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摘   要：【目的】从基因组水平探讨生物冶金微生物——喜温嗜酸硫杆菌(Acidithiobacillus 

caldus)的活性氧类物质(Reactive oxygen species，ROS)防护机制。【方法】采用罗氏 454 GS FLX

测序平台对喜温嗜酸硫杆菌 SM-1 进行全基因组测序，利用 NCBI 非冗余蛋白数据库、Uniport

蛋白数据库对全基因组序列进行功能注释，并采用基因组百科全书数据库(KEGG)进行基因组

代谢途径重构，通过比较基因组学方法分析 SM-1 基因组中参与 ROS 防护相关的基因及可能

的分子机制。【结果】SM-1 细胞内的酶促抗氧化系统可用于清除细胞内产生的 ROS 物质，而

非酶促抗氧化系统可用于维持细胞内的还原性内环境；细胞内的 DNA 损伤修复系统可用于

修复 DNA 的氧化损伤从而保持个体遗传物质的稳定性。此外，SM-1 基因组中大量的转座元

件可能会增加基因组的可塑性以适应极端冶金环境。【结论】SM-1 基因组序列的获得为从整

体水平揭示喜温嗜酸硫杆菌适应生物冶金环境 ROS 氧化损伤的防护机制提供了帮助，对于

SM-1 的 ROS 防护机制的认知也为进一步通过遗传改造、提升其在高浓度重金属离子冶金环

境中的抗性、提高冶金效率提供了理论指导。 
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Abstract: [Objective] To discover the defense mechanisms of Acidithiobacillus caldus SM-1 res-

ponding to reactive oxygen species at the whole genome level. [Methods] The genomic DNA of 

At. caldus SM-1 was sequenced by the Roche 454 Genome Sequencer FLX instrument. Gene func-

tion was annotated by homology searching in the NCBI NR (non-redundant) and UniProt protein 

database. The KEGG database was used to reconstruct the metabolism pathways in the cell. Genes 
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related to ROS defense mechanisms were identified through the comparative genomic analysis. 

[Results] Enzymatic and non-enzymatic antioxidant systems were both identified in the SM-1 ge-

nome. The former was used to eliminate the ROS and the latter was utilized to provide a reducing 

intracellular environment through maintaining the redox homeostasis in the cell. The robust DNA 

repair system was used to deal with DNA oxidative damage. In addition, whether the large number 

of transposable elements in the SM-1 genome might enhance the genome plasticity for adaptation 

to extreme bioleaching environments is still need further interpretation. [Conclusion] Genome se-

quence of SM-1 will help us to discover the ROS detoxification mechanisms of SM-1, and this will 

give us insights to construct the engineered stains with better bioleaching performance. 
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1  材料与方法 

1.1  菌株 

(Acidithiobacillus caldus) 

SM-1

9K ( )  

1.2  培养基(1 L) 

SM-1 9K ( FeSO4) 

[14]
1.0 mL (2×)

pH 2.5 10 g (

1 h/d 3 d) 45 °C 5−7 d  

1.3  基因组测序与组装 

DNA 454 GS FLX
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38× Newbler
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Phrap/Phred/Consed 

(www.phrap.org)

SM-1  

1.4  基因注释与基因组学分析 
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[15]
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and Genomes KEGG)

ConPred II (http://bioinfo.si.hirosaki-u. 

ac.jp/~ConPred2/) Phobius (http://phobius.sbc.su.se/)

TMHMM (http://www.cbs.dtu.dk/services/ 

TMHMM/)
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 tRNAScan-SE tRNA

Acidithiobacillus ferrooxidans ATCC 23270 (GenBank

 NC_011761.1) Acidithiobacillus ferrooxidans 

ATCC 53993 (GenBank NC_011206.1)

Acidithiobacillus caldus ATCC 51756 

(GenBank ACVD00000000.1)  

2  结果与讨论 

2.1  喜温嗜酸硫杆菌 SM-1 基因组的基本特征 

S M - 1       

2 932 225 bp GC 61% ( 1)

4 (pLAtc1 pLAtc2

pLAtc3 pLAtcm) 9 778 14 110

29 704 251 782 bp 2 880 ORF
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图 1  喜温嗜酸硫杆菌 SM-1 染色体圈图[16]
 

Figure 1  Graphic representation of the At. caldus SM-1 

chromosome[16] 

(bp)

(Circle 1

Circle 2 )

tRNA genes ( ) (G+C)

GC ( ) ( )

GC skew (G−C)/(G+C) >0 ( ) <0 ( ). 

Note: For the SM-1 chromosome, the first two outer circles 

represent the positions of genes in the chromosome (Circle 1: 

plus strand, Circle 2: minus strand), colored by functional cate-

gories according to COG classification; Circle 3 represents tRNA 

genes (pale green ticks); Circle 4 represents (G+C) percentage 

content: above median GC content (green), less than or equal to 

the median (pale blue); Circle 5 represents GC skew (G−C)/(G+C) 

calculated using a 1 kb window: values>0 (yellow), values<0 

(red). 
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2.2  抗氧化系统 
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2.3  DNA 损伤修复系统 
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2.4  转座元件 
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表 1  喜温嗜酸硫杆菌 SM-1 与 ATCC 51756 基因组

中的转座元件统计 

Table 1  Transposable elements in At. caldus SM-1 

and At. caldus ATCC 51756 

 

IS family 

 

SM-1 

At. caldus SM-1 

ATCC 51756 

At. caldus ATCC 

51756 

ISL3  49 7 

IS5 27 26 

IS3 4 2 

IS21 14 2 

IS110 6 1 

IS66 11 4 

IS4 27 21 

IS605 0 1 

IS200/IS60

5 
6 0 

IS481 0 1 

Tn7 1 0 

Total 145 65 

ISAc1

ISAtfe SM-1

pLAtcm Tn7

(pLAtcm_097-101) ATCC 51756

SM-1 38

ORFs 10

SM-1

SM-1

 

3  结论 

SM-1

PCR   

[35]

SM-1 ROS

SM-1

ROS

DNA

SM-1

( ) ROS

 

ATCC 51756 SM-1

ISL3

ISAc1 SM-1

SOR SM-1

[35]
3

51756

51756 SOR SM-1

ISAc1 (atc_1436)

(PCR RT-PCR) SOR

SM-1

SM-1

SM-1 ROS



SM-1 ROS 249 

 

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

ROS  

 
致谢：本文撰写与试验过程中得到中国科学院微

生物研究所刘双江研究员课题组的悉心指导和帮

助，在此表示衷心感谢。 

参 考 文 献 

[1] Watkin ELJ, Keeling SE, Perrot FA, et al. Metals tolerance 

in moderately thermophilic isolates from a spent copper 

sulfide heap, closely related to Acidithiobacillus caldus, 

Acidimicrobium ferrooxidans and Sulfobacillus 

thermosulfidooxidans[J]. Journal of Industrial 

Microbiology & Biotechnology, 2009, 36(3): 461-465. 

[2] Moriwaki H, Osborne M, Phillips D. Effects of mixing 

metal ions on oxidative DNA damage mediated by a 

Fenton-type reduction[J]. Toxicology in Vitro, 2008, 22(1): 

36-44. 

[3] Imlay JA. Cellular defenses against superoxide and 

hydrogen peroxide[J]. Annual Review of Biochemistry, 

2008, 77: 755-776. 

[4] Jones GC, van Hille RP, Harrison ST. Reactive oxygen 

species generated in the presence of fine pyrite particles 

and its implication in thermophilic mineral bioleaching[J]. 

Applied Microbiology and Biotechnology, 2013, 97(6): 

2735-2742. 

[5] Jones GC, Corin KC, van Hille RP, et al. The generation of 

toxic reactive oxygen species (ROS) from mechanically 

activated sulphide concentrates and its effect on 

thermophilic bioleaching[J]. Minerals Engineering, 2011, 

24(11): 1198-1208. 

[6] Spolaore P, Joulian C, Gouin J, et al. Relationship between 

bioleaching performance, bacterial community structure 

and mineralogy in the bioleaching of a copper concentrate 

in stirred-tank reactors[J]. Applied Microbiology and 

Biotechnology, 2011, 89(2): 441-448. 

[7] Zeng W, Qiu G, Zhou H, et al. Community structure and 

dynamics of the free and attached microorganisms during 

moderately thermophilic bioleaching of chalcopyrite 

concentrate[J]. Bioresource Technology, 2010, 101(18): 

7079-7086. 

[8] Zhou HB, Zeng WM, Yang ZF, et al. Bioleaching of 

chalcopyrite concentrate by a moderately thermophilic 

culture in a stirred tank reactor[J]. Bioresource Technology, 

2009, 100(2): 515-520. 

[9] Chen L, Ren Y, Lin J, et al. Acidithiobacillus caldus sulfur 

oxidation model based on transcriptome analysis between the 

wild type and sulfur oxygenase reductase defective mutant[J]. 

PLoS One, 2012. DOI: 10.1371/journal.pone.0039470. 

[10] Mangold S, Valdes J, Holmes DS, et al. Sulfur metabolism in 

the extreme acidophile Acidithiobacillus caldus[J]. Frontiers 

in Microbiology, 2011. DOI: 10.3389/fmicb.2011.00017. 

[11] Tuffin IM, de Groot P, Deane SM, et al. An unusual 

Tn21-like transposon containing an ars operon is present in 

highly arsenic-resistant strains of the biomining bacterium 

Acidithiobacillus caldus[J]. Microbiology, 2005, 151(Pt 9): 

3027-3039. 

[12] Kotze AA, Tuffin IM, Deane SM, et al. Cloning and 

characterization of the chromosomal arsenic resistance 

genes from Acidithiobacillus caldus and enhanced arsenic 

resistance on conjugal transfer of ars genes located on 

transposon TnAtcArs[J]. Microbiology, 2006, 152(Pt 12): 

3551-3560. 

[13] , , , . YN12

[J]. , 2008, 

18(2): 342-348. 

[14] Melvin PS, Donald GL. Studies on the chemoautotrophic 

iron bacterium Ferrobacillus ferrooxidans[J]. Journal of 

Bacteriology, 1959, 77(5): 642-647. 

[15] Delcher AL, Bratke KA, Powers EC, et al. Identifying 

bacterial genes and endosymbiont DNA with Glimmer[J]. 

Bioinformatics, 2007, 23(6): 673-679. 

[16] You XY, Guo X, Zheng HJ, et al. Unraveling the 

Acidithiobacillus caldus complete genome and its central 

metabolisms for carbon assimilation[J]. Journal of 

Genetics and Genomics, 2011, 38(6): 243-252. 

[17] Cabiscol E, Tamarit J, Ros J. Oxidative stress in bacteria 

and protein damage by reactive oxygen species[J]. 

International Microbiol, 2000, 3(1): 3-8. 

[18] Mustacich D, Powis G. Thioredoxin reductase[J]. 

Biochemical Journal, 2000, 346(Pt 1): 1-8. 

[19] Fernandes AP, Holmgren A. Glutaredoxins: 

glutathione-dependent redox enzymes with functions far 

beyond a simple thioredoxin backup system[J]. 

Antioxidants & Redox Signaling, 2004, 6(1): 63-74. 

[20] Cárdenas JP, Moya F, Covarrubias P, et al. Comparative 

genomics of the oxidative stress response in bioleaching 

microorganisms[J]. Hydrometallurgy, 2012, 127-128: 162-167. 

[21] Kryston TB, Georgiev AB, Pissis P, et al. Role of oxidative 

stress and DNA damage in human carcinogenesis[J]. 

Mutatation Research, 2011, 711(1/2): 193-201. 

[22] Sedelnikova OA, Redon CE, Dickey JS, et al. Role of 

oxidatively induced DNA lesions in human pathogenesis[J]. 

Mutation Research, 2010, 704(1/3): 152-159. 

[23] Liu Y, Prasad R, Beard WA, et al. Coordination of steps in 

single-nucleotide base excision repair mediated by 

apurinic/apyrimidinic endonuclease 1 and DNA 

polymerase beta[J]. Journal of Biological Chemistry, 2007, 

282(18): 13532-13541. 

[24] Hanawalt PC, Crowley DJ, Ford JM, et al. Regulation of 

nucleotide excision repair in bacteria and mammalian 

cells[J]. Cold Spring Harbor Symposia on Quantitative 

Biology, 2000, 65: 183-191. 

[25] de Laat WL, Jaspers NG. Hoeijmakers JH. Molecular 

mechanism of nucleotide excision repair[J]. Genes & 

Development, 1999, 13(7): 768-785. 

[26] Grossman L, Thiagalingam S. Nucleotide excision repair, a 

tracking mechanism in search of damage[J]. Journal of 

Biological Chemistry, 1993, 268(23): 16871-16874. 

[27] Hsieh P, Yamane K. DNA mismatch repair: molecular 

mechanism, cancer, and ageing[J]. Mechanisms of Ageing 

and Development, 2008, 129(7/8): 391-407. 

[28] Joseph N, Duppatla V, Rao DN. Prokaryotic DNA 

mismatch repair[J]. Proceedings of the National Academy 

of Sciences, 2006, 81: 1-49. 



250 微生物学通报 Microbiol. China 2014, Vol.41, No.2 

  

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

[29] Jun SH, Kim TG, Ban C. DNA mismatch repair system. 

Classical and fresh roles[J]. FEBS Journal, 2006, 273(8): 

1609-1619. 

[30] Rocha EP, Cornet E, Michel B. Comparative and 

evolutionary analysis of the bacterial homologous 

recombination systems[J]. PLoS Genetics, 2005. DOI: 

10.1371/journal.pgen.0010015. 

[31] Dillingham MS, Kowalczykowski SC. RecBCD enzyme and 

the repair of double-stranded DNA breaks[J]. Microbiology 

and Molecular Biology Reviews, 2008, 72(4): 642-671. 

[32] Rawlings DE. The evolution of pTF-FC2 and pTC-F14, 

two related plasmids of the IncQ-family[J]. Plasmid, 2005, 

53(2): 137-147. 

[33] Gardner MN, Rawlings DE. Evolution of compatible 

replicons of the related IncQ-like plasmids, pTC-F14 and 

pTF-FC2[J]. Microbiology, 2004, 150(Pt 6): 1797-1808. 

[34] van Zyl LJ, Deane SM, Louw LA, et al. Presence of a 

family of plasmids (29 to 65 kilobases) with a 

26-kilobase common region in different strains of the 

sulfur-oxidizing bacterium Acidithiobacillus caldus[J]. 

Applied and Environmental Microbiology, 2008, 74(14): 

4300-4308. 

[35] Chen ZW, Liu YY, Wu JF, et al. Novel bacterial sulfur 

oxygenase reductases from bioreactors treating 

gold-bearing concentrates[J]. Applied Microbiology and 

Biotechnology, 2007, 74(3): 688-698. 

 

( p.242) 

征 稿 简 则 
3.3   

3.3.1  : 1) ; 2) 

; 3) ; 4) 

5) DNA ATP ; 6) 

 

3.3.2  …… 

4   

4.1   

DNA RNA EMBL ( ) GenBank ( ) DDBJ (

)  (Accession No.)  

4.2   

4.2.1   

4.2.2   ( )

 

4.2.3   

4.2.4   

4.3   

4.3.1  2 E-mail

 

4.3.2  

 

5   

 

6   

: 1 3 (100101)  

Tel: 010-64807511     

E-mail: tongbao@im.ac.cn    

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


