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Abstract Helicobacter is an economically important

genus within the phylum Proteobacteria and include many

species which cause many diseases in humans. With the

conventional methods, it is difficult to identify them easily

due to the high genetic similarity among its species. In the

present study, 361 16S rRNA (rrs) gene sequences

belonging to 45 species of genus Helicobacter were ana-

lyzed. Out of these, 264 sequences of 10 clinically relevant

species (including Helicobacter pylori) were used. rrs gene

sequences were analyzed to obtain a phylogenetic frame-

work tree, in silico restriction enzyme analysis and species-

specific conserved motifs. Protein sequences of another

housekeeping gene, hsp60 were also subjected to phylo-

genetic analysis to supplement the data obtained using rrs

sequences. Using these approaches, six out of ten species

(including H. pylori) were easily segregated, whereas four

species namely H. bilis, H. cinaedi, H. felis and Candidatus

H. heilmannii were found to be heterogeneous. The above

approaches have also helped in segregating unclassified

sequences, thus proving them as an easy diagnostic method

for identifying members of genus Helicobacter up to spe-

cies level.

Keywords Helicobacter � Phylogenetic framework �
Conserved motifs

Introduction

16S rRNA gene (rrs) is used as a standard molecular

marker and has been used extensively for characterizing

microbes [1] including those that are pathogenic [2–4]. The

genus Helicobacter comprises of Gram-negative, spiral

shaped bacteria which are known for their high virulence

and for colonising the gastric mucosa of humans. It belongs

to class e-Proteobacteria and family Helicobacteraceae

[5]. This genus, separated from Campylobacter [6], com-

prises of more than 45 species. The pathogenic species

belonging to this genus could be categorized into either

gastric (that colonize the stomach) or enterohepatic (that

infect the intestine and/or the liver) species [7].

Helicobacter pylori (type species) is the most common

pathogen among all the species of this genus with its

infection having a global prevalence of around 50 % [8, 9].

More than 450 genomes of H. pylori have already been

sequenced making it the most extensively studied species

of this genus.

To diagnose the pathogenic species of Helicobacter,

various laboratory methods are used for preliminary iden-

tification. Urease testing is much more rapid and less

costly, but it has been found to be inaccurate in case of

gastrointestinal bleeding [10, 11]. Serology for H. pylori

and rapid urease tests (RUT) for non-pylori urease-positive

species such as H. heilmannii, can be relatively insensitive

due to the patchy nature of H. heilmannii colonization and
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low numbers of bacteria present when compared with H.

pylori in case of RUT [12]. Polymerase Chain Reaction

(PCR) and Multi Locus Sequence Analysis (MLSA) have

also been employed but can produce erroneous results [13–

15]. These shortcomings emphasize the need for a pre-

liminary identification method which can supplement the

existing laboratory methods. Recently novel biomarkers

have been identified for rapid identification of pathogenic

bacteria especially those which possess multiple copies of

rrs gene [16–21].

Based on the comparative analysis of the rrs sequences,

three molecular tools have been used to define the genetic

variability among the closely related species within bac-

terial domain [4, 15, 22–25]. In the present study as well,

these tools i.e., (1) marker enzymes using in silico

restriction digest of DNA, (2) phylogenetic framework tree

and (3) species-specific conserved motifs have been used to

define the genetic variability among the Helicobacter

species. Another housekeeping gene, hsp60 has been used

as the basis for phylogenetic analysis to validate the results

obtained using rrs sequences. Discrepant sequences were

also investigated to reduce redundancy in the database.

This can improve the accuracy as well as provide a sys-

tematic approach for characterizing the strains

unambiguously.

Materials and Methods

Sequence Data

Out of the 45 species reported, 10 clinically relevant spe-

cies with a significant number of rrs gene sequences were

considered as master species for the detailed analysis.

These include isolates from H. pylori (96 sequences),

Candidatus H. heilmannii (36 sequences), H. canadensis

(18 sequences), H. cinaedi (28 sequences), H. felis (17

sequences), H. bilis (20 sequences), H. hepaticus (9

sequences), H. pullorum (19 sequences), H. macacae (11

sequences) and H. cetorum (10 sequences). In the present

study, out of the available 361 16S rDNA sequences, 264

sequences belonging to this genus were analysed and

downloaded from the RDP (Ribosomal Database Project)

(Table 1) [26]. 45 protein sequences of hsp60 (Heat Shock

Protein) gene for 6 closely associated species were also

downloaded from NCBI.

Phylogenetic Analysis

Phylogenetic analysis was carried out using the 16S rDNA

sequences and sequences of Hsp60. CLUSTAL_X (version

2.0.11) [27] was used for aligning the sequences of each

master species with Wolinella succinogenes ATCC 29543

(NR_025942) as the outgroup. Evolutionary distances were

estimated by Kimura [28] using DNADIST (for rrs

sequences) and PROTDIST (for Hsp60 sequences) of the

PHYLIP 3.6 package [29]. The program NEIGHBOR was

used to construct phylogenetic tree using neighbor-joining

Table 1 Accession number of master sequences in the phylogenetic framework along with the no. of clusters and sequences used for each

species in their respective species trees (http://www.ncbi.nlm.nih.gov/)

Species No. of sequences

used

No. of representative

sequences

Accession nos. of representative sequences

Sequences used for generating framework

Helicobacter pylori 96 7 AF535196, U01331, CP002982, FM991728, DQ202372,

CP002571, X67854

H. cinaedi 28 5 AB275317, AB275322, AB275321, AB426158, AF497810

H. bilis 20 5 AY631950, U1876, AF047844, AF047847, AY578094

H. heilmannii 36 5 AF506770, HM62582, AF506772, AF506793, AF506784

H. cetorum 10 3 FN565163, AY143177, AF4555130

H. macacae 11 3 DQ846675, EF526073, DQ846676

H. pullorum 19 3 AJ876512, AJ876516, AY631956

H. Canadensis 18 4 DQ438112, DQ438123, DQ438113, AF262037

H. felis 17 4 U51871, AY686607, AY631949, AY631948

H. hepaticus 9 2 AY631953, U07573

cFig. 1 Phylogenetic tree of 96 16S rDNA sequences of Helicobacter

pylori (black) and 41 framework sequences (red). A neighbor joining

analysis with Kimura correction and bootstrap support was performed

on the 16S rDNA sequences belonging to H. pylori (89 shown in

black excluding for those used as framework sequences) along with

41 of the phylogenetic framework. W. succinogenes was chosen as the

outgroup. Bootstrap values are given at the nodes (based on 100

resampling). Values in parentheses are the accession numbers (NCBI)

(http://www.ncbi.nlm.nih.gov/)
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10

H. pylori Cuz20(CP002076)
H. pylori Puno120(CP002980)

H. pylori v225d(CP001582) 
H. pylori Shi470(CP001072)

H. pylori Shi417(CP003472) 
H. pylori Puno135(CP002982)

H. pylori F30(AP011941)
H. pylori 35A(CP002096)59

H. pylori 51(CP000012)
62

H. pylori 52(CP001680)
H. pylori Shi112(CP003474)
H. pylori Shi169(CP003473) 51

H. pylori Sat464(CP002071)
62

H. pylori F16(AP011940)
H. pylori F32(AP011943)43

H. pylori 83(CP002605)
H. pylori F57(AP011945)

H. pylori 1205(AY155587)  
H. pylori PeCan4(CP002074)

H. pylori 85D08 (U00679)
H. pylori ATCC49396(AF363064)89

H. pylori DH195(DQ202375)
H. pylori DM20B10(DQ202382) 

H. pylori DM68A(DQ202380) 
H. pylori DM5A(DQ202378)

H. pylori ATCC 49396(AF348617)
H. pylori Gj49(DQ202374)
H. pylori DM1A(DQ202377)
H. pylori Gj29(DQ202383) 
H. pylori DH198(DQ202376)

H. pylori SNT49; Santal49(CP002983)
H. pylori 2017(CP002571) 
H. pylori 908(CP002184) 

H. pylori 2018(CP002572)
49

H. pylori MC238(U01329) 
43

H. pylori USU-101(EU544199)
H. pylori LPB 638-99(AY593987)

H. pylori Gambia94/24(CP002332)
H. pylori P12(CP001217)
H. pylori PeCan18(CP003475)

H. pylori 407D5(HM099656) 
H. pylori WE64a(HM046432)49

H. pylori HpSS1(AY366421) 42
H. pylori SS1(AY456638)

H. pylori WG56(HM046431)
H. pylori LPB 582-99(AY364437) 47

H. pylori HpDA (AY366422)
H. pylori HpPA (AY366424)
H. pylori LPB409-04(EU035396) 69

H. pylori LPB 36-03(AY59399)
H. pylori LPB 427-01(AY364439)46

H. pylori LPB 581-99(AY593986)
49

H. pylori LPB 424-01(AY593989)
H. pylori LPB 10-02(AY364440)

H. pylori LPB 05-02(AY593990) 
H. pylori LPB 473-00(AY364438) 53

H. pylori MDA-1397(HQ266659)
H. pylori (M88157) 
H. pylori 11637 (NCTC Type strain)(Z25741)

H. pylori ATCC43504(AF302106)
H. pylori (T) ATCC 43504(U01330)

43
H. pylori LPB 258-01(AY593988)

H. pylori 26695(AE000511)
H. pylori HpMB(AY366423)

H. pylori B38(FM991728)
H. pylori Lithuania75(CP002334)40

H. pylori G27(CP001173) 
H. pylori MC937(U01331)
H. pylori MC903(U01332) 

H. pylori Lit81(AF535198) 
H. pylori Lit69(AF535196)42

H. pylori Lit76(AF535197)
H. pylori 109(AY062899)
H. pylori 108(AY062898) 97

H. pylori 181(AF512997)
65

H. pylori DM75A(DQ202373) 
H. pylori DM58B(DQ202372)

H. pylori DM62A(DQ202381) 
H. pylori CSD20(DQ202371)
H. pylori DM19B(DQ202379) 

H. pylori HPAG1(CP000241)
H. pylori MC123(U01328)

H. pylori HUP-B14(CP003486)
H. pylori SJM180(CP002073)
H. pylori B8(FN598874) 

H. pylori ELS37(CP002953) 
H. pylori NCTC 11638(Z25742)
H. pylori LPB423-04(EU033951)

H. pylori Sal05(AF535194)
H. pylori Sal10(AF535195)64

H. pylori SouthAfrica7(CP002336)
H. pylori C51(AY394476) 

H. pylori USU-102(EU544200)
H. pylori (AF361935)

H. pylori 1200(AY155586) 

79

H. pylori ATCC 49396T(X67854)

73

H. cetorum 22/M47/10/08(FN565163) 
H. cetorum MIT 01-6202(AY143177)73

H. cetorum MIT 00-7128(AF455130)
100

99

H. cetorum MIT 00-7128(AF455130)
H. felis Dog-2, Eaton 2301(U51871)72

H. felis Lee CS3(AY631948)
49

H. felis Lee CS5(AY631949)
42

Candidatus H. heilmannii BC1(AF506772)
Candidatus H. heilmannii AD1(AF506770)40

64

Candidatus H. heilmannii ASB1 (HM625820)
97

Candidatus H. heilmannii HU1(AF506784)
Candidatus H. heilmannii RM2 (AF506793)100

100

87

H. macacae MIT 99-1778(DQ846675)
H. macacae MIT 99-6893(EF526073)100

H. macacae MIT 99-6893(EF526073)100

73

H. canadensis L231(DQ438123)
H. canadensis L178(DQ438112)76

H. canadensis L172(DQ438113)
72

H. canadensis Gotland B72(AF262037)
100

H. pullorum 03/3(AJ876512)
H. pullorum 03/3 (AJ876516)49

H. pullorum (T) ATCC 51801(AY631956)
66

58

H. bilis KI311(AY578094)

40

H. cinaedi PAGU0615 (= 717) (AB275322)
H. cinaedi PAGU0597 (= CCUG18818) (AB275317)81

H. cinaedi PAGU0614 (= 409)(AB275321)
98
H. cinaedi 30527(AF426158)

89
H. cinaedi 94105(AF497810)
H. bilis ATCC 49309 (AY631950)59

76

H. bilis Hb2, MIT 93-1920(U18767)
98

H. bilis MIT 93-3055(AF047844)
71

H. bilis MIT 97-6456 (AF047847)
95

H. hepaticus Hh-1 (U07573)
H. hepaticus MIT 96-284(AY631953)100

61

Wollinella succinogenes ATCC 29543 (NR_025942)
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10

H. cinaedi PAGU0615 (= 717)(AB275322)
H. sp. (U44756)93

H. cinaedi PAGU0597 (= CCUG18818) (AB275317)
44a

H. cinaedi 30527 (AF426158)
45

H. sp. VA (AF116577)
40

H. cinaedi PAGU0614 (= 409)(AB275321)

99

H. sp. R238-1 (EF127850)
H. sp. R228-1 (EF127849)46

H. sp. R344-1 (EF127851)
98

H. cinaedi 94105 (AF497810)
52

H. bilis ATCC 49309 (AY631950)
91

60

H. sp. MIT 03-5095 (GQ410567)
H. sp. MIT 03-5201 (GQ410566)

68

H. sp. MIT 96-1001 (EF373967)
100

H. sp. LNB1F (AY554138)
49

H. sp. koalaliv (AY583532)
H. bilis KI311(AY578094)

H. sp. B2720/02 (DQ019256)

41

H. bilis MIT 97-6456 (AF047847)
H. bilis MIT 93-3055 (AF047844)

70

H. bilis Hb2, MIT 93-1920 (U18767)
79

92

H. hepaticus Hh-1 (U07573)
H. hepaticus MIT 96-284 (AY631953)100

H. sp. MIT 01-6451 (EF373968)89

69

H. sp. WB2F (AY554141)
H. sp. WB1F (AY554140)100

H. sp. LNB2F (AY554139)
49

H. sp. BTP1C (AY554115)
H. sp. BTP7C (AY554121)

H. sp. BTP8C (AY554122)
49

H. sp. BTP2C (AY554116)
91

H. sp. BTP5C (AY554119)
H. sp. BTP6C (AY554120)55

H. sp. BTP4C (AY554118)
H. sp. BTP9C (AY554123)49

60

55

H. sp. BTP3C (AY554117)

100

H. sp. RTP2S (AY554131)
H. sp. RTP1S (AY554130)58

H. sp. RTP4S(AY554133)90

H. sp. RTP5S (AY554134)
65

H. sp. RTP3S (AY554132)
100

H. sp. BTP1S (AY554135)
H. sp. BTP3S (AY554137)100

H. sp. BTP2S (AY554136)100

48

H. sp. BTP1F (AY554124)
H. sp. BTP3F (AY554126)74

H. sp. BTP4F (AY554127)
90

H. sp. BTP2F (AY554125)
H. sp. BTP6F BTP1F (AY554129)69

H. sp. BTP5F (AY554128)
72

100

80

H. sp. 'pancake tortoise'; FL-2007; (FJ667779)
H. sp. IMMIB HP-28/08; type strain:IMMIB HP-28/08; (AM992061)82

61

H. sp. SK-4 (DQ062212)
H. sp. LL-B2 (DQ062211)

47

H. pylori B38(FM991728)
H. sp. VJ-5 (DQ062213)
H. pylori  Lit69 (AF535196)

H. pylori MC937(U01331)
H. pylori Puno135 (CP002982)

70

H. sp. BJC-7 (DQ062216)
H. pylori 2017 (CP002571)92

65

H. sp. GA-3 (DQ062215)
H. pylori DM58B (DQ202372)

58

95

H. pylori ATCC 49396T (X67854)

85

H. cetorum MIT 00-7128(AF455130)
H. cetorum MIT 01-6202 (AY143177)91

H. cetorum 22/M47/10/08(FN565163)100

100

H. felis Lee CS5(AY631949)
H. felis Lee CS3(AY631948)

68

H. felis Lee DS2 (AY686607)
H. felis Dog-2, Eaton 2301(U51871)66

67

Candidatus H. heilmannii AD1(AF506770)

58

Candidatus H. heilmannii BC1 (AF506772)

81

Candidatus H. heilmannii ASB1 (HM625820)

99

Candidatus H. heilmannii HU1 (AF506784)
Candidatus H. heilmannii RM1(AF506793)100

100

100

H. sp. YMRC 000427 (AY009131)
H. sp. YMRC 000428(AY009132)100

H. sp. 'Flexispira taxon 7' Eaton 94-536 (U96299)
100

H. sp. MIT 07-5168 (GU902720)
H. sp. MIT 07-5167H (GU902719)

H. sp. MIT 04-8588 (GU902718)100

56

H. macacae MIT 99-1778 (DQ846675)
H. macacae MIT 99-6893 (EF526073)

100

H. sp. MIT 01-3238 (DQ846678)
78

H. macacae MIT 03-7674L (DQ846676)
65

H. sp. MIT 03-7674c (DQ846679)
H. sp. Mainz (X81028)
)

75

64

H. pullorum 03/3(AJ876516)
H. pullorum 98/209(AJ876512)41

H. sp. BC-10 (DQ062210)41
H. pullorum (T) ATCC 51801(AY631956)

98

H. canadensis L172(DQ438113)
H. canadensis (T) 16143(AF262037)

83

H. canadensis L231(DQ438123)
H. canadensis L166(DQ438112)

71
100

93

48

H. sp. M17 Seymour (M88155)
H. sp. B13A Seymour( M88141)45

H. sp. B12A Seymour (M88140)
66

H. sp. B15A Seymour (M88142)
H. sp. B7B Seymour (M88145)64

100

H. sp. 91-269-21 Fox (M88153)

41

Wolinella succinogenes ATCC 29543 (NR_025942)                                                                                    
H. sp. B8A Seymour (M88146)
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method and statistical analysis was carried out using

SEQBOOT and CONSENSE, with 100 replicates of the

data set. From each species-specific phylogenetic tree,

sequences that clustered together were aligned and a con-

sensus sequence for each clade was obtained using JAL-

VIEW sequence editor [30]. The sequence close to the

consensus sequence in the clade was chosen as its repre-

sentative or master sequence and in total, 41 representative

sequences were selected to determine the genetic vari-

ability among the Helicobacter species.

Species Specific Conserved Motifs

The online MEME (Multiple EM for Motif Elicitation)

program [31] was used to find out the species specific

signature sequences or motifs. In order to obtain maximum

number of motifs, the default setting was modified from 3

to 20 motifs, with the width ranging between 30 and 50

nucleotides. The uniqueness of each motif was checked

using BLASTN search against NCBI database.

In-Silico Restriction Enzyme Analysis

Restriction pattern was obtained for the 10 master data sets

using www.biophp.org. Uniqueness of a restriction enzyme

for a particular species was investigated.

Results

In the present study, 264 16S rDNA sequences of genus

Helicobacter were analyzed to construct a phylogenetic

framework, to identify species-specific conserved motifs

and for in silico RE analysis.

Phylogenetic Framework Generation

96 rrs sequences of H. pylori were considered in the pre-

sent analysis. All but 2 of the total 96 strains were found to

be distributed into 10 distinct clades in the phylogenetic

tree for H. pylori (Fig. S1). Each clade consisted of 6-13

strains with bootstrap ranging from as low as 2 to as high as

100. Similar analysis was done on other species as well

(Figs. S2-S10) and many low bootstrap values were

observed in species specific trees (except for H. macacae,

H. hepaticus and H. cetorum) indicating high level of

heterogeneity within the species. Representative sequences

were selected from each species tree that could define the

range of genetic variability present in rrs sequences. A

total of 41 such sequences were selected for constructing a

phylogenetic framework tree (Fig. S11). The phylogenetic

framework showed clear segregation of all the species

except H. bilis & H. cinaedi and H. felis & Candidatus H.

heilmannii.

Validation of Framework Tree

The phylogenetic framework was validated with the data

sets of 10 species to check the credibility of the constructed

framework. New phylogenetic trees for each species were

constructed by using the framework as well as species

specific sequences as the input sequences (Fig. 1). Except

for a few, strains of all the species were observed to form

distinct clusters with their own master sequences in their

validation tree (Figs. S12-S20). This proved the validity of

the framework for identification of uncharacterized Heli-

cobacter strains.

Sequences of species like H. felis & Candidatus H.

heilmannii and H.bilis & H. cinaedi were found to show

heterogeneity in their respective validation trees by clus-

tering with each other (Figs. S12, S13, S15 & S17).

Whereas species like H. pullorum & H. canadensis and H.

pylori & H. cetorum were clearly separated by distinct yet

adjacent clades (Figs. 1, S14, S19, S20).

Classification of Uncharacterized Helicobacter

Strains

119 of uncharacterized species that were previously iden-

tified up to genus level were downloaded from RDP. For

this, all these sequences along with those of the framework

were used to generate new trees (Fig. 2a, b). Out of 119

sequences, 22 were found to clearly segregate with 7

Helicobacter framework species. Among these 22

sequences, 6 were clustered with H. cinaedi, 8 with H.

pylori, 4 with H. bilis, 1 with Candidatus H. heilmannii, 1

with H. cetorum, 1 with H. macacae and 1 with H. pullo-

rum (Table S1).

Validation Using Another Housekeeping Gene,

Hsp60

To supplement the results of rrs gene analysis, 45 Hsp60

(heat shock protein) sequences (as per their availability in

the database) were analyzed for 8 species (depending upon

the availability of sequences). The phylogenetic tree

bFig. 2 Phylogenetic tree of 41 framework sequences (red) and 119 of

the uncharacterized 16S rDNA Helicobacter sp. sequences (black).

The tree was constructed by neighbor joining method with Kimura

correction. W. succinogenes was chosen as the outgroup. Bootstrap

values are given at the nodes (based on 100 resampling). Values in

parentheses are the accession numbers (NCBI) (http://www.ncbi.nlm.

nih.gov/). Out of the 119 uncharacterized Helicobacter sequences,

a 62 have been presented; b remaining 57 have been presented to

achieve clarity in presentation
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100

H. sp. blood culture isolate 2404 (AJ249853)
H. sp. blood culture isolate 2634 (AJ249852)

H. sp. GOSH (AF362544)60
57

b

H. sp. blood culture isolate 1058 (AJ249857)
H. sp. blood culture isolate 1199 AJ24985595

H. sp. blood culture isolate 384 (AJ249854)
43

H. sp. (AF023862)89
H. sp.'Flexispira taxon 2’ATCC49314(AF225546)

H. sp. 'MZ 640285' (AJ011431)
100

H. sp. 'Flexispira taxon 3' ATCC49320 (AF225547)
100

H. sp. 'Flexispira taxon 8' ATCC 4931757

H. sp. MIT 98-5357 (AF320621)
100

100

74
99

H. sp. blood culture isolate 3028 (AJ249856)
47

H. sp. UNSW3SBsp (AF054576)
H. sp. ABHU3cae (AF054574)

H. sp. ABHU4stomsp (AF054575)
100

H. sp. UNSW3.11cae (AF054573)
100

H. sp. MIT 95-234-6 (AF336948)100
48

H. sp. UNSWMCSp1 (AF054579)
H. sp. UNSW1.7col (AF054577)84

H. sp. UNSW1.7sp (AF054578)
100

H. sp. 'hamster B' (AF072333)
46

H. sp. 'Flexispira taxon 8' (ATCC49317)

H. sp. 'Flexispira taxon 8' ATCC 43879 (M88138)100

H. sp. 'feline isolate' (AF142062)
51

H. sp. HC15880 (AF302108)
H. sp. MIT 01-5529B (AY203899)

45

100

H. sp. Dog-4 Dog-4 Eaton 1302 (U51874)
42

H. sp. WYS-2001/2 (AY029480)
52

H. sp. MIT 01-5529A (AY203898)
H. sp. MIT 02-5519C (AY203900)100

H. sp. MIT 01-6242 (AY203901)

100
95

H. sp. MIT 99-5507 (AF333340)
H. sp. blood culture isolate 11934 (AJ249859)
H. sp. blood culture isolate 964 (AJ249858)100

H. sp. Wee Tee (AF237612)

87
98

100

81
100

98

H. sp. 'liver 1' (AF142583)
H. sp. 'liver 4' (AF142586)

52

58
53

64

H. sp. (AF057163)
97

59

H. sp. 'liver 2' (AF142584)

55

H. sp. MIT 99-5665 (AF292379)
71

87

H. sp. MIT 99-5660-6 (AF292376)
H. sp. MIT 99-5657 (AF292377)44

59

77

H. sp. MIT 99-5659-3 (AF292380)
H. sp. 'pig E1' (AF142150)
H. sp. 'pig D7' (AF142149)44

H. sp. 'pig B6' (AF142148)
43

H. sp. 'pig A2' (AF142146)
H. sp. 'pig F8' (AF142151)

H. sp. 'pig B1' (AF142147)
63

44

100

80

54
59

48
66

H. sp. 'pig C2' (AF142152)89

100

70

H. sp. 'Solnick 9A1-T71' (AF292381)

89

99

H. sp. J2103 (AF497811)
H. sp. '91-266-11 Fox'; M88152

67

H. sp. 'B52D Seymour‘ CCUG 29261 (M88144)
H. sp. 'B10B Seymour‘ CCUG 29256 (M88139)86

H. cinaedi PAGU0597 (= CCUG18818)(AB275317)
H. cinaedi PAGU0615 (= 717)(AB275322)

H. cinaedi 30527(AF426158)

H. cinaedi PAGU0614 (= 409)(AB275321)

H. bilis ATCC 49309 (AY631950)

H. bilis Hb2, MIT 93-1920(U18767)

H. bilis MIT 93-3055(AF047844)
H. bilis MIT 97-6456 (AF047847)

H. cinaedi 94105(AF497810)

H. bilis KI311(AY578094)

H. hepaticus MIT 96-284(AY631953)
H. hepaticus Hh-1 (U07573)

H. macacae MIT 99-6893(EF526073)
H. macacae MIT 99-1778(DQ846675)

H. macacae MIT 03-7674L(DQ846676)

H. canadensis L178(DQ438112)
H. canadensis L231(DQ438123)

H. canadensis L172(DQ438113)
H. canadensis Gotland B72(AF262037)

H. pylori Lit69(AF535196)
H. pylori MC937(U01331)

H. pylori Puno135(CP002982)
H. pylori B38(FM991728)

H. pylori DM58B(DQ202372)

H. pylori ATCC 49396T(X67854)

H. pylori 2017(CP002571)

H. cetorum 22/M47/10/08(FN565163)

H. cetorum MIT 01-6202(AY143177)
H. cetorum MIT 00-7128(AF455130)

Candidatus H. heilmannii AD1(AF506770)

H. felis Dog-2, Eaton 2301(U51871)
H. felis Lee DS2 (AY686607)

H. felis Lee CS3(AY631948)
H. felis Lee CS5(AY631949)

Candidatus H. heilmannii ASB1 (HM625820)

Candidatus H. heilmannii BC1(AF506772)

Candidatus H. heilmannii RM2 (AF506793)
Candidatus H. heilmannii HU1(AF506784)

Wollinella succinogenes ATCC 29543 (NR_025942)

H. pullorum 03/3(AJ876512)
H. pullorum 03/3 (AJ876516)

H. pullorum (T) ATCC 51801(AY631956)

H. sp. MIT 98-1705 (AF336947)

Fig. 2 continued
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constructed with Campylobacter coli (AAX19049) as the

outgroup was found to be homogenous (Fig. S21).

In Silico Restriction Analysis

In the present study, 624 restriction enzymes (REs) were

analyzed for the 16S rDNA sequences. Out of the 624 REs

analyzed, 72 REs (including isoschizomers) were found to

be unique in distinguishing 6 out of the 10 master data sets

(H. pylori, H. cinaedi, H. felis, H. canadensis, H. macacae

and Candidatus H. heilmannii) from each other (Table 2).

However, no unique REs could be found for the remaining

4 species, namely, H. bilis, H. cetorum, H. hepaticus and

H. pullorum.

Nucleotide Signature Analysis

Unique motifs or nucleotide signatures were found for 6

species, namely, H. cinaedi, H. hepaticus, H. cetorum, H.

macacae, Candidatus H. heilmannii, H. pylori (Table 3)

considered for the present study. The validation of the

uncharacterized sequences was done using motifs that were

found to segregate with particular framework.

Discussion

In the present study three molecular tools, i.e., phyloge-

netic framework, patterns of in silico RE of DNA and

species-specific conserved motifs were employed using rrs

gene sequences representing 10 species of genus Heli-

cobacter, including H. pylori. The phylogenetic framework

proved to be a powerful tool for investigating the classifi-

cation of Helicobacter. 6 species (except for H. cinaedi, H.

bilis, Candidatus H. heilmannii and H. felis) were found to

form distinct clades. H. cinaedi was found to cluster with

H. bilis indicating high genetic similarity between the two.

Similarly, low genetic variability could be suggested

between Candidatus H. heilmannii and H. felis as their

strains were found to cluster with each other. Closely

related species such as H. pullorum & H. canadensis were

found to form distinct yet adjacent clades. Phylogenetic

trees were constructed for each species to validate the

framework. Segregation was distinctly observed between

most species except for H. cinaedi and H. bilis; and Can-

didatus H. heilmannii and H. felis. Species, H. felis and

Candidatus H. heilmannii were previously reported to

show heterogeneity [32]. Similar observations were

Table 2 Marker enzymes

obtained for different species

using in silico restriction digest

of DNA along with the

nucleotide sequence recognized

and the position of the cut-site

Name of species No. of unique REs Name of restriction enzyme(s)

(including isoschizomers)

Helicobacter cinaedi 1 HindIII

H. felis 2 BanII/Eco24I/EcoT38I/FriOI

BlpI/Bpu1102I/Bsp1720I/CelII

H. pylori 7 AcvI/BbrPI/Eco72I/PmaCI/PmlI/PspCI

AlwNI/CaiI

AseI/PshBI/VspI

AflIII

AhdI/AspEI/BmeRI/DriI/Eam1105I/EclHKI

BsaAI/BstBAI/Ppu21I

Bse118I/BsrFI/BssAI,Cfr10I

H. canadensis 3 AluI

BstMWI/MwoI

HpyF10VI

H. macacae 1 AccB7I/BasI/PflMI/Van91I

Candidatus H. heilmannii 7 AccBSI/BsrBI/MbiI

Ama87I/AvaI/BmeT110I/BsiHKCI/BsoBI/Eco88I

AflII/BfrI/BspTI/Bst98I/MspCI/Vha464I

AsuC2I/BcnI/BpuMI/NciI

Cfr9I/TspMI/XmaI/XmaCI

SmaI

SmlI/SmoI

(http://www.biophp.org/)
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reported for H. bilis and H. cinaedi [33]. In the present

study as well, this heterogeneous behavior was observed in

their respective validation trees with bootstraps ranging

from 32 to 97. Whereas closely related species like H.

pullorum & H. canadensis [34] and H. cetorum & H. pylori

were clearly separated by distinct yet adjacent clades. This

indicated that although phylogenetic analysis of rrs

couldn’t distinguish between 4 of the 10 species but was

able to clearly segregate other closely related species.

Specifically, H. pylori could be distinguished from other

Helicobacter species.

Along with the framework sequences, 119 uncharac-

terized sequences were used as input to generate 2 other

phylogenetic trees. 22 out of a total of 119 strains could be

distributed into 7 Helicobacter species. Many of the

uncharacterized strains did not cluster with the species

under study. These unclustered sequences could belong to

novel species or the remaining 35 that could not be con-

sidered in the present analysis.

For in silico RE analysis, 624 restriction enzymes were

used out of which, 72 REs (including isoschizomers) were

found to be unique for 7 species. Morphologically similar

H. felis & Candidatus H. heilmannii and H. cinaedi & H.

bilis that were found to cluster with each other could be

segregated on the basis of their unique REs. H. canadensis

could be distinguished from its related species, H. pullorum

by using the marker enzymes found for the former.

Using the online MEME program, 30–50 nucleotide

signatures were analyzed for each species. Unique motifs

could be deduced for 6 species using BLASTN. These

include both H. cinaedi and Candidatus H. heilmannii that

were found to be heterogeneous with H. bilis and H. felis

respectively in the framework and their respective valida-

tion trees. Both these techniques i.e. in silico restriction

enzyme analysis and species specific motifs were found to

be instrumental tools that could validate the results of the

phylogenetic analysis as well as supplement it. While all

the sequences considered in this study were scrutinized

using the above three tools, some sequences were found to

produce results that were unexpected according to their

classification.

The hsp60 gene (GroEL, chaperonin) is a potential

phylogenetic marker as it is ubiquitous and conserved in

nature [35]. Sequences of the Heat Shock Protein—Hsp60

underwent phylogenetic analysis to supplement the results

obtained using rrs gene (Fig. S21). Species that were found

to be heterogeneous—H. cinaedi, H. bilis, Candidatus H.

heilmannii and H. felis were clearly segregated using this

housekeeping gene though they were found to form adja-

cent clades. H. pullorum was found to act as an outgroup to

H. canadensis supporting possible evolution of the latter

from the former [34]. The entire study proved to be useful

in characterizing sequences belonging to respective species

of Helicobacter, including the most dreadful one, H. pylori.

Conclusion

In the present study, the reliability of the widely

acknowledged and highly conserved gene, 16S rDNA was

scrutinized using molecular tools and Helicobacter as the

model organism. The three tools namely, the phylogenetic

framework, species specific restriction enzymes and

nucleotide signatures based on the conserved rrs gene were

found to be reliable, effective and aided in (1) preliminarily

identifying characterized as well as uncharacterized strains

of Helicobacter and (2) suggesting incorrect classification

of some strains in the database so as to reduce its redun-

dancy. Phylogenetic analysis of rrs was found to be quite

reliable for identification of six pathogenic species of

Helicobacter. Difficulty in the investigation for unique

restriction enzymes and nucleotide signatures indicated the

high genetic similarity among these species. But these tools

were found to be highly successful in discriminating H.

pylori from its other relative species.

Hsp60 was found to be a reliable marker and was found

to segregate four species (that were found to be heteroge-

neous using rrs gene) quite clearly. With the availability of

Table 3 Unique nucleotide signatures obtained for different species of Helicobacter using the online motif generator—MEME

Species No. of motifs Signature sequences

Helicobacter cinaedi 1 ACATACAAAAAGATGCAATATCGCGAGATGGAGCAAATCTCTAAAATGTC

H. hepaticus 1 AATACATGCAAGTCGAACGATGAATCTTCTAGCTTGCTAGAAGTGGATTA

H. cetorum 1 ACCGCCCGTCACACCATGGGAGTTGTGTTTGCCTTAAGTCAGGATGCTAA

H. macacae 3 AATACATGCAAGTCGAACGATGAAGCCTTTAGCTTGCTAGAGGTGGATTA

AATATCGTAAGATGGAGCTAATCTCAAAAACACCTCTCAGTTCGGATTGT

ACCTGCTGGAACATTACTGACGCTTAAGCGCGAAAGCGTGGGGAGCAAAC

Candidatus H. heilmannii 1 ACCAAGGCAATGACGGGTATCCGGCCTGAGAGGGTGAGCGGACACACTGG

H. pylori 1 GGGCGTAAAGAGCGCGTAGGCGGGATAGTCAGTCAGGTGTGAAATCCTAT
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more Hsp60 sequences in the databases and other house-

keeping genes, it can be used for supplementation of the

16S rDNA data to facilitate the identification of emerging

and widespread pathogens like Helicobacter thus reducing

the time and efforts to identify and characterize the new

strains.
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