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Although pathogenic microorganisms constitute a small 
proportion of the microbial species, these are character-
ized by high genetic diversity. In the past decade or so, 
there has been considerable advancement in under-
standing the genetic population structures of patho-
genic microorganisms that may range from strictly 
clonal to effectively panmictic. We, now understand 
that besides the staple mechanisms like point muta-
tions, gene duplication, gene rearrangements and gene 
loss, horizontal (lateral) gene transfer including patho-
genicity islands play an important role in the genera-
tion of genetic diversity among microbial pathogens. 
Understanding genetic diversity of pathogens may have 
far-reaching implications for public health interven-
tion strategies such as tracking the global spread of 
pathogens, understanding emergence of new and drug-
resistant microbes and rational development of diag-
nostics, therapeutics and vaccines. The study of patho-
gen diversity may also help us better understand 
evolution, taxonomy and pathogenicity per se. The en-
deavours to understand genetic diversity of extant 
pathogenic microorganisms in India are discussed here. 

 
PATHOGENIC microbes, though constitute a very small pro-
portion of the microbial species, are nevertheless charac-
terized by high genetic diversity1–3. Genotypic variation 
in pathogen populations poses a major barrier to disease 
control. As of today, amongst the pathogenic microorgan-
isms, diversity of bacterial pathogens infecting human or 
animal hosts is the most studied. Considerably less is 
known about the genetic diversity of plant pathogens, though 
it is quite understandable that basic concepts would be the 
same as applicable to human pathogens. Other pathogenic 
microbial forms, viz. viruses, disease-causing protozoa and 
pathogenic fungi would, however, have their own peculi-
arities in respect of diversity besides the common denomi-
nators.  
 For any biodiversity study, an appropriate sample of the 
population is a prerequisite. In contrast to the diversity of 
non-pathogenic microbes, for which study of reasonably 
good number of samples collected from diverse terrestrial 
and aquatic habitats would suffice, study of the diversity 
of microbial pathogens is dependent largely on isolates 

deposited with culture collection centers. The culture col-
lection centers however do not represent actual status of 
diversity extant in nature, as majority of the pathogenic 
strains in such collections are obtained from clinical set-
tings and thus, biased towards the most pathogenic forms 
with the exclusion of opportunistic and accidental patho-
genic forms4. The same is true for bacteria that are pri-
marily environmental such as Campylobacter jejuni. 
Culture collections in such cases mainly comprise isolates 
that cause frank human disease, and consequently do not 
represent the actual pathogen diversity. Thus, among the 
impediments in our understanding of pathogen diversity, 
problems associated with accurate sampling remain para-
mount. These must be overcome by undertaking struc-
tured sampling programmes, rather than simply storing 
the isolates, which happen to reach the scientist through 
diagnostic or similar laboratories5. For obligate human 
pathogens such as Mycobacterium tuberculosis, which 
are known not to have a reservoir elsewhere than human 
subjects, culture collections however represent a reasona-
bly accurate sample of pathogen population. Another 
problem associated with studying pathogen diversity is 
selection pressure of the immune system of the host, 
which imposes a bias by perpetually selecting certain geno-
types.  
 The various methods which have been used to study 
genetic diversity in microorganisms including pathogens 
are − restriction analysis of chromosomal DNA (REAC), 
restriction fragment length polymorphism (RFLP), ran-
domly amplified polymorphic DNA (RAPD), pulsed-field 
gel electrophoresis (PFGE), amplified fragment length 
polymorphism (AFLP), variable number of tandem repeats 
(VNTR), repetitive sequence element-based strategies like 
REP (repetitive extragenic palindrome)-PCR, ERIC (en-
terobacterial repetitive intergenic consensus)-PCR and 
BOX-PCR based fingerprinting, multilocus enzyme elec-
trophoresis (MLEE) and, single locus and multilocus se-
quence typing (MLST) including multi-virulence locus 
sequence typing (MVLST). An enormous amount of data 
on the genetic diversity of a number of common patho-
gens has been generated using these techniques6. However, 
each one of these techniques, except MLST, suffers from 
one or a combination of limitations like lack of intra- or 
inter-laboratory reproducibility, tedious methodology, 
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difficulty in interpretation of results, and non-applicability 
to certain pathogens. Currently, in spite of the high cost 
involved, MLST seems to be the only fool proof and fully 
portable technique for undertaking genetic diversity stud-
ies4. With the high throughput DNA sequencing becom-
ing more and more economical and within reach of most 
laboratories, and the availability of high throughput high 
density resequencing microarrays7, the area of genetic di-
versity is sure to witness a radical change.  
 Besides the problems associated with accurate sam-
pling and lack of availability of an economical fool proof 
genotyping method, lack of good framework for interpre-
tation of genetic diversity data is another stumbling block. 
This article critically analyses various aspects of the in-
traspecific genetic diversity of bacterial pathogens. These 
include – clonality of pathogens, principles underlying 
generation of genetic diversity including horizontal gene 
transfer and pathogenicity islands, public health implica-
tions of diversity such as emergence of new and drug-
resistant microbes, and the long-term benefits of studying 
diversity in understanding evolution of pathogens and 
pathogenicity per se.  

Basic concepts and insights  

Clonality paradigm and panmixia 

Prior to the advent of molecular biology techniques, the 
tool, which has been widely used for studying genetic di-
versity in microbes, is multilocus enzyme electrophoresis 
(MLEE or MEE). Multilocus enzyme electrophoresis in-
dexes allelic variations of several structural genes and 
thus helps in estimating the overall genotypic diversity in 
the species8. Basic metabolic enzymes are analysed, which 
are expressed in all isolates of a species. Such allelic 
variations in bacteria are unaffected by environmental 
factors and are minimally subject to convergent evolu-
tion9,10. Moreover, it has been shown that dendrograms 
generated by MLEE are generally concordant with phy-
logenetic trees based on extensive nucleotide sequence 
analyses11–13. Extensive applications of MLEE to study 
genotypic diversity of E. coli in the past indicated strong 
linkage disequilibrium, i.e. non-random association of al-
leles, which led to the assumption that E. coli was clonal.  
 First recognized in E. coli, the clone concept was later 
elevated to a paradigm extending it to all populations of 
bacteria. Other evidences that have generally been taken 
to construe clonal nature of bacteria are: asexual mode of 
reproduction with many species exhibiting strong linkage 
disequilibrium between different loci, frequent recovery 
of only a few of all the possible multilocus genotypes, as-
sociation of only particular serotypes with disease14, and 
repeated recovery of isolates having identical multilocus 
genotypes globally or from widely separated geographi-
cal regions. Extensive studies with other species however 

revealed that bacteria were not invariably clonal15. The 
high level of allelic diversity at enzyme loci in most spe-
cies of bacteria shows that virtually unlimited number of 
distinctive multilocus genotypes is potentially possible. 
Yet, for a majority of the pathogenic species studied, the 
actual number of clones recovered is very small, indicating 
that, in general, genotypic diversity in pathogenic species 
is much lower than the non-pathogenic forms. Does that 
mean that pathogenic bacteria are clonal? Absolutely not. 
A case in point is that of Neisseria gonorrhoeae16, the causa-
tive agent of gonorrhea in which gene exchange occurs at 
random, leading to highly panmictic population. Even the 
limited genetic variability exhibited by Neisseria menin-
gitidis is not true clonality. The apparent clonality of this 
pathogen is based on an ‘epidemic clone’ or electropho-
retic type (ET5), which appeared in early seventies and has 
since then, caused epidemics in several countries. Based 
on statistical testing, it was argued that due to frequent 
recombination, such clones would disappear in future. In 
fact, the variant clones of N. meningitidis ET5 that differ at 
one or more loci are already becoming increasingly com-
mon17. Among pathogenic bacteria, true clonality (long-
term clonal evolution) is best exemplified by Salmonella 
enterica18 and Borrelia burgdorferi19. Thus, the clonal 
model has been modified and it is now established that 
population structure of bacteria ranges from effectively 
panmictic to strictly clonal.  
 Like bacteria, the genetic populations of pathogenic pro-
tozoa and fungi too range from clonal to panmictic. In 
fact, M. Tibayrenc who has extensively studied the ge-
netic diversity of pathogenic protozoa recommends a uni-
fied approach for studying diversity of all pathogenic 
microbes namely bacteria, fungi and protozoa20. Studies 
from his laboratory have sufficiently argued for the clonal 
population structure of several parasitic protozoa, viz. Enta-
moeba histolytica, Giardia duodenalis, Leishmania spp., 
Trypanosoma brucei and T. cruzi both by linkage disequi-
librium studies and deviation from Hardy–Weinberg ex-
pectations21. However, leaving aside T. cruzi – the causative 
agent of the Chagas disease – studies have revealed that 
apparent clonal population structure in other species actu-
ally represents an epidemic population resulting from the 
explosive spread of a single type. Recent studies have re-
vealed that Plasmodium falciparum has a panmictic popula-
tion structure22.  
 The genetic diversity of pathogenic fungi is understood 
the least. Candida albicans, one of the most commonly 
isolated opportunistic organisms, has been studied exten-
sively and results ranging from absence or little linkage 
disequilibrium to very clear evidences of clonality have 
been obtained20. Another opportunistic yeast, Cryptococcus 
neoformans also exhibits clonal population structure20. 
Pneumocystis carinii, a eukaryotic pathogenic microor-
ganism with fungal affinities which causes respiratory in-
fections in immunocompromised patients, has also been 
shown to be clonal by multilocus enzyme electrophore-
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sis23. However more studies are required to confirm or re-
fute these observations.  

Mechanisms of genetic variability  

Although asexual, prokaryotes possess several mechanisms 
that result in gene shuffling leading to immense genetic 
diversification. It is said that you name it, and the microbes 
including the pathogenic microorganisms have it − point 
mutations, gene duplication, gene silencing, gene rearrange-
ment and gene loss. Even though these staple mechanisms 
result in only slow and subtle changes, these have impor-
tant implications with respect to generation of diversity. 
Random genetic mutations in the pre-existing genes result 
in functional modification and elimination of original 
gene(s), contributing to bacterial virulence. Such muta-
tions (pathogenicity adaptive or pathoadaptive mutations) 
might result in emergence of highly pathogenic bacterial 
lineages by providing host-specific adaptations to the 
pathogen. For example, uropathogenic strains of E. coli 
carrying minor mutations in fim H gene for the adhesive 
subunit of type I fimbriae, possess an enhanced ability to 
recognize mono-mannose receptors and exhibit higher 
tropism for uroepithelium24. Therefore, these mono-mannose 
specific strains have a higher ability to colonize bladder 
than those harbouring a wild-type allele, providing a se-
lective advantage in their virulence niche. Point mutations 
can also generate antigenic diversity, with consequent eva-
sion from immune response of the host, leading to stabili-
zation of the genetic variant. 
 Loss of resident genes (genomic deletions) in an organ-
ism also plays an important role in generation of pathogen 
diversity. In Pseudomonas aeruginosa, deletions in the muc 
A gene result in the overproduction of alginate and thus 
provide an additional advantage for their survival in the 
lungs25,26. Similarly, loss of lysine decarboxylase gene 
(cad A) through genetic deletions appear to favour Shigella 
and enteroinvasive E. coli (EIEC) strains, as the product 
of this gene inhibits enterotoxin activity. In addition to 
loss of cad A gene, deletion of omp T gene for a surface 
protease that attenuates expression of vir G, also increases 
the pathogenic potential of some of the organisms27. 
 Transposable elements like transposons and insertion 
sequences (IS) are important mobile genetic elements that 
easily promote transfer of genes between phylogenetically 
diverse populations contributing to the genetic diversity. 
In addition to simple transposition, IS elements also give 
rise to complex DNA rearrangements such as deletions, 
inversions, gene amplifications and fusion of two DNA 
molecules by co-integrate formation. IS elements are also 
passively involved in recombination because the flanking 
homologous DNA sequences might serve as recombina-
tional cross-over sites. Apparently, IS-mediated mecha-
nisms play a major role in generation of genetic diversity. 
Transposons are generally involved in propagation of anti-

biotic-resistant genes, for example transposon Tn5 confers 
resistance to three antibiotics, viz. kanamycin, bleomycin 
and streptomycin28. In addition to transposons, transfer of 
genes is also mediated by integrons. Integrons are gene 
expression elements that incorporate promoterless genes 
by site-specific recombinational events mediated by inte-
grases. Integrons can incorporate several genes next to its 
promoter leading to stockpiling of many resistance and 
virulence genes contributing to enhanced pathogenicity of 
an organism29,30. Recently, integrons have been implicated 
in the acquisition of virulence determinants in V. cholerae31. 

Horizontal gene transfer and pathogenicity islands 

Horizontal (lateral) gene transfer (HGT) refers to the genetic 
exchange among different evolutionary lineages. Until 
recently, the role and the extent of HGT in bacteria were 
debatable but development of high-throughput sequencing 
and comparative genomics has put forth an unprecedented 
evidence of the presence of this mechanism in bacteria32. 
Ochman and coworkers have recently revealed that the ex-
tent of HGT in bacteria varies from virtually none in 
some bacteria like Borrelia burgdorferi to up to 12.8% in 
E. coli33 (Figure 1). Although the processes underlying 
HGT, i.e. transformation, transduction and conjugation are 
common to both pathogenic and non-pathogenic bacteria, 
their implications are highly variable with respect to patho-
genic organisms. 
 HGT and recombination not only play an important role 
in major events like emergence of new and highly virulent 
pathogens as exemplified by enterohaemorrhagic E. coli 
O157 : H7, but also confer novel capabilities on the re-
cipients, allowing them to conquer new virulence niches, 
leading to diversification of natural populations. The latter 
is best illustrated by Streptococcus pyogenes and penicillin-
resistant Streptococcus pneumoniae. The presence of an 
allele (spe A1) encoding scarlet fever toxin12 in diverse 
phylogenetic lineages of S. pyogenes meant that it has 
been distributed horizontally among clones of this organism. 
In penicillin-resistant S. pneumoniae, HGT and recombi-
national processes have been shown to generate mosaic genes 
leading to molecularly remodelled penicillin-binding pro-
teins (PBPs) with reduced affinity to penicillins34,35, and 
variations in the genes for capsular antigen36 and immu-
noglobulin A1 proteases37. Also, multiple episodes of HGT 
among divergent phylogenetic lineages of Staphylococcus 
aureus seem to have been responsible for the global 
spread of the methicillin-resistant S. aureus38. Extensive 
horizontal genetic exchange was reported in Campylobacter 
jejuni both in vivo and in vitro and has been thought to 
underlie the genome plasticity observed in this pathogen39. 
 Bacteriophage-mediated transfer of genetic material be-
tween organisms is a common phenomenon in several 
pathogenic bacteria. Certain phages carry virulence genes 
within their genomes that play an important role in bacte-
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Figure 1. Distribution of horizontally acquired (foreign) DNA in sequenced bacterial genomes. Lengths of bars denote the amount of protein-
coding DNA. For each bar, the native DNA is blue; foreign DNA identifiable as mobile elements, including transposons and bacteriophages, is yel-
low, and other foreign DNA is red. The percentage of foreign DNA is noted to the right of each bar. ‘A’ denotes an Archaeal genome. (From ref. 
33; reproduced with permission.) 

 

rial pathogenesis and upon lysogenization can convert a 
strain to its ‘pathogenic variant’. For example, cholera toxin 
genes of Vibrio cholerae are encoded within the genome 
of a filamentous phage40. In addition to conferring viru-
lence properties on the infected host, bacteriophages can 
also mediate transfer of large fragments of DNA by gen-
eralized transduction, thereby generating genome variabil-
ity. Staphylococcal phages − φ13 and 80α play an im-
portant role in the mobility of pathogenicity island 
encoding toxic shock toxin-1 in S. aureus41. Certain giant 
broad-range phages like φKZ, can mediate exchange of 
genetic modules within a network of closely and distantly 
related genomes42. 
 Horizontally acquired ‘pathogenicity islands’ (PAIs) are 
one of the major contributors to the pathogenic lifestyle 
of certain bacteria. PAIs are a subset of genomic islands 
first described in E. coli but now identified in genomes of 
plant, animal and human pathogens encoding large clusters 
of virulence traits43. These PAIs often reside at t-RNA or 
t-RNA like loci and are flanked by direct repeats mediat-
ing their mobility44–46. Also, ORFs within certain PAIs 
show homology to bacteriophage integrase. All these fea-
tures along with the differences in the G + C content and 
codon usage of PAIs when compared to the genome in 
which they reside, indicate that PAIs are acquired by 
HGT mediated either by phages or conserved integrases. 
Recently, comparison of genomes of virulent, less virulent 
and avirulent strains by subtractive hybridization sug-
gested that PAIs have important implications in confer-
ring virulence to pathogenic strains. PAI I (encoding α-
hemolysin) and PAI II (encoding α-hemolysin and P-
related fimbriae) are two well-characterized pathogenicity 
islands that play an important role in the pathogenicity of 
uropathogenic E. coli47. In enteropathogenic E. coli (EPEC), a 

35-kb type III secretion (TTS)-related pathogenicity  
island called the locus of enterocyte effacement (LEE) 
encodes all the genes required for its attachment and effac-
ing properties. It has been demonstrated that cloned LEE 
confers these properties to non-pathogenic E. coli K12. 
 Acquisition of PAIs can transform a benign organism 
to a potential pathogen and can play an important role in 
the evolution and establishment of new pathogens. This 
probably has been the case with Yersinia pestis, the causa-
tive agent of plague. The population genetic structure 
analysis of Y. pestis and two other yersiniae, viz. Y. pseu-
dotuberculosis and Y. enterocolitica have shown that Y. 
pestis is a clone that has emerged recently from Y. pseu-
dotuberculosis48. Also, ‘high pathogenicity islands’ (HPI) 
of yersiniae presumably served as one of the key factors 
in the emergence of highly virulent Y. pestis from Y. 
pseudotuberculosis44.  

Public health implications 

Although genetic diversity allows pathogenic microorgan-
isms to exploit diverse hosts and environmental niches, 
escape the onslaught of the immune response and help in 
evolution, it can also be exploited for devising public 
health intervention programmes. These include epidemi-
ological investigations aimed at tracking the origin and 
spread of disease-causing organisms, and rational devel-
opment of diagnostics, therapeutics and vaccines. 

Molecular epidemiology 

Nowhere else has the knowledge of genetic diversity of 
pathogens exploited as directly as in the study of epide-
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miology. In the molecular epidemiology parlance, this is 
commonly referred to as ‘typing’ or ‘genotyping’. It is 
being practised widely in medical microbiology and has 
proved an invaluable tool in tracking strains responsible 
for disease outbreaks. This has particularly been useful in 
studying and controlling nosocomial outbreaks. It has 
also been used to study whether the relapse of an infectious 
disease after therapeutic intervention, was due to treat-
ment failure or recolonization of the host by a new strain. 
Equally important is the study of global epidemiology of 
pathogens wherein long-term movements of disease-
causing microbes are followed over wide geographical 
areas. Studying global epidemiology of a pathogen is a 
complex task and cannot be accomplished without the 
availability of an exhaustive collection of genetic variants 
obtained from different regions of the world. 

Diagnostics and therapeutics 

It is well established that a particular disease may be 
caused by closely related but distinct genetic variants of a 
pathogen. Poorly understood diversity of a pathogen can 
lead to the development of diagnostics with pitfalls in detect-
ing the entire set of pathogen genotypes that can cause a 
particular disease. Thus, successful development of diag-
nostics inevitably depends on the extent of understanding 
of pathogen diversity. Enteroinvasive E. coli infections 
are now confirmed routinely by genetic analysis49. Restricted 
allelic diversity observed in Mycobacterium tuberculosis 
means that only nominal amino acid variation is expected 
in proteins of diagnostic or immunoprophylaxis interest. 
Also, when a new drug is developed it is important to test 
its efficacy against a set of carefully selected genotypes, 
which are representative of the population. This necessi-
tates exploration and understanding of the pathogen diver-
sity and this knowledge of pathogen diversity can be 
exploited in other ways as well. For example, it is known 
that in-host competition among drug-resistant and drug-
sensitive genotypes of a pathogen is pivotal to the spread 
of drug resistance and hence the clinically useful age of a 
drug. Simple models show that if drug-sensitive strains 
are competitively better in host not receiving chemother-
apy, the emergence of the drug resistance will be slowed 
down. However if competitors are removed by chemo-
therapy, the spread of the resistance is hastened50. Such 
knowledge about the genotypic diversity of a pathogen 
may be used to assess the effective duration of a newly 
introduced chemotherapeutic agent against that pathogen. 

Vaccine development 

Vaccination is the cornerstone of prevention or control of 
a large number of infectious diseases. Vaccination may also 
help in eradicating selected infectious diseases. Under-
standing genetic diversity of microbial pathogens provides 

a basic framework that can be exploited to rationally design 
vaccines. Studying comparative genomics of virulent and 
avirulent strains of a pathogen may help to identify genes 
encoding putative virulence factors, which should be tar-
geted for successful vaccine development. This is exem-
plified by Pasteurella multocida in which gene for fila-
mentous haemagglutinin was found to be a good candidate 
for vaccine development by the comparative genomics 
approach. Similarly, genetic diversity studies successfully 
argued against the sole use of Osp A protein for the de-
velopment of vaccine against Borrelia burgdorferi, the 
causative agent of the most common tick-borne infection 
(Lyme disease) in North America, Europe and Northern 
Asia19. Moreover, the impact of introduction of a new 
vaccine can be ascertained only when the exact nature of 
the pathogen population is known. At present, no adequate 
models are available to predict the likely effects of a vac-
cination programme that affords protection against only a 
section of population of a given pathogen. Widespread 
vaccination with a vaccine against limited range of sero-
groups of a pathogen can lead to selection of escape vari-
ants leading to epidemics. For N. meningitidis, mass vaccina-
tion with a polyvalent polysaccharide vaccine contributed 
to the selection of non-serogroup C meningococci leading 
to outbreaks. Thus, knowledge of genetic diversity is an 
important pre-requisite for development of successful 
vaccines. 

Long-term benefits of studying pathogen  
diversity 

Understanding evolution and taxonomy 

Although first microorganisms appeared on earth more than 
3 billion years ago, strictly human pathogens appeared in 
the last 1.5 million years. Though relatively young, the 
enormous evolutionary potential of these organisms is  
illustrated by their innumerable species, ability to infect 
each and every living host and a variety of life styles. An 
understanding and knowledge of genetic diversity of patho-
gens can therefore serve as a rich source for addressing 
questions related to evolution. Recent studies have shown 
a parallelism between obligatory pathogens and endo-
symbionts51. Thus, study of the genetic diversity and com-
parative genomics of microbes associated with human, 
animal or plant hosts as pathogens or otherwise, may re-
veal new paradigms of evolution. Genetic diversity studies 
may allow one to look at the history of evolution or de-
velopment of a pathogen, and important lessons may be 
learnt from this for future. For example, in P. falciparum, 
study of genetic variation in mitochondrial DNA sup-
ported the contention that major expansion of falciparum 
malaria occurred about 10,000 years ago. However genetic 
analysis of nuclear genes did not support this observa-
tion52. The authors argued that resolving these discrepan-
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cies may have important implications for the emergence 
of drug resistance and vaccine evasion in respect of a new 
antimalarial drugs or malaria vaccine which may be in-
troduced in future52. 
 Nomenclature, classification and taxonomy are most use-
ful only when these are global and reflect hierarchical ge-
netic relationships. These should also be dynamic enough 
to allow incorporation of new strains, variants and groups53. 
Such robust classification and taxonomy is possible only 
when data from a large number of genetic variants under-
lie these developments, and this once again underscores the 
importance of studying genetic diversity of microorganisms. 

Emergence of new pathogens 

Genetic diversity studies have provided insights into the 
origin of several pathogens. An important case in point is 
that of enterohaemorrhagic E. coli (EHEC) or E. coli 
O157 : H7. This important food-borne pathogen has come 
to notice in the last two decades or so, and has caused large 
outbreaks of fatal cases of haemolytic uremic syndrome 
(HUS) and ulcerative colitis. Comparative analysis of 1300 
isolates of E. coli O157 : H7 and other E. coli strains rep-
resenting 16 serotypes by MLEE, and probing for shiga-
like toxin genes revealed that E. coli O157 : H7 is closely 
related to E. coli O55 : H7. Lateral acquisition of shiga-
toxin and adhesion genes to E. coli genome pre-adapted 
for causing diarrhoea led to the emergence54,55 of E. coli 
O157 : H7. Similar studies have also indicated that Myco-
bacterium tuberculosis arose ca. 15,000–20,000 years ago 
from a closely related cattle pathogen M. bovis by host spe-
cialization. Recent large-scale DNA sequencing results cor-
roborate that M. tuberculosis and M. bovis have shared a 
common ancestor in the recent past56. Genetic diversity 
studies also show that Yersinia pestis, the causative agent of 
plague, originated from Y. pseudotuberculosis about 
1500–20,000 years ago48.  
 Bacterial diversity data has also raised certain intriguing 
questions about the origin of some bacterial pathogens. 
For example, when mutational frequencies were used to 
calculate divergence time for Shigella from closely related 
E. coli, the estimated time was found to be between 
35,000 and 2,70,000 years ago. However, human-specific 
diseases like shigellosis, which require clusters of human 
population for transmission and survival, must have origi-
nated only after humans developed agriculturally-based 
large societies, i.e. roughly 10,000 years ago. How Shig-
ella would have maintained itself in nature before this period 
is intriguing and requires further studies57. 

Understanding mechanisms of microbial 
pathogenicity 

The study of genetic diversity of pathogen populations re-
veals existence of variants having varying degree of patho-

genicity. Such studies help in the identification of lineages 
that have increased propensity to cause disease, viz. identi-
fication of hyper-virulent forms of N. meningitidis or those 
of S. pneumoniae13. This allows one to study the interaction 
of a pathogen having a spectrum of pathogenicity variants 
with cells in vitro or animal hosts in vivo. Such informa-
tion, in conjunction with the clinical data obtained from pa-
tients infected with variant forms of the pathogen is helpful 
in understanding the exact mechanism of pathogenesis.  
 Genetic diversity data obtained from the house keeping 
genes is commonly used to establish phylogenetic relation-
ships among members of a population. This phylogeny 
can then be used as a framework to which pathogenicity-
related characteristics such as virulence, virulence genes 
and host specificity may be mapped. In this way, important 
insights can be obtained on the origin of pathogenicity 
and host adaptations of a pathogen58. Moreover, pathogen 
diversity data when combined with epidemiological, phy-
logenetic and evolutionary concepts provide insights into 
the behaviour of pathogens that are unavailable from 
other simpler approaches4.  

India perspectives 

In India, a number of laboratories are involved in the study 
of the diversity of microbial pathogens prevalent in the 
region. Pioneering work on the diversity of the Vibrios 
has been reported from National Institute of Cholera and 
Enteric Diseases (NICED). V. cholerae belonging to se-
rogroups O1 and O139 causes epidemic and pandemic 
cholera. Ribotyping and pulsed-field gel electrophoresis 
(PFGE) data showed existence of several clones of V. 
cholerae O1 and O139 serogroups. These clones prevail 
all over the country and from time to time are replaced by 
one another. The non-O1, non-O139 serogroups of V. chol-
erae, also known as the non-epidemic serogroups, com-
prise a heterogeneous group of organisms whose clinical 
importance is not well understood as yet. Recent studies 
however clearly show that non-O1, non-O139 serogroups 
participate in the genesis of new variants of V. cholerae. 
Studies on clonality by RFLP analysis of rRNA genes 
and PFGE collectively indicate that the recently emerged 
strains belong to different clones59. Considering the im-
portance of these serogroups that can cause diarrhoea by 
mechanism(s) quite different from that of toxigenic V. 
cholerae, it has been proposed that the nomenclature of 
enteropathogenic V. cholerae should include these sero-
groups as well. Studies at NICED also showed that de-
spite sharing the same serogroup, environmental and 
clinical isolates of V. cholerae were genetically heteroge-
neous and were of different lineages60. These investiga-
tions have also demonstrated the preferential association 
of heat-stable toxin gene (stn) in environmental V. chol-
erae strains belonging to serogroup61 O14. A comparative 
study of Vibrio parahaemolyticus strains collected from 
seven countries including India showed uniform pheno-
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type and virulence features62. Supported by ribotyping 
and PFGE, it was inferred that the recently emerged O4 : 

K68 and O1 : KUT strains originated from the pandemic 
O3 : K 6 clone. A group-specific PCR for the detection of 
these pandemic strains has also been developed63. It is 
still however not known how these serovar variants of V. 
parahaemolyticus evolved from the initial O3 : K6 pan-
demic clone and why such an event occurred. These studies 
have opened up new vistas on the molecular epidemiology 
of Vibrios. 
 Genetic diversity of MDR Mycobacterium tuberculosis 
isolated from patients attending various hospitals in north-
ern India was investigated by RFLP associated with 
IS6110 element64. A substantial degree of polymorphism 
was evident in these strains. Specific regions, gyr A and 
kat G were sequenced from a group of the representative 
isolates to determine their genotypes. Majority were found 
to belong to Group 1 indicating that evolutionarily these 
strains were old. Overall, it was concluded that the epi-
demiological pattern of various strains of M. tuberculosis 
in India was very complex64. Sequencing of drug-resistance 
associated loci in these isolates revealed novel muta-
tions65 indicating the extent of genetic diversity in these 
isolates. The Centre for DNA Fingerprinting and Diag-
nostics (CDFD) has developed a global database of M. 
tuberculosis genotypes based on genome-derived markers. 
AmpliBASE MTTM is an online databank of high resolu-
tion DNA fingerprints representing fluorescent amplified 
fragment length polymorphism (FAFLP) profiles or am-
plitypes developed for M. tuberculosis complex strains 
isolated from 48 different countries. AmpliBASE MTTM 
is based on a SQL database system hyperlinked to visualize 
genotypic data in the form of DNA fingerprint images of 
individual strains. A flexible search system based on sys-
tematic comparisons of fragment sizes in base pairs allows 
inter-laboratory comparisons of strain profiles. Besides 
this, the database also displays previously published data 
on IS6110 profiles, spoligotypes, MIRU-VNTRs, and large 
sequence polymorphism along with the FAFLP records to 
give overall comparisons66. Another database called mini-
BASE MT has been developed for fast strain comparisons 
based on genomic signatures corresponding to copy num-
bers at 21 minisatellite like loci (MIRU-VNTR loci) in the 
M. tuberculosis genome. MiniBASE MT has been devel-
oped on a MySQL format with a simplified search engine 
that provides for a faster inter-laboratory exchange of data 
via Internet. Both the databases are user friendly, freely 
accessible and are expected to be useful in strengthening 
the concept of ‘geographic genomics’ and will be helpful 
to molecular epidemiologists and those interested in diag-
nostics development for tuberculosis. These databases can 
be accessed via http://www.cdfd.org.in. Members of My-
cobacterium avium complex (MAC) have gained impor-
tance due to their association with HIV/AIDS disease. 
Studies on MAC isolated from India have shown hetero-
geneity based on plasmid profiling67.  

 Genetic diversity of Helicobacter pylori, an important 
pathogen which has been implicated in gastric carcinoma, 
has been investigated for strains isolated from West Bengal, 
northern and southern India. A total of 80–90% of the 
Kolkata strains carried the cag pathogenicity island (PAI) 
and potentially toxigenic vac As1 allele, which was inde-
pendent of the disease status of the patients. This is 
higher than that in the west where cag PAI+ vac As1 geno-
types are disease-associated but lower than that in east 
Asia68. Strains of H. pylori isolated from the Santhal and 
Oroan ethnic minorities of West Bengal, which have long 
been separated culturally and genetically from main-
stream Bengalis, were similar to those isolated from the 
mainstream Bengalis69. Similar results have been reported 
for North Indian strains too wherein all clinical strains of 
H. pylori carried vac A gene. Among these, 69.6% repre-
sented genotype s1a, 16.4% genotype s1b and 14% geno-
type s2. Two different families of vac A allele m1 and m2 
were also differentiated at the mid-region locus; s1a geno-
type was present in 86% of the patients with ulcer and 
68% of the patients with gastritis70. Also, 81–96% of H. 
pylori isolated from north Indian patients possessed cag A 
gene71. The heterogeneity of north Indian isolates was also 
studied by RFLP analysis of ure C gene using HindII, Alu 
I and Pvu II, which yielded 15 distinct RFLP patterns72. 
Interestingly, studies on the genetic diversity of H. pylori 
obtained from southern India showed these to be less di-
verse and these strains were observed to cluster into three 
groups based on FAFLP73. This grouping of H. pylori was 
independent of the disease outcome and the environmental 
factors such as dietary habits of the patients from which 
such isolates were obtained. That these groupings may have 
clonal implications is a novel finding, as opposed to the 
studies reported for western isolates where H. pylori 
population structure has been reported to be extremely 
diverse or panmictic73.  
 A large number of strains of Yersinia enterocolitica 
isolated from various sources, viz. wastewater, pork, pigs 
and stools of diarrheic human subject belonged to biotype 
1A74,75. Though serologically quite diverse, REP- and 
ERIC-PCR based fingerprinting grouped Indian strains 
into two clusters which appeared very similar to biotype 
1A strains of European and American origin76. Salmo-
nella enterica serovar paratyphi A of clinical origin 
showed limited genetic diversity by pulsed-field gel elec-
trophoresis77,78 and IS200 probing79. Amplified ribosomal 
DNA restriction analysis (ARDRA), RAPD and BOX-PCR 
have also been used for typing Indian strains of Salmo-
nella80. Uniform ARDRA patterns were reported for all 
strains studied including serotypes typhi, paratyphi A and 
typhimurium. Although BOX-PCR differentiated paraty-
phi A from the others, RAPD was most discriminatory for 
typing Salmonella strains. The genetic diversity of 42 mul-
tiple drug-resistant isolates of Pseudomonas aeruginosa 
from 11 patients with post-surgical endopthalmitis was 
studied using FAFLP fingerprinting81. Isolation of more 
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than one type of strains from each of the patients suggested 
mixed infection, with the possibility of cross-infection by 
at least three different strains. Leptospirosis is a major 
public health problem in Andaman Islands. Leptospira 
isolates recovered recently from human cases were compared 
with one of the earliest available isolates from these islands, 
that date back to 1929. RAPD analysis indicated that some 
of the recent isolates (2001 AD) were identical to those 
isolated in 1929, suggesting long-term persistence of the 
genotypes of Leptospira involved in the causation of 
acute leptospirosis of humans in these islands82.  
 Genetic variability of plant pathogen Xanthomonas 
oryzae pv. oryzae isolates was studied using RAPD and 
IS1112-based PCR which revealed heterogeneity in the 
isolates collected from different parts of the country83.  
 Studies on the genetic diversity of certain viruses caus-
ing important human diseases such as HIV-1, hepatitis C 
virus (HCV) and rotaviruses have also been reported from 
India. Surveillance studies84 on HIV-1 showed that 78.4% 
isolates belonged to subtype C, 8.8% to subtype B, 2.4% 
to subtype A and 1.6% to subtype E. In this study HIV-1 
subtypes were determined for homologies in the C2-V3-
V5 region by heteroduplex mobility assay (HMA). In 
some isolates, subtype determination was not unequivocal 
indicating possibile existence of recombinant strains of 
HIV-1. Extensive studies on the genotypic diversity of Group 
A rotaviruses isolated from diarrheic human subjects from 
different parts of India have been conducted. These stud-
ies reveal that predominant strains85 are G1 to G4 except 
those from northern and central India where G9 is the 
predominant G type86. Apart from the overall diversity of 
rotaviruses, a marked difference in the geographic distri-
bution of strains within India was also observed. In some 
Indian cities, as many as eight strains were circulating at 
the same time, a diversity far greater than that seen in 
most other countries87. Three new human G12 strains 
have recently been detected from diarrhoeic clinical samples 
of children in Kolkata during a routine surveillance study 
of rotaviral diarrhoea in India88. Such genetic diversity 
studies on rotaviruses in India have clear implications for 
vaccine development. Genotypic determination of hepati-
tis C virus (HCV) isolated from northern and southern 
India has also been reported. Eleven northern Indian iso-
lates were genotyped using sequence comparison of part 
of the non-structural (NS 5) and structural (core) regions. 
Four isolates showed sequence homology to type 1b. Two 
of the isolates were classified as type 3a. One isolate was 
classified as type 3b and the remaining four isolates were 
found to be variants of type 3 but did not belong to any 
designated subtype. Two of the unclassified isolates were 
put into a new subtype of 3, named 3g. This study dem-
onstrated that type 3 variants including a new subtype 
(3g) of HCV were predominant in northern India89. Con-
trary to this, of the 24 isolates from southern India, 21 
corresponded to HCV type 1 and others to type 3. Evidence 
was also presented to show that two of the type 3 isolates 

may represent novel subtypes. These data, in general, in-
dicated that HCV genotype 1 predominated over HCV 
genotype 3 in southern India90. A study on Norwalk-like 
viruses (NLVs) isolated from a food-borne outbreak of 
acute gastroenteritis in Delhi placed the viruses in Toronto 
virus cluster of GG II NLVs based on sequencing of 
RdRp gene91.  
 Plant viruses, which have been investigated from the 
point of view of genetic diversity, include yellow mosaic 
virus infecting soybean92 and cotton leaf curl virus93. Lim-
ited studies have been reported from India on the genetic 
diversity of eukaryotic pathogenic microorganisms – 
whether protozoan parasites or fungi. Studies carried out 
with Entamoeba histolytica, showed that probes derived 
from ITS 1 and ITS 2 are more reliable in distinguishing94 it 
from the non-pathogen E. dispar. Another sequence iden-
tified during expressed sequence tag analysis of E. dispar 
showed clear divergence in sequence at some regions with 
the E. histolytica homologues95, which may be used to 
differentiate the two species. The diversity of E. histo-
lytica96 and Giardia lamblia97 isolates from Delhi has been 
investigated by zymodeme analysis. Genetic relatedness of 
twelve clinical and five environmental isolates of Crypto-
coccus neoformans var. neoformans isolated from Tamil 
Nadu was studied by RAPD which clustered these iso-
lates into three groups98.  
 The rice blast fungus Magnaporthe grisea isolates col-
lected from southern Karnataka clustered into three line-
ages based on RAPD analysis99. Colletotrichum graminicola 
obtained from six provinces of India was analysed by 
PCR-amplification of intergenic spacer region of nuclear 
rDNA. No definite relationships could be discerned be-
tween the genotype and the source/location of isolation100. 
Diversity of Phytophthora palmivora from cocoa and co-
conut, and P. capsici from black pepper was studied by 
AFLP analysis which showed similar pattern for isolates 
from two plants. Among the isolates of P. capsici, four 
AFLP fingerprint groups were evident which were dis-
tinct from that of P. palmivora101. Limited studies have 
also been reported with P. nicotianae causing leaf rot of 
betelvine102 and Trichoderma isolates obtained from two 
Indian type culture collection centers103. This shows that 
a number of laboratories from India have contributed to 
the study of genetic diversity of pathogens extant in this 
region of the globe. However to quote Mark Achtman53 – 
‘A considerable portion of the global diversity of bacte-
rial pathogens is quite likely to be present in developing 
countries that have not yet been sampled extensively. The 
epidemiology of bacterial diseases in the developed world 
is not representative of the whole globe….’ 
 In conclusion, we are just beginning to understand the 
genetic diversity and population genetics of pathogenic 
microorganisms. Such studies should preferably be under-
taken with structured collections of the pathogens using 
highly portable, state-of-the-art technique such as multi-
locus sequence typing which is also amenable to validation 



SPECIAL SECTION: MICROBIAL DIVERSITY 
 

CURRENT SCIENCE, VOL. 89, NO. 1, 10 JULY 2005 121

and electronic data-basing so that global comparisons can 
be made. However, using data already available, consid-
erable insights have already been gained into the molecu-
lar mechanisms underlying the variations observed in the 
frequency and severity of infectious diseases, disparate 
behaviour of the clonal lineages of pathogens, and the 
emergence of new and drug-resistant microbes. Such 
studies have also the potential to address problems rele-
vant to public health such as understanding nosocomial 
outbreaks, global epidemiology, diagnostics, and drugs 
and vaccine development. It is expected that improved 
understanding of the pathogen diversity will enable us to 
practice public health interventions with greater sophisti-
cation. Long-term benefits, which may accrue from such 
studies, include clues to the emergence of new pathogens 
and improved understanding of microbial pathogenicity 
per se, and evolution and taxonomy. A large number of 
methods currently available are being used to index ge-
nome-wide variations in pathogenic microbes especially 
prokaryotic. However, peculiarities inherent in the ge-
netic diversity of eukaryotic pathogens such as pathogenic 
fungi and parasitic protozoa are still poorly understood. The 
complete genome sequences of a number of pathogens 
have already become available and more are being se-
quenced. With high throughput DNA sequencing becoming 
cheaper and easily available, genetic diversity studies will 
get further impetus and would be one of our major allies 
in fight against pathogenic microorganisms. 
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