 5.0-10.0
Desulfohalobium retbaense DSM 56927 CP001734 1.71 0-4.10 6.5-7.0 5.5-8.0
Desulfovermiculus halophilus DSM 188347 DQ139408 1.37-1.71 0.51-3.93 7.2 6.4-8.2
Desulfovibrio bastinii DSM 16055" AY359868 0.68 0.17-2.05 58-6.2 52-74
Desulfovibrio gracilis DSM 160807 FUYCO01000042  0.85-1.03 0.34-2.05 6.8-7.2 54-84
Desulfovibrio oxyclinae DSM 11498" U33316 0.85-1.71 0.43-3.85 7.0-75 ND
Desulfovibrio vietnamensis DSM 105207 X93994 0.85 0-1.71 7.5 5.0-10.0
Ectothiorhodospira haloalkaliphila ATCC 519357  KK214998 0.85 0.43-2.56 8.5-10 ND
Enterovibrio calviensis DSM 143477 AF118021 0.43-0.60 0.26-2.05 ND ND
Flexistipes sinusarabici DSM 49477 CP002858 0.51 0.51-3.08 ND 6.0-8.0
Fodinicurvata fenggangensis DSM 21160" JMLV01000013  0.85 0.26—3.42 7.5 6.5-8.5
Gracilibacillus lacisalsi DSM 190297 DQ664540 0.85-1.20 0.17-3.08 75-80 55-10
Hahella ganghwensis DSM 170467 AQXX01000025 0.68-1.03 0.17-1.71 7.0-8.0 5.0-10.0
Halalkalibacillus halophilus DSM 184947 AB264529 1.71-2.56 0.85-4.27 85-9.0 5.5-10.0
Halobacillus halophilus DSM 2266" HE717023 0.51-0.85 0-2.56 7.8 7.0-9.0
Halobacillus kuroshimensis DSM 183937 AB195680 1.03 0.08-4.27 75-8.0 5.5-10.0
Haloglycomyces albus DSM 452107 AZUQO01000001  1.37-2.05 0.51-3.08 7.0-75 5.0-9.0
Halomonas anticariensis FP35" ASTJ01000004 1.28 0.08-2.56 ND 6.0-9.0
Halomonas elongata DSM 25817 FN869568 0.60-1.37 0-5.47 ND 5.0-9.0
Halomonas halocynthiae DSM 145737 AJ417388 0.51-1.03 0.08-2.56 75-85 5.0-11.0
Halomonas halodenitrificans DSM 735" L04942 0.30-2.0 0-5.5 ND ND
Halomonas ilicicola DSM 199807 EU218533 171 0.34-3.0 6.5 6.0-9.0
Halomonas jeotgali Hwa' AMQY01000015 1.71 0.85-4.27 7.0-8.0 5.0-10.0
Halomonas lutea DSM 235087 ARKKO01000003 0.85-1.71 0.17-3.42 75 5.0-9.0
Halomonas urumgiensis BZ-SZ-XJ27" KMO066108 1.42 0.22-4.32 8.0-85  6.0-10.0
Halomonas zhanjiangensis DSM 21076" FJ429198 0.51-0.85 0.17-3.42 7.5 6.0-10.5
Halonatronum saccharophilum DSM 138687 AZYG01000049  1.20-2.05 0.51-2.91 8.0-85 7.7-10.3
Idiomarina loihiensis L2TR" AEQ017340 1.28-1.71 ND ND ND
Kushneria aurantia A10" AM941746 1.71 0.85-3.0 7.0-80 55-85
Kushneria indalinina CG2.1" AJ427627 1.28-1.71 0.51-4.27 7.2 5.0-9.0
Lentibacillus juripiscarius JCM 121477 AB127980 1.71 0.51-5.13 7.0 5.0-9.0
Limimaricola hongkongensis DSM 174927 APGJ01000007 ND 0.34-2.39 ND 5.0-10.0
(GE))

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



1078

Yingjie Zhang et al. | Acta Microbiologica Sinica, 2020, 60(6)

(B3R 1)

Litorimicrobium taeanense DSM 22007"
Marinobacter algicola DG893"

Marinobacter daepoensis DSM 16072"
Marinobacter hydrocarbonoclasticus ATCC 498407
Marinobacterium halophilum DSM 175867
Marinobacterium lutimaris DSM 220127
Marinomonas ushuaiensis DSM 158717
Methylophaga aminisulfidivorans KCTC 129097
Nocardiopsis chromatogenes Y 1M 90109"
Nocardiopsis gilva Y 1M 900877

Nocardiopsis salina YIM 90010"

Oceanicella actighis DSM 226737

Pontibacillus marinus BH030004"

Rubidibacter lacunae KORDI 51-2"

Ruegeria lacuscaerulensis ITI-1157"
Saccharomonospora halophila 8"
Saccharomonospora paurometabolica YIM 900077
Salinibacter ruber DSM 13855"

Salinicoccus albus DSM 197767

Salinicoccus kunmingensis DSM 178477
Salinimonas chungwhensis DSM 16280"
Salipiger mucosus DSM 160947
Salsuginibacillus kocurii DSM 18087"
Sedimentitalea nanhaiensis DSM 242527
Streptomyces zinciresistens K427

Thalassospira profundimaris WP0211"
Thalassospira xiamenensis DSM 174297
Thioalkalivibrio paradoxus ARh 17

j0i.1055387
ABCP01000031
AY517633
FO203363
AY563030
jgi.1107934
AJB27909
AFIG01000001
AY619715
AY619712
AY373031
JQ864435
AVPF01000156
ASSJ01000063
ACNX01000031
AICX01000084
AF540959
CP000159
EF177692
DQ837380
AY553295
ARRMO1000007
AM492160
AXBG01000021
AGBF01000432
AY186195
CP004388
AF151432

0.34-0.68
0.51-1.03
0.34-1.03
0.60

ND
0.34-0.85
1.03

0.51
0.85-1.37
0.85-1.37
1.71
0.34-0.85
0.34-0.85
0.85

0.60

1.71

1.71
2.56-5.13
1.71
1.36-1.71
0.34-0.85
154-1.71
171
0.17-0.68
0.68
0.51-0.68
0.34-0.68
0.50-1.00

0.17-1.03
0.17-2.05
0-3.08
0.08-3.5
0.51-2.05
0.17-1.71
0.17-ND
0.26-1.54
0-3.08
0-3.08
0.51-3.42
0.17-1.54
0.17-1.54
0.34-1.20
0-1.20
1.71-5.13
ND
2.56-ND
0.17-5.13
0.08-4.27
0-2.56
0.08-3.42
0.51-3.42
0.10-1.03
0.68-1.20
0.34-1.37
0.08-1.71
0.30-4.30

6.5-7.5
75
7.0-8.0
7.0-7.5
ND
6.5-7.5
8.0
6.8-7.0
7.2

7.2

7.2
7.5-8.0
7.0-75
ND

7.5

ND
ND
6.5-8.0
8.5

8.0
7.0-8.0
ND

8.5
7.0-8.5
7.5

ND
ND
10.2

6.0-8.0
5.0-10.0
5.5-ND
6.0-9.5
53-9.3
6.0-8.0
7.0-12.5
6.0-8.0
6.0-9.0
6.0-9.0
6.0-9.0
55-9.5
6.0-9.0
ND

ND

ND

ND
6.0-8.5
6.0-10.0
6.0-10.0
ND
6.0-10.0
5.8-10.0
6.0-9.3
5.0-11.0
ND

ND

ND

ND: Data not shown in the published paper.

zR2
Table 2.

KAHEBRPELEZEENERBRMEHERER
Halophilic bacteria that synthesize glycine betaine through glycine methylation pathway

Species Accession number [Na'] opt./(mol/L) [Na*] range/(mol/L) pH opt. pH range
Actinopolyspora halophila DSM 438347 AQUI01000002  2.56-3.42 1.71-5.13 ND ND
Aphanothece halophytica ATCC 439227 AJ000721 1.00-4.00 0-5.0 ND ND
Arhodomonas aquaeolei DSM 8974 M26631 2.56 1.03-3.42 6.5-7.5 6.0-8.0
Candidatus Chlorothrix halophile AY 395567 1.71 0.85-2.05 7.8-8.4 ND
Desulfonatronospira thiodismutans ASO3-1" ACJN01000005 1.71 0-3.08 9.0 7.0-10.0
Ectothiorhodospira haloalkaliphila ATCC 519357 KK214998 0.85-1.03 0.43-2.56 8.5-10.0 ND
Fodinicurvata fenggangensis DSM 211607 JMLV01000013 0.85 0.26-3.42 7.5 6.5-8.5
Halorhodospira halochloris AT AP017372 2.40-4.62 1.54-5.13 8.1-9.1 ND
Halorhodospira halophila SL1" CP000544 1.88-3.76 1.54-5.13 74-79 ND
Methanohalophilus portucalensis FDF1" JWTKO01000010 0.51-2.56 ND 6.5-7.5 ND
Natranaerobius thermophilus JW/NM-WN-LF" CP001034 3.90 3.10-4.90 9.5 8.3-10.6
Rubidibacter lacunae KORDI 51-27 ASSJ01000063  0.85 0.34-1.20 ND ND
Saccharomonospora paurometabolica Y 1M 90007 AF540959 1.71 ND ND ND
Thioalkalivibrio paradoxus ARh 17 AF151432 0.50-1.00 0.30-4.30 10.2 ND

ND: Data not shown in the published paper.
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Figure 4.

Phylogenetic relationship based on 16S rRNA gene sequence of halophiles that synthesize glycine

betaine through glycine methylation pathway. The scale bar indicates the phylogenetic distance. Numbers at the

branch nodes are bootstrap values for 1000 replicates.
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Table 3.

KAERELEEENH BRI KHAERTE
Halophilic archaea that synthesize glycine betaine through choline oxidation pathway

Species Accession number  [Na™] opt./(mol/L)  [Na™] range/(mol/L) pH opt. pH range
Haloferax alexandrinus JCM 107177 AB037474 4.27 1.71-5.30 7.2 5.5-7.5
Haloferax denitrificans S1" AOLP01000013 2.00-3.00 1.50-4.50 6.7 6.0-8.0
Haloferax elongans ATCC BAA-1513" DQ860977 2.60-3.40 1.70-5.10 7.4 7.0-9.0
Haloferax gibbonsii ATCC 339597 AO0LJ01000012 2.56-4.27 1.71-5.30 6.5-7.0 5.5-8.0
Haloferax larsenii JCM 139177 AOLI101000021 2.20-3.40 1.00-4.80 6.5-7.0 6.0-8.5
Haloferax lucentense DSM 149197 AOLH01000027 4.27 1.71-5.13 75 5.0-9.0
Haloferax mediterranei R-4" CP001868 2.90 2.05-4.27 6.5 ND
Haloferax mucosum PA12" AOLNO01000016 2.60-3.40 1.70-5.10 7.4 6.0-10.0
Haloferax prahovense TL6" AB258305 3.50 2.50-5.20 7.0-75 6.0-8.5
Haloferax sulfurifontis M6&" AOLMO01000015 ND 1.03-ND 6.4-6.8 4.5-9.0
Haloferax volcanii DS27 CP001956 1.70-2.50 ND ND ND
Halobaculum gomorrense DSM 92977 L37444 1.50-2.50 1.00-ND 6.0-7.0 5.5-8.0
Halogeometricum borinquense DSM 115517 ABTX01000001 3.42-4.27 1.37-ND ND ND
Halogeometricum pallidum JCM 148487 AO0IV01000004 3.70 1.70-4.30 6.5 5.0-8.5
Haloplanus natans DSM 179837 KE386573 3.00 2.60-4.30 7.0 6.5-8.0
Halorubrum aidingense JCM 135607 DQ355813 2.60 1.70-4.30 7.5 7.0-9.0
Halorubrum arcis AJ2017 DQ355793 3.40-3.90 2.20-5.20 7.5 6.0-8.5
Halorubrum californiense SF3-213" EF139654 3.50-4.50 2.50-5.00 7.3 6.8-8.5
Halorubrum coriense Ch2" 00922 ND 1.50-5.30 ND ND
Halorubrum ezzemoulense DSM 174637 DQ118426 3.42 2.56-4.27 7.0-7.5 6.5-9.0
Halorubrum kocurii JCM 149787 AOJH01000060 3.42 2.50-ND 7.5 6.0-9.
Halorubrum lipolyticum DSM 219957 DQ355814 2.60 1.70-4.80 7.5 7.0-9.0
Halorubrum litoreum JCM 135617 AOJF01000057 3.42 2.00-5.10 7.0-75 6.5-9.0
Halorubrum saccharovorum M6" uU17364 3.50-4.50 1.50-5.20 ND ND
Halorubrum distributum JCM 91007 D63572 4.27 1.50-5.30 ND ND
Halorubrum sodomense DSM 37557 jgi.1055354 1.70-2.50 0.50-4.30 ND ND
Halorubrum tebenquichense DSM 14210" AOJD01000002 ND 2.50-5.20 ND 7.0-10.0
Halorubrum terrestre JCM 102477 AB090169 4.27 2.56-5.13 7.5 5.0-9.0
Halopiger xanaduensis SH-6" CP002839 4.30 2.50-5.00 7.5-8.0 6.0-11.0
Halobiforma lacisalsi AJ5" CP019285 2.60-4.30 1.70-ND 7.5 6.5-9.0
Haloterrigena limicola JCM 135637 DQ367241 3.10 1.70-5.10 7.0 6.5-9.0
Haloterrigena saccharevitans AB14" LWLNO01000002 3.00-3.40 1.70-ND 75 6.5-8.5
Haloterrigena salina JCM 138917 AM942763 3.40 2.50-5.00 7.0-8.0 6.0-9.0
Halovivax asiaticus JCM 146247 AO01Q01000016 3.40 2.50-4.30 7.0-75 6.0-9.0
Halovivax ruber XH-70" CP003050 3.40 2.50-4.30 7.0-7.5 6.0-9.0
Natrinema altunense JCM 128907 JNCS01000019 3.00-4.30 1.70-ND 7.0-7.7 6.0-8.0
Natrinema gari JCM 14663" AB289741 2.60-3.40 1.70-5.1 6.0-6.5 5.5-8.5
Natrinema pallidum DSM 37517 AJ002949 3.40-4.30 1.70-ND 7.2-7.6 6.0-8.4
Natrinema pellirubrum DSM 154627 AGIN01000009 3.40-4.30 2.00-ND 7.2-7.8 6.0-8.6
Natrinema versiforme JCM 104787 AB023426 3.40-4.30 1.50-ND 6.5-7.0 6.0-8.0
Natronococcus jeotgali DSM 187957 EF077631 3.93-4.27 1.28-5.13 7.5 7.0-9.5
Natronorubrum tibetense GA33" KB913017 3.40 2.00-5.10 9.0 8.5-11.0
Natronococcus occultus SP4T CP003929 2.80 1.40-5.20 9.5 8.5-11.0
Haladaptatus paucihalophilus DX253" AQX101000001 2.60-3.10 0.80-5.10 6.0-6.5 5.0-7.5
Halalkalicoccus jeotgali B3" CP002062 2.56 1.71-5.13 7.0 6.5-9.0
Haloarcula amylolytica JCM 135577 DQ826512 2.90-3.20 2.00-5.10 7.0-7.5 6.5-9.0
Haloarcula argentinensis DSM 122827 EF645681 2.50-3.00 2.00-4.50 ND ND
Haloarcula japonica DSM 61317 AB355986 3.42 2.56-5.13 7.0-75 6.0-8.0
Halococcus saccharolyticus DSM 53507 AOMDO01000030  4.27 2.56-5.3 7.2 6.0-8.0
Halococcus salifodinae DSM 89897 AOMEOQ1000075  3.42-4.27 2.56-ND ND 6.8-9.5
Halosimplex carlshadense JCM 112227 HQ263562 4.27 3.42-5.13 ND 7.0-8.0
Natronomonas moolapensis DSM 186747  HF582854 3.10-3.42 2.39-6.15 7.0-75 5.5-8.5
Salinigranum rubrum GX10" GU951431 3.10 1.40-4.80 7.0 5.0-9.0

ND: Data not shown in the published paper.
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SR FHNE AR A 7 A 5 S0 S ol 1Y) gk A T
WER AR TE 120 KK B, IR B IETH T
i 5 ~61.3%) | JE BE T I
(Firmicutes, ~22.7%). JZk R [ ] (Actinobacteria,
~10.7%), HARNWARLE 2%, 534 16 B skAT i 1)
(Deferribacteres) . %25 1% [ ] (Chloroflexi) . 4
I"] (Cyanobacteria) #l1 Rhodothermaeota ()& J& F
Bacteroidetes" ), 7E49YKF I, WK K y- 2T
i 2 (y-Proteobacteria, ~40.0%) . o- 7% JE & 24
(a-Proteobacteria, ~13.3%). ZFIHF# 44(Bacilli,
~20.0%) . J-75JF 1 44 (9-Proteobacteria, ~8.0%)7Fl
Tl 2% 4 20 (Actinobacteria, ~10.0%). I4h, HE
ZX(Clostridia) . &k FT 1% 4X (Deferribacteres) . %

(Proteobacteria ,

Bk I 24X (Chroobacteria) 1 2% 25 1% 44 (Chloroflexia)
SERI OB T 2% (8 3 FiEk 1), Hirp, AR
AL g B 7 22 B BT ) Halomonas
urumgiensis BZ-SZ-XJ27", DI K JEREH [T H Y
Bacillus urumgiensis BZ-SZ-XJ18" F1 Alkalicoccus
saliphilus DSM 154027 4> 3t [H 21 J5: 51| 2281, & %;
T W E5 20 T 3 O A o PR 58 vh A B e AT AR X e
WEER MR AR R R R BAIIE T (K 3), (H2E
1785 4 B 1B B 480 A & A2 P 55 09 R BB A g
(BetA) MIH = i £ 1 i = 1 (BetB), H it m] WLHH
1 AL 3 AR LA K B B A R S R A 2
LN

T % IR B AR AL 3 A2 5 R S Bk ) 18 8 7 T
#FJ8 T ) A [T (Euryarchaeota) H7 (9 £5 11 1 4
(Halobacteria) (& 5 Fi13 3), fERH/KFE F, VA
1 ¥k )& T Halorubraceae, HAYHRRKIKBLIA
FrER & B A (Haloferacaceae, i i1 %1~52.8%) .
Eh 2B B (Halobacteriaceae, ~17.0%)F14H [ B
(Natrialbaceae, ~28.3%). &l FH =R Hul i v kvt 1A
ZHHIAR TR ERREF, XKEAEERKE —
AR T REER AN TR, KT Na™ % E W ik B i KT
4.0 mol/L., — B, WEER R A ER B
KA S g ER PR B, AT A B ZF
R 1) W R vy TR 45 T SR TR B ATk T i

x4 FREEHIRPRLCREMERESCEZHERAR

Table 4.

Halophilic bacteria that contain both glycine methylation pathway and choline oxidation pathway

Species

Accession number [Na*] opt./(mol/L)

[Na*] range/(mol/L) pH opt. pH range

Actinopolyspora halophila DSM 438347
Saccharomonospora paurometabolica Y 1M 90007 AF540959
Arhodomonas aquaeolei DSM 8974 M26631

Ectothiorhodospira haloalkaliphila ATCC 51935" KK214998

Fodinicurvata fenggangensis DSM 21160" JMLV01000013
Thioalkalivibrio paradoxus ARh 17 AF151432
Candidatus Chlorothrix halophile AY 395567
Rubidibacter lacunae KORDI 51-27 ASSJ01000063

AQUI101000002

2.56-3.42 1.71-5.13 ND ND
1.71 ND ND ND
2.56 1.03-3.42 6.5-7.5 6.0-8.0
0.85-1.03 0.43-2.56 8.5-10 ND
0.85 0.26-3.42 7.5 6.5-8.5
0.50-1.00 0.30-4.30 10.2 ND
1.71 0.85-2.05 7.8-8.4 ND
0.85 0.34-1.20 ND ND

ND: Data not shown in the published paper.
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Figure 5.

Phylogenetic relationship based on 16S rRNA gene sequence of halophilic archaea that synthesize

glycine betaine through choline pathway. The scale bar indicates the phylogenetic distance.

K, WS —LEmgEh o TR A m] R AR A M
) e 1 B R S PR S DN o A iR AN
B2 R NG KRR B UE . 58S ME— R AL
N F IS AR, TP

FEXF F ARG A AR AR, R T Y T e
FAL R AR AR E I P A AT AS-11262T) o i i 4y
ra&Wl, (A 14 BRUEER 8O A H &R P ik R
JrT (DR (] 4 FI3R 2). M43k |, AR
HASIETET (5 B £L~50.0%) . THEK AT 1(~14.3%)
WEANTAT ] (~14.3%) , M JEERE T T FI4R 25 T T )80 |
B, BE~T%. NI L, ZHIET -2

actamicro@im.ac.cn

FE T8 49 (~35.7%) FIi 28 B 44 (~14.3%) , —i 8 T
oI BRN(~11.7%) . 1M1 O-ETE RN . SRS TR
PRI AN FNERER T BT i B /0 (~7.1%) . AR A 2N
g B EL B R 40 1E  Natranaerobius thermophilus
JWNM-WN-LF" J&—FRPRAE gL . 15 Bl FImg A0
ZVEWMANR , AP R E 2 iITRAQ AR |
RNA-Seq £ RFIEUF PCR H A, 1EA [FIM 3 45 1
RN B BT R, R BT RS A
BAHREN RS . SR, GSMT #il SDMT
AR B S5 14 F (3.0 mol/L Na* .pH 8.8 Fi1 42 °C)
3w B A 44 F (4.0 mol/L Na*. pH 9.8 il



RIS | UEW -k, 2020, 60(6)

52 °C), GSMT RyFE[H i 1.75 fi5, SDMT ()3
P E 98 2.02 15 CRls AR & 3) o eoh, (ORI 1 HRiE
b B (0 % F H e mE R, Methanohalophilus
portucalensis FDFLT)R T H & B H ki 2 &
JRE RO AR ST, R H 2R P 3k
TR AR I R A R R T AR G 5 S R H R L
fi O AL RS Tl AL 20 R — W O H (R W B
ik, (L PP o 6 1 I R 0 T R R T P 2 A )
REJE IAFAE2E 5, I S5 SE A 5200 T AR 4878
CATBEAATE ROTRZ0 o

IeAh, A 8 WRIE LA R [F] N7 Ak DAIE ARl H
LR N YRR AW 5 R AR (3R 4), WHRRIE
B . KIMARLE i R Arhodomonas aquaeolei DSM
89747 | = 4 % 41 2 7H  Ectothiorhodospira
haloalkaliphila ATCC 51935" |
fenggangensis DSM 211607 #1 Thioalkalivibrio
paradoxus ARh 17, JF{Zkid . MEER Lk £ i
Actinopolyspora halophila DSM 438347 | ZE £
ftl B Saccharomonospora paurometabolica YIM
90007" , 4t T I -
halophile™, F1ifs ZH i Rubidibacter lacunae KORDI
51-2". 8 WREEERANTAXT T Na' i 5 id e Ll
0.50-2.56 mol/L, A=K Z{ilFE  0-4.30 mol/L.
XBCREEL TR AFE IR 5 R AR, (HIMAN G it
WA AR EL MR R A, R AR AN S R
o g £ TR A 308 % I o — Rl L 5 ARG S, X2
H i AH G 1 B9 P IO 18 S, R (A A
KA AT IRAR TR ARG I S (IR
AR, SR ATH 2R M Sk U EH SR B AH X B0 #E
REAY SRS AL, PR FR AR R 2 B AR b i
REPLIN 2 —, BEERE—A S-IRH -L- A s PR it 4
TN AE 12 > ATPIL, (K H- 4% Y STE

M

Fodinicurvata

Candidatus Chlorothrix

KA OBRARAE IR BRI, (A5 A o
R A A, HrP A A W) oE D AR T 2
— L HRR.

3 HEMAEHEN KLU RE
B 1R A

I £ AT v SRR A ) T RE R A T
(2491128290 (R SR TR [l g A2 B Vg R T
FHSRTAE 5 A4 TR R AAAE 22 S AT il . i T
EER AR R LA 40, AR Z 18
ARG ERTE B AR JRARRE | AT RO SL A S5 S LT RE
AR BRI ZE S o DA SO RUIH B A
HaEmREeh RN E R TR, A8
Xof SR ) kA o LR A T 2R G Y B

Vi Dy s 22 TR %) o B2 0 kA R ) A5 =X T
B, PR ER B (Halomonas elongata) IHAH &
FL I 2 O TR A B 5 2303 ip gy e, A
2.0 mol/L NaCl &£k 451F T, H. elongata DSM3043
241 IR R % 0.5 mol/L NaCl fikdh £+ 44
T 445, HAh, 7E 2.0 mol/L NaCl 44 F , %7
PR DB 5 H R2 AC JEL 5 S i B ) T A A AU
BB Z BHERAY 2 A% MR8 22 [
R TR =V R 7 SN =2 N2 S U Sl
(Halobacillus dabanensis D-8")7E 1.0 mol/L #i
2.0 mol/L NaCl Z&fF T, $% 3% 3k vh o5 fin JIE 6 1)
ODeoo fH bt AAD BRI T A 12 6 514, IR SR A S
MRS E R Y, BX T ReEAT A&
SEDRA WG ER TR o L, mEER T TR EhIE L
C 28 T Z NI, i gl ] i g SR 134
PN ERBL T, T ERAT A S B T
gL, HARE NHLE O 253 Tz AT,

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



1084

Yingjie Zhang et al. | Acta Microbiologica Sinica, 2020, 60(6)

FLAE 19708 5 A AR AE PEER I B A N ER AL
RITE i R 25 0 g S vl v 2o RSO g o o
N B E R, DAHCAE 40 i 71 ER 2R 5% 5l iy £
il BT SO A BRI R 24 R Ik
R e BR8P A R AR R S A i A R
SEBRAYHRIE , X T8 R v T FP SR 0 il Y
W Rz, W JCHGE § K g R T R F I
FALR A B O%, eAh, W JeA ST
() 53 B #8577 IH B B AR AR A SC LA i gk 7 T 1Y
G , ABATEX 53 Bkl T FE 5 i S LA —FhpL ]
R FE b R P AR AR L, BORE U S SRS R
% A FNAN BT A5

X N 2R & BRI SR IR A vE SR AT & L #iER
B 7 A B A A kLA g R PR P AR R K
W7 mEEhLk Z /1 A. halophila ATCC27976"
L4k T R 2192 E. halochloris ATCC35916"
(P>} Halorhodospira halochloris AT)J2& H HI#F5%
BONTRAR R T H 2002 AL R 42 ) vE Eh 4l A,
AT UESE T P AR G TR 1 AT DA e R B
FUEHEZERN, 4.0 mol/L NaCl ¥R Hh 4 fifg Py i =2
Bkt 2.0 mol/L NaCl ¥rsireg 2 £%, JFHE 4%
BAH G & IR R DI REIN E , R BIZ A AR AE =
RIBCR FitSemi-G BUE FURFEMER], f2 ERR iR
£ o P TR RE TR 1] Hh g A R AR 4B
Natranaerobius thermophilus JWNM-WN-LF™ &
—BRDCA. WEER . VB . MRS, mfEERSR
4} 3.9 mol/L Na* (23% NaCl, W/V), pH 9.5,
J¥ 53 °C, HMURR Y A= A7 A5 1F R W A1 i b i
FETEAN [R]85 D vh g R TR A AL R AIE o 4
B8N, thermophilus H 57 BH 3B Sk & s
TRAIEIER, AW N. thermophilus AS[R]WE

actamicro@im.ac.cn

WA T LN BHESRTEEAT 1 0 A (B R & 3R) , 4
KW N. thermophilus 4 it Py G 3208k B % £
YR EE A BG I T m, ELMRBESE IR BE RO, 4 Na”
WRE N 4.5 mol/L (FH4 T2 27% NaCl)if, =2
B B 2 Na™¥k By 3.3 mol/L (%) 19% NacCl)
(9 3 A5 o X T[] JE8 T A BE G T Y o 2% R BH e v
vE h R S A Ak B ZF A AT I Virgibacillus
halodenitrificans PDB-F2 i, FH S0 2 22 0k T
R PRTE 6%-15% NaCl g4 K%, 15% NaCl
LI, R R X B2 Y 1.28 i, X uk
45 SRR W TSR BRG] I 8 T3 17 Eh P AT K i 17 1 3
SRS T ST St A Gl Nacv s IR IE S /N ]
REER R, AR PRV B AL R ARG B
BN IR ARG . %8 5 T B g SR T
Methanohalophilus portucalensis PDF1" J& H i #/f
eI NI R H B R 1 5 LA S Y g 3
W, ZWSEER TIEM M. portucalensis 7E 5 $h FR
i RE B RSO, K AR DGR B R e A H
RRE TR AR E .coli MKH13 m, 7EEh3A45  #E 4 5
20 H T AY TR L iR e Y D AR A AR R TR B
(0.8 mol/L NaCl F #27i £y 10 hy9,

HH S ) E A E AR BR T Eh 345, 1
FRER B D AR Hh A SRRR OGS L R A A B, Fh
AT I 2 5 DX 3 3K 1) 28 1 R RE A AE T 52 22 Fh
i RS RE T . BHSRIRER 1A VR B D R Y
YERISE, & TVE A B RE A 8RR E R, SR Xt
LR IR VRARAL HEL A TR AR A KPR
FHB2A0 FEMRB AT, BHEEH AT ARy —
HH AR, AR ZRES, BRIEmEN3
75 & I Ay e 5 B8 SR 5 5 B YR P Jo 4t 107 A i A



RIS | UEW -k, 2020, 60(6)

1085

4 HHXBEREREEDEATH

AR BA CE D] ) 1) RE %5 0 O TH IR
B %, (BRHAEIACA YA Y U ) 4
TR o LR il 7R 5 DR A5 A7 ) g 2 R 2 i
PIAAE Y b i i A E— 2847 4

(1) MEFEEE A L ) % . Cénovas 4%
(2000)K5 KR B H. elongate DSM3043 [
betIBA JE[A T ABiFE BRI MKH13 #itk
EPRTE 0.5 mol/L £RFEET, REGEA USRI, Gu
25 (2008) K ik 3 = £ 2L FF I H.dabanensis D-87
W) gbsAB JERITE R AT PD141 thifffrik,
EEA 1 mmol/L IHAHY 0.7 mol/L #5155,
AE fi 4G I 2] FH 32 W% . Prasad 25 5 g R 1 AT A
Arthrobacter pascens H i) A B 42 AL L K] (codeA)
HEAGERY, KBLA] DI i e R AR AR
£ 0.2 mol/L Na"#hJ5gHh, By A= TUAR ) JCA 11
iP5 codeA i [K A R AR A7 85 & 2R 1T % 40%1H
Mohanty 254 codeA JL[R &5 AJKAE 1, 50%11) % 5L
DR A AR AE SR a8 £ A R A8 A R 72 25 Su
SRR A A A R R S TR cox BEIR S A KA
R O T SR A AR 8RR A R L S B A A
2 FEESLBesh, FERIRIIT . TORANFE A, R
TS DAL 1) S 5 28 TR 6 R ) 1) A B e B A IR
A 3T fE A T R RGP I fh 41 41
()R A RIS E R, e FE A
BN T ARXS S W FE RIS, R R3] T
TRIPE o 3K U8B H R A0 A B IR 1) S5 D
kA DUR G EUE SR Y 2 R B IR

(2) HAREBEGMERP . 24 Mk,
FE NAPE A 200 0B v RO T A IR AR iR

J I G A B U E R, A RO
A. halophytica H (1 T 24 BR A S B8 Sk 45 i AT 7Y
SR e R A L DR ST 5 ) A . R R AT
H PRSI A LR ApGSMT K. ApDMT %5 A ff1
JIE 3 Anabaena sp. PCC7120 H', £ 0.12 mol/L NaCl
ST, L DR A R Y A R o R I A R Y
2 fi VBTl R B R R G B S A A R S N
ApGSMT Fll ApDMT §% A KAE | % BL AR ot 4k
i 3E T S TP AE RUAR A, £E 0.15 mol/L NaCl
T, e R DR PR 2R 8 I B S ma M B SRy 3 7K A 1
4-6 5 o SELLRTII Rt aR i, NI E
it FAERR ARSI , 7€ 0.2 mol/L NaCl 355,
e SRR R o 2 38 B i 2 P AR TR Y 2.6 £
7£ 0.4 mol/L NaCl F, ik 6 151, i, Song
254 £6 B 2 A B P ApGSMT2g 1 ApDMT2g (4 6%
FHSREOR A I, I A R FH U 44 R ) e AR AE R
45 R B R AR FE 0.15-0.20 mol/L NaCl %%
TF T B ERR AR A R B R Y 2 51T peab,
M. portucalensis FDF1" 1 1) fH 3% B & A ik
Mpgsmt-sdmt A KFFE MKH13 H, 7£ 0.7-
0.8 mol/L h 251 F , 45l & Ik IR i K A T
Fik MpGSMT-SDMT A4 J s (1 45 0, o A1 5L 24
i i R E I g Sy sm M 58 MpGSMT  Fil
MpDMT EER 4% A SR IFHr, %% 5L DR A R AE
0.15-0.30 mol/L NaCl #3545 T B 41 < 345
U, AR SR K B A B4 2 £51, LU
T SR A S A I PR SR A A R R
R TR E, HREEM A I HE 5 ARt
AT ER TREGE R, AT B RRAE = B PR v R L
AFRTIRE, SAE N AR AE PR . A
A G B T SRR ZE AR ) B0 e v R R
PIFER , X AE RS TP LLAE AE I 2 TR

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



1086

Yingjie Zhang et al. | Acta Microbiologica Sinica, 2020, 60(6)

A LR RH SB35 BRI S AR RR A, AT 5 8l
S, DASESEAEMRARGTER B I BE ST, A A T
PRI A R R N o

5 RZ

TR o — R R B AR A PRI o, (208
BRI YR 1 VR S O I e O A S B
PR o BHERA ) 2 405 A B 28 Ak A A H
W Eekte. AR et TH—a
AR, HFAT K Bk A — B v £ 20w A
2 P RRte, X—A@pRBE R T AR
% X PR G BB AR AE R R PR T R AT IR
S A TR — R W B B (ELR fioh o AS ) B8 A2 45
P, SR PRl AR A ER PR P A B R 7 X
BE ) I Fp Tk . BRAEXS T BEAE W& AR
WEER T (A RSB Z Bl R 6 R b Bk = R 4L
WIRTILEAE, THSEm L DR 725 28 4 i A4 2
REICA FFIR AWTI o B SRR H A AR 75 1 5 T A
FOA A i s, i R T o i 1) T A1) FH IR A AR 24
WA B B R A A R K IR A

H T 0 £ TR A R T W B R AR R A A ad
P, A AR LR AR SR BRI AR, X
JURARA A S an gy S 45 A4 L AT Z [l A7 A
MR B AR, ) DUR T B R A DT E
Mo X R AAR A B D8 8 1 50 Y
MR, SHERERE X Ho T AR B B R,
N2 HA L & B A A o™ A A A
IR 5 TS Il o AEAe i RE N TR I AR T
IO7 T S m R DA ZE BRACED s Tl | A Tl
TR AL BRANAT 5 Qe LE B S P R AT, TP
e BE DR R AR BE 8 ol B 358 2 4 s BIF 5 ) A
NS o R R At 4 2l R MRS 35k A A 0 B9 &

actamicro@im.ac.cn

LRSI E Ao B N 4 S DS 23
b, W EALR R — LEBE AR L A DL
LK BE IR U RIR AN SR — iz g, L
WITHRA AR 45 R TR S RE S T 1 AR 2 0 5 il
SRR

Z % MW

[1] Ventosa A, Nieto JJ, Oren A. Biology of moderately halophilic
aerobic bacteria. Microbiology and Molecular Biology Reviews,
1998, 62(2): 504-544.

[2] Gunde-Cimerman N, Plemenita§ A, Oren A. Strategies of
adaptation of microorganisms of the three domains of life to
high salt concentrations. FEMS Microbiology Reviews, 2018,
42(3): 353-375.

[3] Zhao BS, Yan YC, Chen SL. How could haloalkaliphilic
microorganisms contribute to biotechnology? Canadian Journal
of Microbiology, 2014, 60(11): 717-727.

[4] Zhao BS, Yang LF, Wang L, Lu WD, Yang SS. Study progress
on compatible solutes in moderately halophilic bacteria. Acta
Microbiologica Sinica, 2007, 47(5): 937-941. (in Chinese)
AP, B, E8, R, B, bR R
AL TSR, TR, 2007, 47(5): 937-941.

[5] Roberts MF. Organic compatible solutes of halotolerant and
halophilic microorganisms. Saline Systems, 2005, 1: 5.

[6] Shao YH, Guo LZ, Zhang YQ, Yu H, Zhao BS, Pang HQ, Lu
WD. Glycine betaine monooxygenase, an unusual Rieske-type
oxygenase system, catalyzes the oxidative N-demethylation of
glycine betaine in Chromohalobacter salexigens DSM 3043.
Applied and Environmental Microbiology, 2018, 84(13):
€00377-18.

[71 Mansour MMF, Ali EF. Glycinebetaine in saline conditions: an
assessment of the current state of knowledge. Acta Physiologiae
Plantarum, 2017, 39(2): 56.

[8] Zzhao BS, Yang LF, Song L, Wang H. Biotechnology
applications in moderately halophilic eubacteria. Microbiology,
2007, 34(2): 359-362. (in Chinese)

BEB, Bile, KE, EE DEEEEEAYEA TR
N, A i, 2007, 34(2): 359-362.

[9] Zzhao BS, Li J. Biodiversity of
haloalkaliphilic microorganisms. Acta Microbiologica Sinica,
2017, 57(9): 1409-1420. (in Chinese)

RE B R AIIEFREL I S HVE TR, A
12, 2017, 57(9): 1409-1420.

culture-dependent



RIS | UEW -k, 2020, 60(6)

1087

[10]

(11]

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Lai SJ, Lai MC. Characterization and regulation of the osmolyte
betaine synthesizing enzymes GSMT and SDMT from
halophilic methanogen Methanohalophilus portucalensis. PLoS
One, 2011, 6(9): €25090.

Nyyssola A, Kerovuo J, Kaukinen P, von Weymarn N,
Reinikainen T. Extreme halophiles synthesize betaine from
glycine by methylation. Journal of Biological Chemistry, 2000,
275(29): 22196-22201.

Cénovas D, Vargas C, Kneip S, Moron MJ, Ventosa A, Bremer
E, Nieto JJ. Genes for the synthesis of the osmoprotectant
glycine betaine from choline in the moderately halophilic
bacterium Halomonas elongata DSM 3043. Microbiology, 2000,
146(2): 455-463.

Gadda G, McAllister-Wilkins EE. Cloning, expression, and
purification of choline dehydrogenase from the moderate
halophile Halomonas elongata. Applied and Environmental
Microbiology, 2003, 69(4): 2126-2132.

Gu ZJ, Wang L, Le Rudulier D, Zhang B, Yang SS.
Characterization of the glycine betaine biosynthetic genes in the
moderately halophilic bacterium Halobacillus dabanensis D-8'.
Current Microbiology, 2008, 57(4): 306-311.

Nyyssdlda A, Leisola M. Actinopolyspora halophila has two
separate pathways for betaine Archives of
Microbiology, 2001, 176(4): 294-300.

Nyyssdla A, Reinikainen T, Leisola M. Characterization of

synthesis.

glycine  sarcosine  N-methyltransferase and  sarcosine

dimethylglycine N-methyltransferase. Applied and
Environmental Microbiology, 2001, 67(5): 2044-2050.

Waditee R, Tanaka Y, Aoki K, Hibino T, Jikuya H, Takano J,
Takabe T, Takabe T. Isolation and functional characterization of
N-methyltransferases that catalyze betaine synthesis from
glycine in a halotolerant photosynthetic organism Aphanothece
halophytica. Journal of Biological Chemistry, 2003, 278(7):
4932-4942.

Lechtenfeld M, Heine J, Sameith J, Kremp F, Miller V. Glycine
betaine metabolism in the acetogenic bacterium Acetobacterium
woodii. Environmental Microbiology, 2018, 20(12): 4512-4525.
Munoz R, Rossell6-Méra R, Amann R. Revised phylogeny of
Bacteroidetes and proposal of sixteen new taxa and two new
combinations including Rhodothermaeota phyl. nov. Systematic
and Applied Microbiology, 2016, 39(5): 281-296.

Zhang SS, Pan J, Lu WD, Yan YC, Wang HS, Wiegel J, Zhao
BS. Halomonas urumgiensis sp. nov., a moderately halophilic
bacterium isolated from a saline-alkaline lake. International
Journal of Systematic and Evolutionary Microbiology, 2016,

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

66(5): 1962-1969.

Zhang SS, Li ZJ, Yan YC, Zhang CL, Li J, Zhao BS. Bacillus
urumgiensis sp. nov., a moderately haloalkaliphilic bacterium
isolated from a salt lake. International Journal of Systematic
and Evolutionary Microbiology, 2016, 66(6): 2305-2312.

Qiu DC, Liao ZY, Lu WD, Wang HS, Li J, Zhao BS. Draft
genome sequence of Alkalicoccus saliphilus DSM 154027, a
haloalkaliphilic bacterium isolated from a mineral pool.
Microbiology  Resource 2019, 8(24):
€00266-19.

Zhao B, Holtzapple M, Lu W. Genus Alkalicoccus//Bergey’s

Announcements,

Manual of Systematics of Archaea and Bacteria. John Wilkey &
Sons, Inc., in association with Bergey’s Manual Trust. (In
press).

Fendrihan S, Legat A, Pfaffenhuemer M, Gruber C, Weidler G,
Gerbl F, Stan-Lotter H. Extremely halophilic archaea and the
issue  of long-term  microbial survival. Reviews in
Environmental Science and Bio/Technology, 2006, 5(2/3):
203-218.

Miiller V, Spanheimer R, Santos H. Stress response by solute
accumulation in archaea. Current Opinion in Microbiology,
2005, 8(6): 729-736.

Lu WD, Chi ZM, Su CD. Identification of glycine betaine as
compatible solute in Synechococcus sp. WH8102 and
characterization of its N-methyltransferase genes involved in
betaine synthesis. Archives of Microbiology, 2006, 186(6):
495-506.

Kimura Y, Kawasaki S, Yoshimoto H, Takegawa K. Glycine
betaine biosynthesized from glycine provides an osmolyte for
cell growth and spore germination during osmotic stress in
Myxococcus xanthus. Journal of Bacteriology, 2010, 192(5):
1467-1470.

Goh F, Jeon Y],

Osmoadaptive

Barrow K, Neilan BA, Burns BP.

strategies of the archaeon Halococcus

hamelinensis isolated from stromatolite
environment. Astrobiology, 2011, 11(6): 529-536.
Zou HB, Chen NN, Shi MX, Xian M, Song YM, Liu JH. The

metabolism and biotechnological application of betaine in

a hypersaline

microorganism. Applied Microbiology and Biotechnology, 2016,
100(9): 3865-3876.

Cénovas D, Vargas C, Csonka LN, Ventosa A, Nieto JJ.
Osmoprotectants in Halomonas elongata: high-affinity betaine
transport system and choline-betaine pathway. Journal of
Bacteriology, 1996, 178(24): 7221-7226.

Cénovas D, Vargas C, Csonka LN, Ventosa A, Nieto JJ.

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



1088

Yingjie Zhang et al. | Acta Microbiologica Sinica, 2020, 60(6)

[32]

(33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

Synthesis of glycine betaine from exogenous choline in the
moderately halophilic bacterium Halomonas elongata. Applied
and Environmental Microbiology, 1998, 64(10): 4095-4097.

Ginzburg M, Sachs L, Ginzburg BZ. lon metabolism in a
halobacterium. I. Influence of age of culture on intracellular

concentrations. The Journal of General Physiology, 1970, 55(2):

187-207.
Matheson AT, Sprott GD, McDonald 1J, Tessier H. Some
properties of an unidentified halophile: growth characteristics,
internal salt concentration, and morphology. Canadian Journal
of Microbiology, 1976, 22(6): 780-786.

Waditee-Sirisattha R, Kageyama H, Takabe T. Halophilic
microorganism resources and their applications in industrial and
environmental biotechnology. AIMS Microbiology, 2016, 2(1):
42-54.

Mesbah NM, Hedrick DB, Peacock AD, Rohde M, Wiegel J.
Natranaerobius thermophilus gen. nov., sp. nov., a halophilic,
alkalithermophilic bacterium from soda lakes of the Wadi An
Natrun, Egypt, and proposal of Natranaerobiaceae fam. nov.
and Natranaerobiales ord. nov. International Journal of
Systematic and Evolutionary Microbiology, 2007, 57(11):
2507-2512.

Mesbah NM, Cook GM, Wiegel J. The

alkalithermophile Natranaerobius thermophilus adapts to

halophilic

multiple environmental extremes using a large repertoire of Na*
(K*)/H* antiporters. Molecular Microbiology, 2009, 74(2):
270-281.

Mesbah NM, Hanelt I, Zhao BS, Miller V. Microbial
Adaptation to Saline Environments: Lessons from the Genomes
of  Natranaerobius  thermophilus and  Halobacillus
halophilus//Halophiles: Genetics and Genomes. UK: Caister
Academic Press, 2014.

Zhao BS, Meshah NM, Dalin E, Goodwin L, Nolan M, Pitluck
S, Chertkov O, Brettin TS, Han J, Larimer FW, Land ML,
Hauser L, Kyrpides N, Wiegel J. Complete genome sequence of
the anaerobic, halophilic alkalithermophile Natranaerobius
thermophilus JW/NM-WN-LF. Journal of Bacteriology, 2011,
193(15): 4023-4024.

Qian CJ, Li W, Li H, Ou D, Zhuge YY, Liu YD. Responses of
genes for the uptake of glycine betaine in Virgibacillus
halodenitrificans PDB-F2 under NaCl stress. International
Biodeterioration & Biodegradation, 2018, 132: 192-199.
Stadmiller SS, Gorensek-Benitez AH, Guseman AJ, Pielak GJ.

Osmotic shock induced protein destabilization in living cells

actamicro@im.ac.cn

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

and its reversal by glycine betaine. Journal of Molecular
Biology, 2017, 429(8): 1155-1161.

Prasad KVSK, Sharmila P, Kumar PA, Pardha-Saradhi P.
Transformation of Brassica juncea (L.) Czern with bacterial
codA gene enhances its tolerance to salt stress. Molecular
Breeding, 2000, 6(5): 489-499.

Mohanty A, Kathuria H, Ferjani A, Sakamoto A, Mohanty P,
Murata N, Tyagi A. Transgenics of an elite indica rice variety
Pusa Basmati 1 harbouring the codA gene are highly tolerant to
salt stress. Theoretical and Applied Genetics, 2002, 106(1):
51-57.

Su J, Hirji R, Zhang L, He CK, Selvaraj G, Wu R. Evaluation of
the stress-inducible production of choline oxidase in transgenic
rice as a strategy for producing the stress-protectant glycine

betaine. Journal of Experimental Botany, 2006, 57(5):
1129-1135.
Goel D, Singh AK, Yadav V, Babbar SB, Murata N.

Transformation of tomato with a bacterial codA gene enhances
tolerance to salt and water stresses. Journal of Plant Physiology,
2011, 168(11): 1286-1294.

Lai SJ, Lai MC, Lee RJ, Chen YH, Yen HE. Transgenic
Arabidopsis expressing osmolyte glycine betaine synthesizing
enzymes from halophilic methanogen promote tolerance to
drought and salt stress. Plant molecular Biology, 2014, 85(4/5):
429-441.

Niu XL, Xiong FJ, Liu J, Sui Y, Zeng ZM, Lu BR, Liu YS.
Co-expression of ApGSMT and ApDMT promotes biosynthesis
of glycine betaine in rice (Oryza sativa L.) and enhances salt
and cold tolerance. Environmental and Experimental Botany,
2014, 104: 16-25.

Song JL, Zhang R, Yue D, Chen XG, Guo ZQ, Cheng C, Hu
MH, Zhang JR, Zhang KW. Co-expression of ApGSMT2g and
ApDMT2g in cotton enhances salt tolerance and increases seed
cotton yield in saline fields. Plant Science, 2018, 274: 369-382.
Waditee-Sirisattha R, Singh M, Kageyama H, Sittipol D, Rai
AK, Takabe T. Anabaena sp. PCC7120 transformed with
glycine methylation genes from Aphanothece halophytica
synthesized glycine betaine showing increased tolerance to salt.
Archives of Microbiology, 2012, 194(11): 909-914.

Singh M, Sharma NK, Prasad SB, Yadav SS, Narayan G, Rai
AK. The freshwater cyanobacterium Anabaena doliolum
transformed with ApGSMT-DMT exhibited enhanced salt
tolerance and protection to nitrogenase activity, but became
halophilic. Microbiology, 2013, 159(3): 641-648.



TRIELAREE | 2R, 2020, 60(6) 1089

Glycine betaine: biosynthesis and biological function in
halophilic microorganisms
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Abstract: Glycine betaine (i.e. trimethylglycine, N,N,N-trimethylglycine) plays a crucial role in halophilic
microorganisms subjected to the long-term salt-stress and short-term salt-exposure. Two separate biosynthetic
pathways of glycine betaine: the oxidation of choline and the methylation from glycine were found. The former is
choline dehydrogenase (BetA) and betaine aldehyde dehydrogenase (BetB) using choline as substrate by two
oxidization; the latter contains three reactions by N-methylation catalyzed with glycine sarcosine
N-methyltransferase (GSMT) and sarcosine dimethylglycine N-methyltransferase (SDMT). The genome sequences
of 134 halophilic type strains were obtained online in both JGI-IMG and EZBiocloud. Approximate 56.0% of
halophilic bacteria and 39.6% of halophilic archaea harbors two genes of choline oxidation. About 9.7% of
halophilic bacteria and 0.7% halophilic archaea possess two genes of methylation from glycine. Among them, 8
halophilic bacteria have the genes for both choline oxidation and glycine methylation. The expression of the
biosynthesis genes of glycine betaine in model microorgainsms or crops can improve their ability to resist salt
torlerence. This unique feature derived from the glycine betaine has attracted scientists’ strongly interest and their
emergence in modern biotechnology. In the future, the scientific theory and practical application derived from of
the biosynthesis of glycine betaine in halophiles must have a significant impact.

Keywords: halophilic microorganisms, glycine betaine, choline oxidation pathway, glycine de novo methylation
pathway
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