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The major proportion of earth's biological diversity is inhabited bymicroorganisms and they play a useful role in
diversified environments. However, taxonomy of microorganisms is progressing at a snail's pace, thus less than
1% of the microbial population has been identified so far. The major problem associated with this is due to a lack
of uniform, reliable, advanced, and common to all practices for microbial identification and systematic studies.
However, recent advances have developed many useful techniques taking into account the house-keeping
genes as well as targeting other gene catalogues (16S rRNA, rpoA, rpoB, gyrA, gyrB etc. in case of bacteria and
26S, 28S, β-tubulin gene in case of fungi). Some uncultivable approaches using much advanced techniques like
flow cytometry and gel based techniques have also been used to decipher microbial diversity. However, all
these techniques have their corresponding pros and cons. In this regard, a polyphasic taxonomic approach is ad-
vantageous because it exploits simultaneously both conventional as well as molecular identification techniques.
In this review, certain aspects of the merits and limitations of different methods for molecular identification and
systematics of microorganisms have been discussed. Themajor advantages of the polyphasic approach have also
been described taking into account certain groups of bacteria as case studies to arrive at a consensus approach to
microbial identification.
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1. Introduction

Microorganisms are omnipresent, extraordinarily diverse and per-
form specialized roles in the environment. They impart many harmful
effects such as spoilage and health damages besides their beneficial
role in the production of antimicrobials and bioactive compounds,
bioremediation of toxic chemicals and involvement in food, beverages
and pharmaceutical industries. Microbes have been present for over
3.8 billion years, however, their existence became obvious 300 years
ago and yet still only b1% of totalmicrobes are known. Taxonomic infor-
mation of an unknownmicrobe is highly essential to establish its biodi-
versity, relationship among other organisms in the ecosystem and its
functional aspects (Gevers et al., 2005). Thus, proper isolation and iden-
tification ismandatory before deducing the novel characteristic features
of anymicrobial isolate.With the advent of genomics, the complexity of
microbial world is largely understandable. In this regard, recent
advancements in microbial systematics have led to a ‘polyphasic taxo-
nomic approach’ which aims to generate all genotypic, phenotypic
and phylogenetic information of a microbial taxon (Vandamme et al.,
1996). The resulting biological data of the organisms find relevance
and implications in biotechnological research such as production of
bioactivemolecules, microbial transformations, ecology and bioremedi-
ation using microbial isolate or consortium.

Theprevalent conventional techniques are not sufficient to provide a
complete draft for microbial taxonomy as these conventional tech-
niques describe only shape, colour, size, staining properties, motility,
host-range, pathogenicity and assimilation of carbon sources (Prakash
et al., 2007). However, a comprehensive approach is required to furnish
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the information and subsequent derivation of a microbial lineage. Con-
siderable advancement in the study of microbial taxonomy in the past
few decades has taken place such as chemotaxonomy (Minnikin et al.,
1975), numerical taxonomy and DNA–DNA hybridization (Johnson,
1991), DNA amplification and sequencing (Konstantinidis and Tiedje,
2007) and whole genome sequencing (Janssen et al., 2003). Despite of
this tremendous progress and development of genome based tech-
niques, any individual technique cannot be relied upon solely as a
source of taxonomic information. Another problem associated with
microbial taxonomic analysis is the existence of some common taxa
that cannot be cultured probably due to their protection strategy— via-
ble but not culturable (VBNC) state (Rompre et al., 2002). In contrast,
culture independent techniques targeting a single gene (e.g. 16S rRNA
gene) also cannot provide adequate resolution for proper microbial
identification (Jany and Barbier, 2008; Koser et al., 2012). Hence, no sin-
gle tool infers definitive assessment of the microbial community, how-
ever, it can be studied under two headings i.e. culture dependent and
culture independent approaches.

Therefore, the use of a polyphasic approach involving a combination
of molecular biology techniques and conventional microbiological
methods is necessary to obtain a better understanding of microbial
diversity. However, there are many techniques used to determine
“genetic relatedness” of microorganisms but this review aims to discuss
the techniques used for identification using the polyphasic taxonomic
approach with the pros and cons of the currently available techniques
used for molecular identification of isolates.

2. Why use the molecular methods for identification?

Microorganisms present in the environment can be enumerated,
isolated and characterised by various culture dependent classical tech-
niques such as pour plate and spread platemethods followed by Gram's
staining and biochemical tests to decipher their physiological character-
istics. Based upon colonymorphology on growthmedium, usingmicro-
scopic observation and biochemical tests isolated bacteria can be
assigned to specific genera. However, these techniques are time con-
suming as well as dependent upon many environmental factors
(Rastogi and Sani, 2011). Therefore, the advanced techniques like se-
quence based, gel based andprotein based systems have becomeadvan-
tageous due to their fast reactions, high specificity and less chance of
error. The development of these advanced techniques has changed
drastically the definition of microorganisms as in many cases sequence
diversity within a species reveals multiple sequence clusters that are
ecologically distinct (Cohan, 2002). By using the house-keeping gene
sequences for phylogenetic studies, domains of Archaea, Bacteria
and Eukarya have been developed in contrast to the traditional clas-
sification of organisms i.e. prokaryotes and eukaryotes. In addition,
fungi are the most laborious to work with due to their slow growing
nature and the conventional practices of identification procedures
lead to many ambiguities. Thus, a high level of expertise is necessary
for fungal identification (Siqueira and Rocas, 2005). Though the
technologies have progressed far beyond the level needed for identi-
fication of microorganisms in most laboratories, each procedure has
its own lacuna.

3. Catalogue of gene targets for microbial identification

To document different phylogenetic lineages for correlation within
genomes ofmicrobes, specific genotypicmarkers are essential. Varieties
of house-keeping genes are targeted in different microbial entities to
confer precise genetic fingerprints. There are several genetic markers
for rapid cataloguing of gene families having conserved sequences fall-
ing within definite microbial clades (Fig. 1). Different genetic targets
for microbial identification are 16S rDNA, gyrB, rpoA, rpoB, rpoC, rpoD
genes, etc. (Glazunova et al, 2009). 16S rRNA gene is the primary gene
target for identification of bacteria as the gene sequences contain
conserved, variable and hypervariable regions (Clarridge, 2004). Genet-
icmarkers such asDNAmetabolic enzyme gyrA and gyrB are also impor-
tant for identifying microbial diversity in the environment. rpoA, rpoB,
rpoC, rpoD are also conserved genes in the ribosomal region effectively
used as molecular markers. Genes for DNA repair mechanisms like
recA and recN present in maximum microbial genera have high se-
quence similarity and are feasible markers in molecular identification
(Karlin et al., 1995). Another gene ppk1 encoding polyphosphate kinase
can be an efficient marker for molecular identification, the functions of
which includes inhibition of RNA degradation, activation of Lon prote-
ase, membrane channel formation, stress resistance, motility, virulence
as well as quorum sensing (Shi et al., 2004). dnaJ gene is used as a mo-
lecular marker for alpha-proteobacteria for molecular diversity analysis
(Alexandre et al., 2008). Many other genes which are used asmolecular
markers to study the diversity of different groups of microorganisms
are: gapA for Escherichia coli and Mycoplasma gallisepticum, pyrH for
classifying Vibrio vulnificus and Vibrio sp., luxABE gene for Aliivibrio
logei, Aliivibrio salmonicida and Photobacterium mandapamensis,
ectBC or classifying Halomonas variabilis and Halomonadaceae,
dnaA for Mycobacterium sp. and Rhizobium meliloti, pheS for classify-
ing Enterococcus sp. and Lactobacilli and dnaK gene for Ensifer sp.,
Sinorhizobium and Nitrosomonas europaea.

Multi-locus sequence typing (MLST) is considered to be the “gold
standard” for typing of bacterial and fungal species. The MLST scheme
identifies internal nucleotide sequences of approximately 400 to
500 bp in multiple house-keeping genes. Unique sequences (alleles)
are assigned as a random integer number and a unique combination
of alleles at each locus. This is designated as an “allelic profile” which
specifies the sequence type (Larsen et al., 2012).

There are also certain protein and fatty acid based cataloguing
techniques used for deducing better functional diversity among mi-
crobial flora. MALDI-TOF MS technique proves to be a dependable
approach for molecular identification (Sauer et al., 2008). Shotgun
mass mapping (SMM) and protein stable isotope probing are also
primary techniques for creating diversity maps between microbial
communities. Fatty acid composition in microbial species has also
been identified as an important biomarker for taxonomic studies due
to slight variations in bond formation, chain length and functional
group binding (Dawyndt et al., 2006).

There are also various PCR based fingerprinting techniques like ERIC,
REP, and BOX-PCR for creating genotypic imprints (Frye and Healy,
2006). 26S, 28S andβ-tubulin genes are studied for representingmolec-
ular relationship within fungal species.

4. Culture dependent identification of bacteria and fungi

4.1. Sequence based techniques for bacteria

Variations in house-keeping gene sequences can be explored for the
identification of bacterial species which may be attributed to the fact
that, the sequence of these genes vary slowly during the process of evo-
lution. To get around the pitfalls of the conventional techniques, ampli-
fication and sequencing of DNA offers a good alternative. In this context,
themost common house-keeping genes used for bacterial identification
purpose are 16S rRNA, gyrB, rpoA, rpoB, rpoC, rpoD etc. (Glazunova et al.,
2009). Intraspecies variations, sequevars and subspecies variant geno-
types are generally used to express micro heterogeneity within a
species which denotes the difference of only a few base pairs of the se-
quences or less than 0.5% (Clarridge, 2004). Thus, gene sequence analy-
ses discriminate several strains of microorganisms in a more precise
manner rather than the conventional practices. As in the case of 80%
of isolates, a close match occurs within a described species and 10%
represent a new species within a genus and the remaining 10% may
represent novel taxa which can only be deduced through the se-
quence based identification procedures in contrast to the conventional
practices (Drancourt et al., 2000). The steps used for the sequence based



Fig. 1. Catalogue of gene targets for molecular identification of bacteria and fungi.

Fig. 2. Flow diagram showing the steps involved in bacterial identification using housekeeping sequencing approach.
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identification are the same in spite of the variation of the gene sequence
(Fig. 2).

4.1.1. 16S rRNA gene sequence based identification
As huge varieties of bacteria are present in the environment, the

range and complexity of the techniques to be utilised for their identifi-
cation purpose is highly bewildering (Spratt, 2004). However, the use
of nucleotide sequence data from 16S rRNA gene has been regarded to
be the most suitable practice not only to identify but also to draw the
phylogenetic relationship for all microorganisms on earth. The reasons
behind the use of 16S rRNA gene to be utilised for identification purpose
include i) occurrence of the gene in all organisms performing the same
function, ii) the gene sequence is conserved sufficiently containing
conserved, variable and hyper-variable regions, and iii) around
1500 bp of sequence size which is relatively easy to sequence and
large enough to contain sufficient information for identification
and analysis of phylogeny (Clarridge, 2004). This technique became
popular only after sufficient deposition of 16S rRNA gene sequences
in the database as well as the availability of suitable primers for gene
amplification (Table 1).

There are a number of advantages as well as disadvantages regard-
ing the comparative sequencing and analysis of the 16S rRNA gene.
Themajor advantage of this technique includes rapid and accurate iden-
tification. In conventional techniques certain groups of bacteria are dif-
ficult to identify and require special equipment and expertise for their
identification such as gas chromatography and mass spectroscopy for
anaerobes whereas sequence based identification does not rely on
them (Clarridge, 2004). Certain slow growing bacteria are present
which take considerable time for their growth and hence their identifi-
cation by conventional techniques becomes tedious. In this regard, 16S
rRNA gene sequencing represents a unique technology yielding the re-
sult in considerably less time. Similarly, some isolates with atypical
morphological characteristics can also be detected using this technique
(Gee et al., 2004). Novel bacterial genera aswell as the discovery of new
species can be accomplished by combining the phenotypic characteris-
tics, 16S rDNA sequences, sequences of other genes aswell as the results
of DNA–DNA hybridization tests (Staley, 2006).

4.1.2. rpoA, rpoB, rpoC and rpoD gene sequencing
The most common entity among ribosomal RNA encoding genes is

their universality and rpoB encodes the β-subunit of the bacterial RNA
polymerase (Mollet et al., 1997). The comparison of rpoB sequences
have been explored for the phylogenetic analysis of archea and bacteria
as well (Rowland et al., 1993; Klenk and Zillig, 1994). However, the
comparison of rpoB sequences for species based identification has yet
not been explored completely. Though it can provide a useful tool for
molecular identification of bacterial species, the incomplete database
constituting lesser amount of sequences which does not cover as
many species is of great concern. Some recent developments regarding
the rpoB based identification system includes the identification of four
Table 1
Suitable primer sets for several conserved regions of 16S rRNA gene amplification in
bacteria.

Primer name Sequence (5′–3′) Reference

8F AGA GTT TGA TCC TGG CTC AG Frank et al. (2008)
U1492R GGT TAC CTT GTT ACG ACT T
928F TAA AAC TYA AAK GAA TTG ACG GG Weidner et al. (1996)
336R ACT GCT GCS YCC CGT AGG AGT CT
1100F YAA CGA GCG CAA CCC Eden et al. (1991)
1100R GGG TTG CGC TCG TTG
337F GAC TCC TAC GGG AGG CWG CAG Weidner et al. (1996)
907R CCG TCA ATT CCT TTR AGT TT
785F GGA TTA GAT ACC CTG GTA Eden et al. (1991)
805R GAC TAC CAG GGT ATC TAA TC
533F GTG CCA GCM GCC GCG GTA A Frank et al. (2008)
518R GTA TTA CCG CGG CTG CTG G
hyper-variable zones along the gene sequences, i.e. two zones on the
rpoB gene of 350 and 450 base pairs (bp) in size and twomore flanking
spacers at both the ends of the same gene, i.e. rpoL–rpoB, 301–310 bp,
and rpoB–rpoC, 86–177 bp (Gundi et al., 2009). Hence, species-specific
primers can be designed from the hyper-variable regions among the
gene for rapid identification of any bacterial species as this gene has
been shown to bemore discriminative than the 16S rRNA gene. Similar-
ly, rpoB gene is found to exist as a single copy in the bacterial genome
which limits the nonspecific amplification and chances of experimental
errors.

Similarly, rpoA gene sequences that code for the α-subunit of RNA
polymerase have been shown to be useful for many bacterial species
like Enterococcus sp. and lactic acid bacteria (Naser et al., 2005). Howev-
er, rpoA gene sequences possess a lower resolution having a 5% inter-
species gap and 2% level of intra-species variation (Naser et al., 2007).
In some cases, rpoC gene is also taken into account for the identification
of many species of bacteria. Just like rpoB gene, rpoC gene codes for beta
subunits of DNA dependent RNA polymerase and is organised in an op-
eron where rpoB always precedes rpoC (Severinov et al., 1997). There
are many reports of using rpoC gene sequences along with other gene
sequences for determining the relatedness among rifampin resistant
Mycobacterium tuberculosis (de Vos et al., 2013). rpoD gene in bacteria
codes for a 70-kDa protein and the conserved amino acid regions of
σ70 is found in Pp σ70. It is transcribed as a monocistronic mRNA of
2.1 kb which is under the control of HS response (Fujita et al., 1995).
The conserved regions of rpoD sequences have been employed widely
for the identification procedures of many Actinobacteria species like
Frankia (Berneche-D'Amours et al., 2011) as well as E. coli (Burton
et al., 1981). The primer sequences that have been used for the amplifi-
cation and further analysis of rpoD are listed in Table 2.

4.1.3. gyrA and gyrB sequencing
Among the DNA metabolic enzymes altering its topology, type II

DNA topoisomerases/DNA gyrase is essential and ubiquitous. DNA gyr-
ase is encoded by both gyrB and gyrAwhich belongs to the single gene
family (Onodera and Sato, 1999). The presence of highly conserved mo-
tifs in these gene sequences provides a useful tool for the designing of
universal primers for the study of bacterial identification and diversity.
As higher genetic variation is observed among the protein coding genes,
they can be used for the identification and classification of closely related
taxa. Variation of gyrA gene sequences has been found to discriminate
among Bacillus subtilis group whereas gyrB is useful to discriminate
among members of Bacillus cereus group. Two conserved amino acid se-
quences in gyrB of E. coli, Pseudomonas putida and B. subtiliswere reverse
transcribed and two universal primers have been designed for the pur-
pose of identification. The PCR product with a predicted size of 1.2 kb is
able to identify successfully the various taxonomic groups of α, β- and
γ-proteobacteria, gyrB specific primers have also been designed which
do not amplify topoisomerase IV and thus avoids the paralogous compar-
ison (Wang et al., 2007). The greatest advantage of using gyrB sequences
in identification practices is that, the average base substitution rate of 16S
rRNA gene is 1% per 50 million years, whereas, the rate is estimated to be
0.7–0.8% per one million years in the case of gyrB (Chun and Bae, 2000).
Hence, those species having completely identical 16S rDNA sequences
Table 2
Primers reported to be used for the amplification of rpo genes in bacteria.

Primer name 5′ to 3′ sequences Reference

rpoAF GCAGTTAGCAGAGCGGACAG Guo et al. (2012)
rpoAR GGAAACCAACGGCACAAT
rpoBF GGTTCGCCGCGCTGGCGCGAAT Rigouts et al. (2007)
rpoBR GACCTCCTCGATGACGCCGCTTTCT
rpoC-uni GTGCACTCGGTCCACAG Ventura et al. (2006)
rpoC-rev CATGCTCAACAACGAGAAG
rpoDF ACGAGACTGCTGTTGCGCITICCGAACA Fujita et al. (1995)
rpoDR TGACGTGATTTCCTGAGCAG
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can be differentiated using gyrB gene sequences in addition to the 16S
rDNA sequence data.

4.1.4. recA and recN gene sequencing
16S rRNA gene sequencing method has been undoubtedly regarded

as an accuratemolecular identificationmethod. However, in some cases
it is not able to distinguish preferably at interspecies level as found in
Mycobacterium (Rogall et al., 1990). In this regard, recA gene sequence
provides a useful tool for differentiation at interspecies level. recA
gene apparently occurs in all bacteria and is responsible for DNA dam-
age repair, induction of SOS repair and homologousDNA recombination.
As a part of the SOS response, it coordinatesmore than 20 genes that are
involved in DNA repair, DNA recombination, DNA synthesis and cell
division (Miller and Kokjohn, 1990). Many Gram-negative and Gram-
positive bacteria have been reported to be classified based on the result
obtained from the recA gene sequences (Karlin et al., 1995). Comparative
phylogenetic analysis of recA and 16S rRNA gene sequence demonstrates
a highly similar branching pattern suggesting the advantage of using this
gene sequence for molecular systematics as well as species level identifi-
cation (Eisen, 1995). Species of Mycobacterium (Blackwood et al., 2000)
and Burkholderia (Payne et al., 2005) have been reported for recA gene
sequence based identification procedures. When the amplification of
recA gene is combined with restriction fragment length polymorphism
methods, it becomes more accessible for identification and typing of
any bacterial entity. However, recently Glazunova et al (2010) developed
a novel approach of identification of genus Streptococcus using partial
recN gene sequencing. As per this report, the partial recN gene sequences
provide 56.4–98.2% interspecies nucleotide similarity whereas, 89.8–98%
similarity was obtained at inter subspecies level. However, 16S rRNA
gene (94.1%), rpoB (84.6%), sodA (74.8%), groEL (78.1%) and gyrB
(73.2%) showed higher mean DNA sequence similarity than the recN
gene which was found to be 66.6% (Glazunova et al., 2010). Now-a-
days recNgene sequencebased identificationhas been found to bewidely
applicable in species level identification of many bacterial species like
Streptococcus, E. coli (Finch et al., 1985), Neisseria gonorrhoeae (Skaar
et al., 2002) and Amycolatopsis (Everest et al., 2011).

4.1.5. Analysis of the ppk gene and protein
When biochemical tests are considered for the identification of a

bacterial strain they are highly influenced by genetic as well as environ-
mental factors. Therefore, many genes are responsible for the diverse
phenotype of the bacteria and ppk genes are the best model to study
the phenotypic diversity due to their conserved sequence nature.
One widely studied among these genes is the ppk1 gene which codes
for polyphosphate kinase gene 1 in many bacteria. The Ppk1 enzyme
encoded by the ppk1 gene is responsible for the synthesis of inorganic
polyphosphate (poly P) which contains hundreds of orthophosphate
residues linked by phosphoanhydride bonds like that of ATP (Brown
and Kornberg, 2004). Though many bacterial species also contain an-
other enzyme Ppk2 coded by the ppk2 gene which is highly conserved
among bacterial species, it is not ubiquitous in nature (Zhang et al.,
2002). The ppk2 gene, 1074 bp in length encoding for a protein with
357 amino acids and 40.8 kDa, is found to be homologous in Pseudomonas
aeruginosa, archea, rhizobia, cyanobacteria, Streptomyces and several
other pathogenic bacteria (Zhang et al., 2002). Ppk proteins may have
many functions related to inhibition of RNA degradation, activation of
Lon protease, membrane channel formation, stress resistance, motility,
virulence as well as quorum sensing (Shi et al., 2004). Mutation studies
on these genes revealed the role of these genes in genetic diversity,
points to connectedness, redundancy as well as resilience in metabolic
pathways (Tan et al., 2005),which can be used for the analysis ofmicro-
bial diversity and identification practices. ppk gene sequences and their
coded proteins have been used widely for the diversity study of many
bacterial species including Microbacterium, Aureobacterium (Richert
et al., 2007), Azotobacter vinelandii (Lloret et al., 2006) and Helicobacter
pylori (Tan et al., 2005). In addition, the fraction of informative sites of
total length was 32.9% for ppk in comparison to rpoB (23.8%) and recA
(26.8%) sequences which confirms the advantage of using rpoB as a
gene target for bacterial identification (Richert et al., 2007).

4.1.6. dnaJ gene sequencing for Mycobacterium identification
Among the multilocus sequence analyses now-a-days used, dnaJ

gene sequence is the most recent addition to the list. dnaJ chaperone
gene has been investigated widely to be used as a molecular marker
for alpha-proteobacteria (Alexandre et al., 2008). As there is no evi-
dence of horizontal gene transfer of this gene in proteobacteria, it can
be used for detection in an efficient manner. There are several domains
present in DnaJ protein containing highly conserved J domain, a con-
served region of four repeats with consensus sequences (CxxCxGxG),
G/F rich domain and a C terminal region of variable length which is
not conserved (Siegenthaler et al., 2004). In some cases, dnaJ gene
(1131 bp) is found to bemore than one copy having high G+C content
in Gram-positiveActinobacteriawhich are having different physiological
functions and distinct evolutionary paths (Ventura et al., 2005). dnaJ
gene sequencing has been widely used for identification of many spe-
cies of Mesorhizobium (Alexandre et al., 2008), E. coli (Georgopoulos
et al., 1980), Staphylococcus (Shah et al., 2007) and Mycobacterium
(Takewaki et al., 1994).

4.1.7. Others: gapA, pyrH, luxABE, ectBC, dnaA, pheS and dnaK
Many other relatively new genes have been discovered for bacterial

identification practices and are listed in Table 3. When an organism is
classified into a new genus, it cannot be confirmed relying on the
sequence result of any single gene. At this point in time, the basis of phy-
logenetic analysis should be based on the multiple independent loci
alongwith the 16S rRNA gene (Ast et al., 2009). Similarly, some univer-
sal protein coding genes have also been applied for the identification
and construction of phylogeny aswell as deciphering the global phylog-
eny and consistency of the triplicate division of eubacteria, archaea, and
eukarya. Due to continuous explosion of sequence information many
numbers of individual genes and their amino acid sequences are
analysed by various models and algorithms. The most emerging field
of sequence based identification systems include the gene sequences
of RNApolymerase core subunits, DNA polymerases, translation elonga-
tion factors, EF-Tu and EF-G, glutamine synthetase, ribosomal protein
genes, RecA protein as well as heat shock proteins of the family Hsp60
andHsp70. gapA is the genepresent in allmicrobial species that encodes
for glyceraldehyde-3-phosphate dehydrogenase, the enzyme that catal-
yses the oxidation and phosphorylation of glyceraldehyde-3-phosphate
to 1,3-biphosphoglycerate and the gene sequences are highly conserved
in both bacteria as well as eukaryotes (Nelson et al., 1991). Similarly,
pyrH is mostly present in virulent isolates and it has a role in induction
of antigenic property by encodingUMP kinase that catalyses UMP phos-
phorylation (Lee et al., 2007). lux genes are arranged in a single operon
as luxCDABE and are essential for luminescence activity. A fatty acid re-
ductase complex involved in the synthesis of fatty aldehyde substrate
for the luminescence reaction catalysed by the LuxAB subunits of lucif-
erase is encoded by luxCDE (Winson et al., 1998). A similar study
showed that genes involved in the synthesis of the major compatible
solute, ectoine: diaminobutyric acid aminotransferase gene (ectB) and
ectoine synthase gene (ectC) can also be complemented to the 16S
rDNA based phylogenetic relationship (Okamoto et al., 2004). Now-a-
days sequencing of DNA and proteins have become very easy and fast
by the use of automated tools thus increasing the efficiency and efficacy
of the techniques, hence, only selection of the suitable model remains
the prerequisite for the identification and phylogenetic analysis of any
bacterium.

4.2. Multilocus sequence typing

Themolecular biology technique dealingwith typing ofmultiple loci
is calledMLST which deals with the sequencing of internal fragments of



Table 3
List of some uncommon genes used in bacterial identification practices.

Targeted gene sequence Function of the gene/product of the gene Reported to be used in identification for Reference

gapA Production of D-glyceraldehyde-3-phosphate
dehydrogenase

E. coli, Mycoplasma gallisepticum Charpentier and Branlant (1994), Ferguson et al. (2005)

pyrH UMP kinase catalysing UMP phosphorylation Vibriovulnificus, Vibrio sp. Lee et al., 2007, Thompson et al. (2005)
luxABE Production of luciferase enzyme that catalyses

light emitting reaction
Aliivibriologei, Aliivibrio salmonicida,
Photobacterium mandapamensis

Manukhov et al. (2011), Kaeding et al. (2007)

ectBC ectoine: diaminobutyric acid aminotransferase Halomonasvariabilis, Halomonadaceae Arahal et al. (2007), Okamoto et al. (2004)
dnaA Encodes for protein that activates initiation of

DNA replication
Mycobacterium sp., Rhizobium meliloti Margolin et al. (1995), Mukai et al. (2006)

pheS phenylalanyl-tRNA synthase Enterococcus sp., Lactobacilli Naser et al. (2005), Naser et al. (2007)
dnaK Initiation of DNA replication, Ensifer sp., Sinorhizobium,

Nitrosomonas europaea
Iizumi and Nakamura (1997), Martens et al. (2008)

Fig. 3.Work flow of the study for bacterial identification using protein profiling.
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multiple house-keeping genes and was first developed in Neisseria
meningitidis (Maiden et al., 1998). The principle involves the measure-
ment of DNA sequence variations using a set of house-keeping genes
to characterise the strains from which these genes are derived from by
their unique allelic profile. Depending upon the desired degree of dis-
crimination, nucleotide differences between the strains can be checked
in the number of genes. In this context, data analysis plays an important
role in which allele numbers are assigned to all unique sequences and
subsequently combined to assign an allelic profile and a sequence type
(ST). The relatedness of the isolates is performed by comparing the
allelic profile from the data base. In this case the major challenge in-
volves the suitable selection of the house-keeping genes and maintain-
ing the balance for an acceptable identification power. Hence, in case of
Staphylococcus aureus seven house-keeping genes have been standard-
ized i.e. carbamate kinase (arcC), shikimate dehydrogenase (aroE), glyc-
erol kinase (glpF), guanylate kinase (gmk), phosphate acetyltransferase
(pta), triosephosphate isomerase (tpi) and acetyl coenzyme A acetyl-
transferase (yqiL) for MLST (Saunders and Holmes, 2007). Similarly for
V. vulnificus, the used house-keeping genes are glucose-6-phosphate
isomerase (glp), DNA gyrase subunit B (gyrB), malate–lactate dehydro-
genase (mdh), methionyl-tRNA synthetase (metG), phosphoribosyl
aminoimidazole synthetase (purM), threonine dehyrogenase (dtdS),
diaminopimelate decarboxylase (lysA), transhydrogenase alpha subunit
(pntA), dihydroorotase (pyrC) and tryptophanase (tnaA) (Bisharat et al.,
2007) which differ from species to species. Though the MLST scheme
is widely used for pathogenic bacteria, it can also be applied in the
case of many pathogenic fungi as well as non-pathogenic bacteria
(Maiden, 2006).

As MLST analyses from six to eight genetic loci, it may not always
provide sufficient resolution among closely related bacteria, hence,
each MLST scheme has to be developed for a group of related bacteria
(Achtman, 2008). Much advancement has taken place so far in this
technique and ribosomal multilocus sequence typing (rMLST) provides
a universal reference point to complement existing methods in the
interpretation of bacterial diversity (Jolley et al., 2012). Whole genome
sequencing techniques can also be used along with sequence typing for
a better understanding of identification, phylogenetic analysis, antimi-
crobial resistance and virulence gene characterisation (Larsen et al.,
2012). The MLST technique can be further improved by the addition of
computer based techniques for the development of internet services
as well as interlinking with software (Chan et al., 2001).

4.3. Protein profiling for the identification of bacteria

Apart from the genetic techniques, most advanced protein profiling
techniques have also been proposed as alternatives formicrobial identi-
fication. In thepast, extraction of bacterial proteins and their sequencing
using MS/MS have been followed by matching the results of MS spec-
trum to database for their identification. Most recently, the protein pro-
filing of intact bacterial colonies used for the microbial identification
using MALDI-TOFMS has proven to be a reliable approach (Sauer et al.,
2008). By this method, bacteria of independently prepared groups
can be most accurately classified and identified using unsupervised
(hierarchical clustering analysis) and supervised (genetic algorithm)
approaches which possess the capability to identify bacteria in themin-
imal number of cells and mixed flora (Fig. 3). Hence, applying bacterial
colony directly to MALDI-TOF MS is a simple and reliable method of
protein profiling and the selection of a panel of m/z values instead
of the whole spectra reduces the dependence on spectrum consis-
tency which ultimately achieves higher bacterial identification
rates (Carbonnelle et al., 2011). Similarly, different bacterial species
in a mixed flora can be identified with a detection limit lower than
the environmentally significant value.

In addition to that, carbon and nitrogen fluxes in microbial commu-
nities can be analysed by protein based stable isotope probing (Protein-
SIP). Intact protein profiling (IPP) can also be used for the identification
of microbial species, where microbial species can be grown on C13 and
N15 containing substrates for identification of IPP. In the case of
SMM peptide fragmentation and their sequences can be used addi-
tionally for identification of species (Jehmlich et al., 2009). In an al-
ternative manner, protein processing and isolation of peptide
mixtures of bacterial samples can be analysed by LC–MS/MS with the
use of in-house algorithmBACid by comparingwith the proteome data-
base for identification of bacteria at genus, species and strain levels
(Jabbour et al., 2011).

4.4. FAME profiling for the identification of bacteria

Fatty acid composition in bacterial species shows a qualitative con-
served pattern and significant change can only take place over a long
period of time. Till date, over 300 different fatty acids have been detect-
ed in bacteria and their position of double bonds, binding of functional
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Table 4
Primer sets for the amplification of the 26S rRNA gene for identification of fungi.

Primer 5′ to 3′ sequence Reference

N-nc26S1 CGACCCCAGGTCAGGCG Kuzoff et al. (1998)
N-nc26S2 GAGTCGGGTTGTTTGGGA
N-nc26S3 AGGGAAGCGGATGGGGGC
N-nc26S4 AGGGAAGCGGATGGGGGC
N-nc26S5 CGTGCAAATCGTTCGTCT
268rev GCATTCCCAAACAACCCGAC
641rev TTGGTCCGTGTTTCAAGACG
950rev GCTATCCTGAGGGAAACTTC
1229rev ACTTCCATGACCACCGTCCT
1499rev ACCCATGTGCAAGTGCCGTT
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groups, difference in chain lengthmake them a considerable taxonomic
marker (Dawyndt et al., 2006). Whole cell FAME analysis in association
with machine learning techniques is in wide application for bacterial
community analysis (Inglis et al., 2003; Van den Velde et al., 2006;
Pineiro-Vidal et al., 2008; Slabbinck et al., 2009). A variety of statistical
techniques are used additionally to analyse FAME biomarker profiling
which includes nMDS, ANOSIM, andDFA (Ehrhardt et al., 2010). Besides
identification practices, fatty acid analysis of bacterial species can pro-
vide information on the methods to grow microorganisms of forensic
interest, differentiation between vegetative cells and free spores and
many more (Song et al., 2000; Das et al., 2007). Much advancement
has taken place for use of fatty acid profiling techniques in bacterial
identification practices i.e. profiling by capillary gas chromatography
coupled with FID (Song et al., 2000), the muchmore automated system
MIDISherlock MIS that identifies based upon the FAME pattern of
known organisms (Sasser, 1990) or analysis of mixture of cellular
lipidomes by electrospray ionisation MS (Han and Gross, 2003). Many
microorganisms including Gram-positive bacteria S. aureus, Listeria
monocytogenes, Bacillus anthracis and B. cereus and Gram-negative
bacteria Yersinia enterocolitica, Salmonella typhimurium, Shigella sonnei
and E. coli, and non-Enterobacteriaceae Vibrio cholerae, V. vulnificus
and Vibrio parahemolyticus were reported to be analysed for FAME by
using ATRFTIR spectroscopic procedure as well as discrimination by
multivariate analysis (Whittaker et al., 2003). DCIMS profiling of FAMEs
from in situ THM of whole bacterial cells with TMAH has also been re-
ported as a potential technology for real time detection and identification
of microorganisms (Xu et al., 2003).

4.5. Sequence based techniques for fungi

Many techniques have been employed so far for the identification of
fungimainly by usingmorphological aswell as biochemical characteris-
tics such as utilisation of carbon and nitrogen compounds. However,
these techniques have less significance due to the occurrence of differ-
ent morpho/biotypes present within a single species, in addition to
being time consuming (Sugita and Nishikawa, 2003). In order to over-
come these problems, many advanced techniques have been developed
and are described below.

4.5.1. 26S rRNA gene sequence
Genetic approaches of studying fungal phylogenymostly includenu-

clear rDNA markers. In the case of fungi, rDNA consists of the SSU 18S,
ITS, ITS1 + 5.8S + ITS2 and the LSU 25-28S regions (Hibbett et al.,
2007). However, ITS has been considered to be the best fungal barcode
for identification purposes (Porter and Golding, 2012). It has been re-
ported that the sequence comparison of internal transcribed spacer
and D1/D2 26S rDNA spacer sequences (Fig. 4) using any of the primer
sets (Table 4) provide a useful tool for the identification of fungi. Analy-
sis of D1/D2 26S rDNA sequences not only have the advantage of species
identification but also permitphylogenetic analysis. However, themajor
disadvantage is the absence of registered fungal DNA sequences in the
DNA data libraries. It is very difficult to phylogenetically analyse ITS
sequences as they are more diverse in comparison to the sequences of
the 26S rDNA region.

4.5.2. 28S rRNA gene sequence
Though many studies of sequence based identification of fungi deal

either with the 18S rRNA gene, internal transcribed spacers or the 5′
Fig. 4. Schematic representation of the fungal rRNA gene. ITS: internal t
end of the 28S rRNA gene, the highly conserved 2900 base pair region
of the 28S rRNA gene is largely unexplored due to their undefined na-
ture in the genomic database. However, the sequences of the 28S
rRNA gene beyond the D1–D2 hypervariable region is a useful tool for
the identification procedure of many pathogenic fungi like Aspergillus
candidus, Aspergillus flavus, Aspergillus fumigatus, and Candida albicans.
The broad range of fungal rRNA primers (Table 5) can be used in end-
point PCR for amplification and identification of fungi. In this regard,
the analytical sensitivity and cross-reactivity testing should be per-
formed for proper validation of the result.

Gene sequence based identification of fungi has many advantages
over the conventional methods as it does not require viable organisms
or sporulation i.e. moulds which are helpful for a rapid identification
procedure. Thus the optimal targets for fungal identification are internal
transcribed spacer regions i.e. ITS1 and ITS2 and they have been proven
to be useful for the identification of yeasts such asCandida, Cryptococcus,
Trichosporon, andmold Aspergillus (Petti, 2007). As the ITS regions have
many limitations, the alternative gene targets have also been proposed
to be useful for fungal identification such as the D1 and D2 domains of
the 28S rRNA gene, and elongation factors α-tubulin and β-tubulin
(Hall et al., 2003).

4.5.3. β-tubulin gene sequences
Biochemical analysis has suggested the occurrence of two α-tubulin

and twoβ-tubulin genes in fungi. tubA gene is responsible for the produc-
tion of two alpha tubulin polypeptides i.e. alpha 1 and alpha 2, where
alpha 2 is produced by tubB gene. Similarly, beta-tubulin polypeptides
beta 1 and beta 2 are produced by benA gene, and beta 3 is produced by
tubC gene (Seip et al., 1990). It has been reported that 3.5 times higher
phylogenetic relationship can be deduced by analysing β-tubulin genes
than by analysing mitochondrial SSU rRNA genes (Craven et al., 2001).
Recent analysis of fungal beta tubulin sequences shows that the intron re-
gions of these gene sequences may vary between different lineages
(Begerow et al., 2004). However, the gene sequence remains conserved
among Hymenomycetes and Ustilaginomycetes. Even though the most
conserved regions are highly susceptible to introns, as splicing and
branching sites of introns are highly variable in the basidiomycetes
group, this problem can be overcome by analysing only the amino acid
sequences because introns are removed before translation during the
process of splicing (Begerow et al., 2004).

4.6. PCR based finger printing techniques

There are various PCR fingerprinting techniques available for the
amplification of polymorphic DNA through specific selection of primer
ranscribed spacer; IGS: intergenic spacer; D1/D2: Domain 1 and 2.
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Table 5
Broad-range fungal rRNA gene primers for identification procedure.

Primer 5′ to 3′ sequence Reference

End 18S GTA AAA GTC GTA ACA AGG TTT C Khot et al. (2009)
5.8S GTG AAT CAT CGA RTC TTT GAA C
28S-1 TAC CCG CTG AAC TTA AGC ATA
28S-2 GCA TAT CAA TAA GCG GAG GAAA
28S-3 AGT ARC GGC GAG TGA AGC GG
28S-4 AGC TCA AAT TTG AAA SCT GG
28S-5 CTT CCC TTT CAA CAA TTT CAC RT
28S-6 GAG GTA AAG CGA ATG ATT AG
28S-7 CTT GTT RCT TAR TTG AAC GTG
28S-8 ACC ACA AAA GGT GTT AGT WCA TC
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annealing sites. These molecular typing methods of bacteria are ex-
tremely reliable, rapid and highly discriminative as well as reproduc-
ible. The fundamentals behind these techniques are the use of PCR
with primer sets (Table 6) that are complimentary to the highly con-
served, naturally occurring, repetitive DNA sequences present in
multiple copies in distinct intergenic positions throughout the ge-
nome of most Gram-negative and Gram-positive bacteria. The REP-
PCR based molecular typing method was first used by Versalovic
et al. (1994) and has been advanced dramatically in the past couple
of years to become completely automated (Healy et al., 2005). In
comparison to REP-PCR, ERIC-PCR is highly sensitive and useful in
detecting microorganisms from any environment. BOX-PCR is the
superior to all the techniques creating distinct fingerprinting pat-
terns, however, ERIC and REP-PCR are the methods which are pri-
marily used for genotyping (Frye and Healy, 2006). REP-PCR has a
consensus sequence of 38 bp in addition to the 5 bp in the stem
loop of the palindrome structure. Similarly, ERIC-PCR has a consen-
sus sequence of 126 bp and is also found in extragenic regions. How-
ever, BOX-PCR has three subunits, BOX-A, BOX-B and BOX-C having
59, 45 and 50 nucleotide lengths respectively. Most importantly,
BOX-PCR does not share any sequence homology with either ERIC
or REP-PCR (Olive and Bean, 1999). The arbitrarily primed polymer-
ase chain reaction (AP-PCR) can amplify fragments of DNA from any
genome varying the size distribution of amplified fragments among
species. Thus, the closely related taxa possess similar fragment distri-
butions,while that of the distantly related taxa aremore divergent, hence,
providing considerable phylogenetic information (Espinosa and
Borowsky, 1998).

Classically, the comparison of DNA fingerprinting banding pattern
distribution among taxa is based on the assumption that, bands of the
same size are homologous. However, this assumption is correct for the
closely related taxa and becomes less reliable for the increasingly sepa-
rate ones. Thus the assumption of homology can be confirmed by DNA
hybridisation (Pillay and Kenny, 1995). In order to enhance the efficien-
cy of PCR fingerprinting techniques, these can be conjugated with
hybridisation and southern blotting. The major advantage of this tech-
nique involves the considerable easier handling than probingwith a sin-
gle band; however, the disadvantage involves the sharing of sequence
Table 6
PCR techniques used for the fingerprinting analysis of bacterial isolates.

PCR Primers to be used Amplicon Size

ERIC 5′-ATGTAAGCTCCTGGG-3′
5′-AAGTAAGTGACTGGGGG-3′

150–5500 bp

REP 5 ′-ACGTCTTATCAGGCCTAC-3′
5′-IIIGCGCCGICATCAGGC-3′

150–10,000 bp

BOX 5′-CTACGGCAAGGCGACGCTGACG-3′ 140–1230 bp
AP 5′-CCGGAAGAAGGGGCGCCAT-3′

5′-CGATTTAGAAGGACTTGCACAC-3′
Any length

(GTG)5 5′-GTGGTGGTGGTGGTG-3′ Any length
similarity with other amplified products of different size (Pillay and
Kenny, 1995).

4.7. Phylogenetic information from whole genome sequences

Molecular approaches of microbial identification rely heavily on the
analysis of a single gene of interest. However, there exists a huge debate
as towhether a single gene represents the true evolutionary lineage of a
microorganism? It has been reported that the conserved genes also can
be transferred through the natural phenomenon of horizontal gene
transfer (Ochman et al., 2000). Besides, the degradation of phylogenetic
signal due to saturation for amino acid substitutions (Forterre and
Philippe, 1999) has also led scientists to develop the ‘super-tree’ ap-
proach. This approach takes into account the whole genome sequences
for microbial classification using alignments and analysis of a large
number of conserved genes. In addition, whole genome sequences
reveal much more information regarding the presence or absence of
orthologous or families of genes, specific protein folds, conserved inser-
tions or deletions, differences of overall gene content, conservation of
gene order and biases of nucleotide compositions of genomes (Coenye
and Vandamme, 2003).

In this approach, thewhole genome of the culturable bacteria can be
obtained by automated pyrosequencer followed by detection of puta-
tive orthologous genes and comparison of genes and amino-acid se-
quences of various house-keeping genes including 16S rRNA, gyrB,
rpoD, sodA, dnaK, recA, gki, ddl, alaS and ileS (Coenye and Vandamme,
2003). The salient advantage of comparing the amino-acid sequences
over gene sequences are the silent mutations which occur more
frequently than replacement mutations to randomise the third codon
position of protein coding genes. Thus, the third codon base composi-
tion varies systematically between species which indicates the lineage
specific subjection to a selective force (Swofford and Olsen, 1990). The
‘super-tree’ can be constructed based on 16S rRNA gene sequences
and other house-keeping amino-acids by combining the similarity
matrices of the individual comparisons using various software. In
a similar approach, dinucleotide relative abundance values and
codon usage can be determined by using the inverted complementa-
ry sequences using software tools like REVSEQ, YANK, UNION and
EMBOSS (Rutherford et al., 2000). This can be followed by the analy-
sis of colinearity of genomes among the regions displaying substan-
tial sequence similarity. Finally, the results obtained from the whole
genome sequence data can be analysed using statistical tools such as
Bionumerics and SPSS.

With the increased availability of completely sequenced genome
data, it has become easy to predict the phylogenetic relationship among
microorganisms. Though most of the phylogenetic approaches use max-
imum information available from the whole genome sequence data,
there is still the need for selecting the phylogenetic marker genes for in-
dividual microorganism (Capella-Gutierrez et al., 2014). Whole genome
sequencing approaches can also be applied for analysis of fungal phylog-
eny as there are now a growing number of complete fungal genomes
available (Galagan et al., 2005).
Preferred organisms References

E. coli, Salmonella typhimurium Wilson and Sharp (2006)

Bacillus sp., E. coli, S. typhimurium Albufera et al. (2009)

Salmonella enterica Mohapatra et al. (2007)
Leptospira interrogans Ramadass et al. (2002)

Enterococcus sp. Svec et al. (2005)
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5. Culture independent identification procedures

The vast diversity of living microorganisms in nature are both
beneficial and deleterious for human beings and a detailed compact
understanding is required for their community structure to deal
with their activities, response to environmental stress and climate
change (Hirsch et al., 2010). However, only 1% of the total number
of microorganisms can be cultured under laboratory conditions and
in nutrient rich conditions it can be increased to a mere 10%
(Sorensen, 1997). Apart from the environmental point of view, the clin-
ical sectors also face the hurdle of less cultivable microflora. For exam-
ple, gastrointestinal tract commensal microbes show analogous
function as that of the indigenous microbiota of other sites of the
body. Some fastidious and/or anaerobic microorganisms that grow
easily in a community overshadow the culture of other microorgan-
isms (Frank et al., 2003). Hence, a new field ‘metagenomics’ has
emerged that deals with the investigation of collective microbial ge-
nomes obtained directly from the environmental sample without
cultivation and without the prior knowledge of the constituent com-
munities (Riesenfeld et al., 2004).

5.1. Gradient gel electrophoresis

In order to study the bacterial community structure in a particular
environment, culture based approaches don't provide comprehensive
information because they fail in cultivation of thepredominantmicroor-
ganisms. DGGE as the culture independent method for quick study of
the bacterial community was first developed by Muyzer et al (1993),
which is helpful in the direct measurement of a microbial community
in a specific ecosystem. There are various other methods available
for the culture independent approaches of microbial identification
(Fig. 5).

In culture independent approaches, the total DNA can be isolated
from the sample and the desired conserved gene can be amplified by
Fig. 5.Molecular approaches for detection and identi
PCR reaction which is of the same size but of different sequences with
the aim of generating a distinguishing banding pattern. With this prin-
ciple, DGGE was first developed by Muyzer et al. (1993) for the rapid
culture independent study of bacterial communities in specific ecosys-
tems. In DGGE, the organism specific fingerprint is obtained and based
upon the banding pattern, the community structure in terms of their
quality as well as quantity can be analysed (Fig. 6). DGGE is the most
commonly used method among the culture independent fingerprinting
techniques. Besides DGGE, there are various othermethods available for
the culture independent approaches of microbial identification. The
application of PCR-DGGE is highly versatile and successfully used in
many fields of microbial ecology to explore many uncultivable bacterial
species.Many applications of PCR-DGGEhave been described (Bano and
Hollibaugh, 2002; Sekiguchi et al., 2002; Crump et al., 2003; Nicol et al.,
2003) in the field of soil, sea, river, lake ecosystems as well as clinical
samples. Identification of species is achieved by purifying and sequenc-
ing the bands in the DGGE profile. However, PCR-DGGE analysis is not
suitable for the identification of all species, but can be used to screen
and group the microbes thus reducing their numbers to be identified
by other molecular methods. Along with the DGGE technique, certain
other methods like TGGE and CGGE can also be used for the same
purpose of identification of microorganisms and their community
structure.

5.2. Flow cytometry for bacterial identification

Due to advances in technology, flow cytometry (FC) has been intro-
duced in the field ofmicrobiology to investigatemicrobial communities,
identify and quantitate populations using DNA content and to identify
populations of interest using molecular probes (Lange et al., 1996).
The technology involves the mixture of fluorescent nucleic acid stains
for bacterial identification as well as calibrated suspension of beads for
accurate sample volume measurement. The most important advantage
of using flow cytometry is the rapidity of the analysis that makes it
fication of bacteria from environmental samples.

image of Fig.�5


Fig. 6. Flow diagram of the application of DGGE to environmental samples.
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possible for both routine and exploratory analysis of microbial popula-
tions (Duhamel and Jacquet, 2006). Though the application of FC and
FACS are abundant for the application of sorting and identifying micro-
bial populations (Fig. 7), the technology still has been under utilised for
the investigation of microbial systems. The major drawbacks of this
technique for investigating microbial systems are their small cell size,
reduced per cell content of proteins, nucleic acids and other biological
molecules, and lack of experience in bacteria in applying probes
Fig. 7. Flow cytometry analysis of bac
developed for higher eukaryotes. In addition to that, bacterial mem-
branes are less permeable to fluorochromes than mammalian cells
and most of the fluorochromes may be pumped out by many bacteri-
al cells due to the presence of efficient efflux pumps (Vives-Rigo
et al., 2000).

5.3. Bacterial tag encoded FLX titanium amplicon pyrosequencing (bTEFAP)

Microbial diversity is much more complex in environmental condi-
tions than originally expected and to deal with such huge diversity
more advanced and reliable techniques have to be used. In this regard,
the recently discovered pyro-sequencing technique may be employed.
With the availability of increased speed and efficiency in genomic data
generation, next generation sequencing has become one of the highly
efficient technologies most relied upon (Dini-Andreote et al., 2012). In
this context, automated bioinformatics tools have also been discovered
to achieve rapid, consistent, accurate taxonomic analysis by reading
sequencing results (Liu et al., 2008). Next generation sequencing has
made comprehensive evaluation of microbial diversity possible in any
environment. TEFAP has been proved to be useful for evaluating archae-
al, bacterial, fungal and algal diversity (using 16S and 18S conserved
primer sets) aswell as analysing functional genes (using specific primer
sets) (Sun et al., 2011). The most recent advancement in this field is the
use of bTEFAP which has been used successfully in environmental con-
ditions (Sundarakrishnan et al., 2012) as well as clinical conditions
(Dowd et al., 2008) for assessment of microbial richness.

6. Polyphasic taxonomic approach: Case studies

Though the scientific rationale of all the techniques available for bac-
terial identification cannot be questioned, the possible errors in each of
the techniques cannot be underestimated. Hence, there is no phyloge-
netic standard for family, genus or species level demarcation. This is
the major reason why the polyphasic approach of bacterial identifica-
tion comes into play. Any polyphasic approach for classification and
identification of bacterial species includes methods available to allocate
bacterial species phylogenetically, to compare and group large number
of strains into clusters of similar groups, DNA–DNA hybridisation
to compare the relationship between representatives as well as the
terial sorting and identification.

image of Fig.�6
image of Fig.�7
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descriptivemethods to provide further genotypic and phenotypic infor-
mation. All possible methods which inform the biological nature of the
strain should be given equal importance and attention (Vandamme
et al., 1996). Polyphasic classification is purely empirical which does
not follow any strict rules or guidelines andmay integrate any significant
information in the organism to provide a consensus type of classification.
Though this procedure is not hampered by any conceptual prejudice, the
outcome reflects its biological activity. When a new bacterium is isolated
from a new source any singlemethod is not appropriate to assign a par-
ticular taxonomy and in this regard a polyphasic approach should be
considered (Prakash et al., 2007). For the identification of fungi, the spe-
cies concept has evolved by the use of morphological data to polyphasic
scrutiny thus incorporating a powerful molecular component. This
results in traditional classification being less practical, as holotypes are
not presently useful as DNA cannot be extracted. Thus, a polyphasic
approach may be adopted for introduction of new fungal species or
designing of epitypeswhich includesmolecular, morphological, physio-
logical as well as pathogenic data. In spite of the advancement of the
technologies, automation, robotisation and the increasing strength
of databases, there should be an international interconnection and
accessibility of the technologies available for the development of a bet-
ter, reliable and sustainable protocol for the identification of any
unknown microbial (bacterial, fungal and algal) species (Kampfer and
Glaeser, 2012).

6.1. Polyphasic taxonomy of the genus Xanthomonas

The members of genus Xanthomonas are aerobic, Gram-negative,
non-spore forming rods (Leyns et al., 1984) and are the major known
causative agents for bacterial spot on pepper and tomato as well as for
at least 124 monocotyledons and 268 dicotyledons plant species.
Due to their remarkable phytopathogenic diversity in contrast to the
phenotypic uniformity, the taxonomy and classification of the genus
Xanthomonas remained unclear until polyphasic taxonomywas applied
(Vauterin et al., 2000). To sort out the problem of classification of the
genus Xanthomonas, a series of studies has been undertaken in the last
decade to address the species delineation within the genus which in-
cludes individual biochemical and physiological tests (Van den Mooter
and Swings, 1990), electrophoresis of whole cell proteins (Vauterin
et al., 1993a,b), and gas chromatography of cellular fatty acids (Yang
et al., 1993). Thus, in order to derive at a strong conclusion, more than
1000 isolates from diverse origins were analysed using the fast and
sensitive fingerprinting technique of DNA hybridisation (Vauterin
et al., 2000). The most recent classification of Xanthomonas spp.
based on the sequence similarity of 16S rRNA gene sequences deci-
phers the genuswith three phylogenetic lineages i.e. first one includ-
ing X. arboricola, X. axonopodis, X. bromi, X. campestris, X. cassavae,
X. cucurbitae, X. codiaei, X. fragariae, X. hortorum, X.melonis, X. oryzae,
X. pisi, X. populi, X. vasicola, and X. vesicatoria; the second including
X. albilineans, X. hyacinthi, X. theicola, and X. translucens; and the
third consisting of only X. sacchari (Hauben et al., 1997).

6.1.1. DNA–DNA hybridization
DNA–DNA hybridisation and the decrease in thermal stability of the

hybrids have provided a useful tool for the demarcation of species with-
in the genus Xanthomonas. There are many pitfalls regarding the use of
this technique for molecular taxonomic studies for Xanthomonas spp.
because of the limitations of converting DNA hybridisation value into
percentage of whole genome sequence similarity. However, extensive
DNA–DNA hybridisation reveals the natural relationships between
Xanthomonas strains which demonstrate that a number of pathovars
are composed of two or more unrelated genotypes and should not be
regarded as biological entities (Vandamme et al., 1996). Though, first
Xanthomonas was described as a monotypic genus, later it was divided
into groups A and B (Stall et al., 1994) and subsequently 183 reported
strains have been classified into 20 different species based on the
DNA–DNA hybridisation technique (Rodriguez-R et al., 2012). Still, there
exist many conflicts regarding the use of this technique for phylogeny
purposes, for example, classification of Xanthomonas fuscansaurantifolii
(Schaad et al., 2006) also known as X. axonopodis pv. “aurantifolii” was
originally identified to be the DNA homology group of X. axonopodis
(Vauterin et al., 1995); however, later it was designated to be X. fuscans
based on other DNA sequence based molecular techniques and pro-
duction of water soluble brown pigment and host range (Schaad
et al., 2005).

6.1.2. 16S rRNA gene sequences
Analysis of 16S rRNAgene sequences inXanthomonas species reveals

very limited diversity because of the high level of sequence similarity in
this region and thus the 16S rRNA gene is considered to be less suitable
for distinguishing between closely related strains (Hauben et al., 1997).
However, recent studies revealed the identification of Xanthomonas
strains into two groups X. axonopodis pv. citri strains causing type A
CBCwere placed in one group,whileX. axonopodispv. aurantifolii strains
causing type B and C CBC in citrus species weremore closely related to a
strain of Xanthomonas. The mean level of sequence similarity between
the subgroups is 99.6% whereas, the maximum number of base differ-
ence was 12 (Cubero and Graham, 2002).

Furthermore, many other house-keeping genes have also been
targeted for the identification of Xanthomonas species which include
gyrB sequences. The advantage of using gyrB sequences is that the gene
sequence can discriminate all the Xanthomonas species type strains ex-
cept those of X. euvesicatoria, X. perforans and X. alfalfae, which form a
species complex with identical gyrB sequences and are referred as the
X. euvesicatoria species complex (Parkinson et al., 2009).

6.1.3. DNA base ratio
Even though the use of G + C ratio is a very old and simple analysis

for bacterial classification, it is still useful for distinguishing between
very closely related species. For two closely related generaXanthomonas
and Stenotrophomonas percentage of the G + C ratio varies between 63
and 70% and 65 and 68% respectively (Vandamme et al., 1996). However,
recently, the G + C ratio of some individual genes have been taken into
account for a clear understanding of themolecular identification. GC con-
tents of the variable T3SP genes based on the genes from the three se-
quenced strains were significantly lower (56.3%) than in the rest of the
genes (65%) or the core type III secretome (62%) which is useful for the
phylogeny of Xanthomonas strains (Guy et al., 2013).

6.1.4. Numerical analysis of phenotypic features
Themost extensivework regarding the numerical analysis of pheno-

typic features of Xanthomonas species have been carried out by Van den
Mooter and Swings (1990). Based upon their analysis of 295 phenotypic
features in 266 Xanthomonas or related strains, nine phena were pro-
posed. However, a recent study has taken into account uncommon phe-
notypic features previously not taken into account, such as absorption
spectra of pigments, biopolymer production and other phenotypic fea-
tures to distinguish X. campestris from other mucoid yellow pigmented
soil bacteria (Soudi et al., 2011).

6.1.5. Monoclonal antibodies
Monoclonal antibodies have been reported for many Xanthomonas

species and their pathovars that allow the identification of a
large number of isolates. This technique has proven to be a much
simpler way to identify pathovars among the Xanthomonas species
(Vauterin et al., 1993a,b). From the point of view of agricultural mi-
crobiology, this technique is important not only to identify the
strains causing black rot in the field, but also to monitor the progress
of black rot caused by serologically distinct strains originating from
distinct inoculum sources. Many pathovars of Xanthomonas species
can be detected using this technique like X. c. pv. campestris,
X. campestris pv. vesicatory, X. c. pv. amoraciae, X. c. pv. phaseoli var.
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fuscans (Yuen et al., 1986; Franken et al., 1992; Leite et al., 1994).
Thoughmany advanced techniques have been employed for identifi-
cation of Xanthomonas sp., use of monoclonal antibodies still persists
as one of the major tools for identification (Robene-Soustrade et al.,
2006; Park et al., 2009).

6.1.6. Whole cell protein analysis
SDS-PAGE is one of the important molecular techniques for identifi-

cation up to species level by analysis of whole cell proteins and the tech-
nique is relatively simple and rapid to perform. However, for proper
identification, extensive data is required to cover all known target
species. In SDS-PAGE, whole cell proteins are separated on the basis of
their polypeptide length to estimate their molecular weight. Fatima
et al (2012) distinguished seven isolates of Xanthomonas species into
four different groups i.e. X. campestris, X. maltophilia, X. axonopodis
and X. nematophilus on the basis of whole cell protein analysis. Similarly,
X. arboricola pv. corylina was clustered into three groups by protein
analysis studies (Scortichini et al., 2002). These protein electro-
phoretic clusters can be used to select strains for subsequent DNA–
DNA hybridisation.

6.1.7. Cellular fatty acid analysis
Composition of cellular fatty acid of Xanthomonas strains is very

complex and over 65 different fatty acids have been found that vary
as per the occurrence of branched and hydroxyl branched fatty
acids (Alexandrino et al., 2001). Many studies have been conducted
by using whole-cell FAMEs to identify 975 strains that include
seven representatives of Xanthomonas (X. albilineans, X. axonopodis,
X. campestris, X. fragariae, X. maltophilia, X. oryzae and X. populi). In
99% of the Xanthomonas species nine sets of fatty acids have been re-
ported as 11:0 iso, 11:0 iso 3OH, 12:0 3OH, 13:0 iso 3OH, 15:0 iso,
16:1 cis 9, 16:0, 17:1 iso F and 17:0 iso (Yang et al., 1993). However,
one of the major disadvantages of this technique involves the discrep-
ancy between RFLP and FAME analyses that was not apparent when
the DNA re-association method was used (Roberts et al., 1998).

6.2. Polyphasic taxonomy of the genus Campylobacter

Members of the genus Campylobacter are Gram-negative, spiral,
microaerophilic, motile either with unipolar or bipolar flagella, which
include species that are among the major causes of food borne diseases
in developing and developed countries. Though the genomic structure
of this genus is very complex, significant taxonomic advances have
been achieved for its correct and rapid identification. It may produce
inflammatory responses, bloody diarrhoea, periodontitis or dysen-
tery syndrome that includes cramps, fever and pain. Based upon phy-
logenetic studies, Campylobacter has been separated into three
genera Campylobacter, Arcobacter and Helicobacter (Linton et al.,
1997). Several techniques and parameters used in phylogenetic
studies of Campylobacter and related genera have been discussed
below.

6.2.1. rRNA gene homology
Identification of Campylobacters up to exact species level using

phenotypic tests is difficult due to the insufficiency of these criteria to
adequately identify all species. Though many molecular methods have
been reported for rapid reliable identification of Campylobacter species,
most of them rely on 16S rRNA gene sequencing. There are reports of 16
species and 6 sub-species of Campylobacter whereas the rRNA gene se-
quence revealsmany other Campylobacter spp., especially non-jejuni spe-
cies (Kawasaki et al., 2008). In many studies, certain Campylobacter spp.
possess IVS and ITS in 16S rRNA gene mostly for C. sputorum, C. curvus,
C. rectus, C. helveticus and C. hyointestinalis, the base sequences of which
ranges between 227 and 229 bp (Etoh et al., 1998; Man et al., 2010)
which may be explored for more appropriate rapid identification of the
Campylobacter spp. The ITS region of 16S rRNA gene in Campylobacter
spp. has been reported to produce the highest mean pairwise percent-
age difference (35.94%) compared to the other molecular markers i.e.
16S (5.34%) and 23S rRNA gene (7.29%) alone (Man et al., 2010).
Though 16S rRNA gene sequence is of wide use for the identification
of Campylobacter species, rpoB gene is reported to have higher resolu-
tion than 16S rRNA gene which is sufficient for the identification of
many closely related species as well as most subspecies except C. coli
and C. jejuni (Korczak et al., 2006; Hansson et al., 2008).

6.2.2. DNA–DNA hybridization
Significant DNA hybridisation has been reported between C. fetus

and C. hyointestinalis; between C. jejuni, C. coli, C. lari, and C. upsaliensis;
and between C. rectus and C. showae, however, most of the DNA–DNA
hybridization studies have been performed before the phylogenetic
relationships were established by rRNA sequence based studies
(Vandamme et al., 1996). A recent study reveals different hybridisation
patterns betweenmembers of two species and also between individual
strains of the same species, which suggests that, DNA finger printing
with the 16S rRNA gene probe might be a potentially useful technique
for identification of Campylobacter epidemiological studies (Romaniuk
and Trust, 2006). However, DNA–DNA hybridisation studies should
be coupled with 16S rRNA gene sequencing and other biochemical dif-
ferentiations for the description of a novel species of Campylobacter
(Logan et al., 2000).

6.2.3. DNA base ratio
The (G + C)% values in Campylobacter, Arcobacter and Helicobacter

species vary between 30 and 46%, 27 and 31% and 35 and 44% respec-
tively (Vandamme et al., 1996).

6.2.4. Classical phenotypic characteristics
Campylobacter and its relatives exhibit a diverse cellularmorphology

with the corkscrew like morphology considered to be a typical form.
Cells of species other than C. jejuni, C. coli, C. lari, and C. upsaliensis are
predominantly S-shaped rods, bent rods or straight rods. Several other
biochemical characteristics used for Campylobacter identification in-
clude hippurate hydrolysis and sensitivity to nalidixic acid, metronida-
zole, and 2,3,5-TTC (Walder et al., 1983). Similarly, flagellation types
can also be used for this purpose as most of the Campylobacter species
are characterised by a single polar or bipolar flagellum. Hence, number
and flagellation type are not relevant taxonomic parameters whereas,
structure of the flagellum are the important characteristics for the pur-
pose of identification. This is evident from the fact that, all taxa of the
Campylobacter and Arcobacter rRNA homology groups have unsheathed
flagella whereas a flagellar sheath is found in all Helicobacter species
(Vandamme et al., 1991).

6.2.5. Repository quinone components
Unlike most other Gram-negative bacteria, the repository chain of

Campylobacter consists of only menaquinones. However, the other spe-
cies consist of menaquinone-6 and thermoplasmaquinone as the major
components. Hence, the analysis of repository quinone compounds
can be used for fruitful characterisation of Campylobacter species up
to strain level (Vandamme et al., 1996). RPHPLC chromatogram of
menaquinones can be used for the identification and characterisation
of Campylobacter isolates by comparison with the ATCC standard cul-
tures. The functional groups targeted for this purposemay include indi-
vidual fatty acids, aldehydes, dimethylacetals, and quinones (Moss et al.,
1990). Though advanced techniques of identification and phylogenetic
analysis of Campylobacter species have been developed, analysis of re-
pository quinone components cannot be ruled out completely when
the polyphasic taxonomic approach is taken into account.

6.2.6. Cellular fatty acid analysis
Many studies have been carried out so far for the use of fatty acid

analysis for identification and differentiation of Campylobacter species.
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Thus, most of the known Campylobacter taxa have been subdivided
into many gas–liquid chromatography groups by the difference in
their cellular fatty acid components. Advances in taxonomic studies
of Campylobacter species reveals that this technique is not very use-
ful as the difference in fatty acid composition is no longer considered to
be genus specific. However, the fatty acid analysis should be coupled
with other tests like DNA hybridisation, 16S rRNA gene sequencing
and phenotypic characteristics for correct assessment of a novel genus
or species of Campylobacter (Vandamme et al., 2010).

6.2.7. Protein analysis
Many advances have taken place for theuse of proteomics to identify

Campylobacter species. Several protein biomarkers have been identified
by TOF MS of bacterial cell mass ionised by MALDI. These protein bio-
markers include DNA-binding protein HU, translation IF-1, c553, a
transthyretin-like periplasmic protein, chaperonin GroES, Trx, and ribo-
somal proteins (Fagerquist et al., 2006). The whole cell protein profiles
of all the strains are almost similar besides the presence of a dense band
in thermotolerant Campylobacter species whereas, the low molecular
mass region of the protein profile has additional heterogeneity (Duim
et al., 2004). Recently, Moolhuijzen et al (2009) targeted various toxin
and membrane bound proteins for the identification of Campylobacter
species up to subspecies and strain level by targeting proteins responsi-
ble for bacterial adherence, motility, two-component system, toxin and
resistance and membrane proteins (Moolhuijzen et al., 2009).

6.3. Polyphasic taxonomy of the genus Bacillus

The genus Bacillus is a systematically diverse assemblage of aerobic,
Gram-positive spore forming organisms which exhibit a wide range of
nutritional requirements, growth conditions, DNA base compositions
as well as major amino acid compositions of the cell wall (Claus and
Berkeley, 1986). 16S rRNA gene comparative analysis (Priest, 1993),
phenotypic features (Priest et al., 1988), multilocus sequence typing
(Helgason et al., 2004) and amplified fragment length polymorphism
(Mignot et al., 2004) revealed five to six phylogenetically distinct
clusters of B. cereus group that includes B. anthracis, B. mycoides,
B. pseudomycoides, B. thuringiensis, B. weihenstephanensis and B. cereus
(Ash et al., 1991; Rasko et al., 2005). Many additional groups were
also discovered subsequently belonging to alkaliphilic bacilli (Nielsen
et al., 1994) and a new species named B. cytotoxicus (Lapidus et al.,
2008). The phylum Firmicutes, class Bacilli, order Bacillales, includes
seven families that lie within the taxonomy of the genus Bacillus and
related organisms (Ludwig et al., 2007; Logan et al., 2009). However,
the newly classified aerobic, endospore forming bacteria have been
reclassified as i) Bacillaceae, ii) Alicyclobacillaceae, iii) Paenibacillaceae,
iv) Planococcaceae, v) Thermoactinomycetaceae, vi) Pasteuriaceae and
viii) Sporolactobacillaceae (Cihan et al., 2012).

6.3.1. DNA–DNA hybridization
Morphological and physiological characteristicsmay be used to clas-

sify microorganisms up to a certain degree of confidence, but genetic
and genomic features enable a deeper resolution for the differentiation,
thus DNA–DNA hybridisation has been placed in a key position in
microbial species demarcation. The prerequisites for DNA–DNA re-
association requires (i) shearing the gDNA of the assayed organism
and the gDNA of the reference organism(s) into small fragments of
600–800 bp (ii) heating themixture ofDNA fragments fromboth strains
to dissociate the DNA double-strands and (iii) subsequently decreasing
the temperature until the fragments reanneal (Peak et al., 2011). The
DNA–DNA hybridisation test has clear advantages over other tests for
the identification of Bacillus species, e.g. B. subtilis like organisms can
never be distinguished from each other by conventional phenotypic
tests and they possess almost identical 16S rRNA gene sequences
(99.2–99.6%), but they can be differentiated by DNA–DNA hybridisation
results (Chun and Bae, 2000).
6.3.2. 16S rRNA gene sequences
As Bacillus is a highly extensive heterogeneous group with more

than 222 validly described species, it needs an efficient method for spe-
cies differentiation. In this regard, sequencing of the 16S rRNA gene has
proven to be amajor breakthrough for the generation of large public se-
quence databases and the determination of the exact nature of the
sequence data (Blackwood et al., 2004). The hypervariable region
(nucleotides 70 to 344) is adequate to discriminate between all the
Bacillus species except between B. cereus and B. anthracis and between
B. mojavensis and B. atrophaeus. In order to overcome these problems,
DNA sequencing of certain house-keeping genes providemore sensitive
DNA sequencing subtyping than 16S rRNA sequencing for many Bacillus
species that may include the protein coding genes like rpoB, gyrB, nifD,
recA, atpD (Ki et al., 2009). Although 16S rRNA gene sequencing is
extremely useful for classification of Bacillus species, it has low discrim-
inatory power at species level and for some genera of Bacillus. The type
strains of B. globisporus and B. psychrophilus share 99.5% sequence
similarity with regard to their 16S rRNA genes, and yet at the DNA
level exhibit only 23 to 50% relatedness in reciprocal hybridisation reac-
tions (Janda and Abbott, 2007).

6.3.3. DNA base ratio
Gram-positive bacteria are known for their low G + C content,

however, there are some exceptions in Firmicutes as some of them
may have aG + C content as high as 55% as in the case of Geobacillus
thermocatenulatus. The average G + C ratio in Bacillus licheniformis is
46.2% (Veith et al., 2004) whereas in case of B. subtilis it is reported to
be 43.46% (Yeo et al., 2012).

6.3.4. Numerical analysis of phenotypic features
The signature phenotypic and physiological properties for proper

identification of Bacillus species include VP test, lecithinase production,
mannitol utilisation, starch hydrolysis, nitrate reduction, decomposition
of L-tyrosine, β-haemolysis, length and width of spores and cells (Lopez
and Alippi, 2007). The most distinguishable characteristic features of
Bacillus species include the use of citrate as sole carbon source, produc-
tion of hydrogen sulphide, utilisation of esculin and D-ribose and least
utilisation of inulin and potassium gluconate (Freitas et al., 2008). Com-
mon Bacillus species infer a common line of biochemical test patterns
that include catalase and oxidase positive, spore-forming rods. Most of
the strains utilised dextrose, D-fructose, gelatine, casein, urea, mannose,
trehalose, sucrose whereas, negative for indole production, L-rhamnose,
D-melzitose phenylalanine deamination, hydrogen sulphide production
(Mohanty et al., 2011).

6.3.5. Whole cell protein analysis
Use of SDS-PAGE profiles of whole cell proteins offers many advan-

tages for identification of Bacillus species. It is a fairly fast andeasymeth-
od of identifying a large number of strains and it has an adequate level of
taxonomic resolution at both species and subspecies levels (Tae-Woon
et al., 2010). Protein profiles produced by SDS-PAGE of whole cell ex-
tract correlates with the results of DNA–DNA hybridisation suggesting
its use in rapid bacterial identification (Berber, 2004). However, for
identification of Bacillus species this technique may be coupled with
others like serotyping, bacteriophage typing, bacteriocin activities,
antibiogram and biotyping, plasmid typing, analysis of cellular fatty
acid content, native-PAGE, small-subunitribosomal RNA sequencing
and genome analysis for a better resolution and proper identification
(Berber and Cokmus, 2001).

6.4. Polyphasic taxonomy of the family Comamonadaceae

Most of the saprophytic, phytopathogenic bacteria with di-
verse biochemical properties have been placed under the family
Comamonadaceae. There have been many reports of the existence
of members of the Comamonadaceae in soil, water, industrial wastes,
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clinical samples as well as infected plant materials. Due to their
physiological flexibility, they play a major role in biodegradation of
xenobiotics, recalcitrant, oil-derived wastes and many other pollutants.
Consistent with recent classification, this family includes the following
generaAcidovorax, Alicycliphilus, Brachymonas, Caldimonas, Comamonas,
Curvibacter, Delftia, Diaphorobacter, Doohwaniella, Giesbergeria,
Hydrogenophaga, Hylemonella, Lampropedia, Macromonas, Malikia,
Ottowia, Panaciterramonas, Pelomonas, Polaromonas, Ramlibacter,
Rhodoferax, Schlegelella, Simplicispira, Variovorax, Verminephrobacter,
and Xenophilus (http://www.ncbi.nlm.nih.gov/nuccore/?term=
Comamonadaceae). However, due to the expanding number of
members under this family, the phylogenetic relationships within
the family Comamonadaceae is yet to be established completely
(Wen et al., 1999).

6.4.1. rRNA gene similarities
The major problem associated with the classification of

Comamonadaceae is the inadequate number of 16S rRNA gene se-
quences in the database. Five genera have been proposed with
nine rRNA subbranches. Comamonas encompasses four rRNA sub-
branches and Acidovorax encompasses two, while Variovorax,
Hydrogenophaga and Xylophilus each represent a single subbranch.
Each of the four remaining rRNA subbranches contains a misclassified
Aquaspirillum species: A. delicatum, A. gracile, A. metamorphum and
A. anulus. A. sinuosum and A. giesbergeri are closely related and
belong to the last rRNA subbranch (Vandamme et al., 1996). Com-
parative analysis of the 16S rRNA gene has been reported in many
bacterial species including Giesbergeria voronezhensis, Giesbergeria
kuznetsovii, Aquaspirillum annulus,Giesbergeria annulus, and Simplicispira
metamorpha (Grabovich et al., 2006). However, compared to other
groups of bacteria, use of the 16S rRNA gene for identification of
Comamonadaceae needs further research and development.

6.4.2. DNA–DNA hybridizations
For delineation of species placed within the family Comamonadaceae,

DNA relatedness has proven to be a useful tool for speciation. In general,
DNA–DNA cross-hybridisation of N70% indicates that the two bacteria be-
long to the same species (Hagstrom et al., 2002), however, in case of
Comamonadaceae, 40% DNA binding can ascertain speciation (Willems
et al., 1990). The lacuna behind this technique is the non-correlation of
DNA–DNAhybridisationdatawith phenotypic differences, thus nomen-
clature changes may not be possible by using hybridisation results to
describe and differentiate between taxa (Vandamme et al., 1996).

6.4.3. Amplified rDNA restriction analysis
Ribosomal rDNA fragments comprising 16S rDNA, the 16S–23S

rDNA spacer region and a part of the 23S rDNA may be amplified using
conserved primers followed by restriction digestion with a suitable re-
striction enzyme. This forms a rapid, reliable identification practice for
members of the Comamonadaceae family (Vaneechoutte et al., 1992).
This technique popularly called as ARDRA has been implemented for
many members of this family including Polaromonas, Hydrogenophaga,
Acidovorax, Macromonas, Comamonas (Mukherjee et al., 2013),
Paenibacillus (Weid et al., 2002), Proteobacterium (Lagace et al., 2004)
and novel species of Comamonas nitrativorans sp. nov. (Etchebehere
et al., 2001).

6.4.4. DNA base ratio
The DNA base ratio varies widely among the members of the family

Comamonadaceae which is found to be one of the unique characteristic
features of this group of organisms. The average (G + C) % of all the
members belonging to this group has been determined and found to
vary between 57 and 70% (Hildebrand et al., 2010). Certainmisclassified
species have lower G + C values (57–58%) as observed in case of
Aquaspirillium species (Mechichi et al., 2003).
6.4.5. Whole cell protein analysis
Whole cell protein analysis and numerical interpretation can group

large numbers of genotypically related Comamonadaceae strains,
which corroborateswithDNAhybridization groups. In someexceptions,
certain genera like Xylophilus and Comamonas show aberrant profiles
due to the presence of one or more heavy protein bands that may affect
the numerical interpretation (Willems et al., 1991). Thus, during the poly-
phasic taxonomic approach for the identification of Comamonadaceae, in
addition to other genetic approaches, thewhole cell protein approach is a
useful technique as reported for the identification of environmentally im-
portant strains (Boon et al., 2001) viz. Comamonas odontotermitis sp. nov.
(Chou et al., 2007) and Acidovorax caeni sp. nov. (Heylen et al., 2008).

6.4.6. Numerical analysis of phenotypic features
Classical physiological and morphological characteristics including

carbon assimilation tests followed by computer assisted numerical in-
terpretation distinguishes various genera of Comamonadaceae. These
clusters are correlatedwith other techniques and the phenotypic results
may be used to discriminate the taxonomic levels. Themajor advantage
is that in current practice, when the phenotypic results do not match
with the other genomic and genetic techniques, the phenotypic charac-
teristics play a decisive role for the identification of members of the
Comamonadaceae group (Khan et al., 2002).

6.4.7. Immunotyping
The immunotyping technique has been described for two earlymem-

bers of the Comamonadaceae group i.e. Comamonas andHydrogenophaga
to unravel their internal structure (Wauters et al., 2003). The usefulness
of this technique is still being debated due to its failure to correlate
with other molecular techniques like DNA–DNA hybridisation and rRNA
gene sequence information.

6.4.8. Cellular fatty acid analysis
For identification of themembers of Comamonadaceae family, cellu-

lar fatty acid analysis has been applied to a few genera and other
methods have been used for more superior identification and taxonom-
ic resolution. Nevertheless, a general conclusion may not be drawn
based on the observation of this single technique and it needs to be
coupledwith other techniques. Themajor fatty acidswhich are detected
during the fatty acid profiling of members of Comamonadaceae include
palmitoleic acid, palmitic acid, cis-vaccenic acid and the absence of 3-
hydroxypalmitic acid (Bruland et al., 2009; Gomila et al., 2010).

6.4.9. Polyamine pattern
Polyamines can be analysed using HPLC equippedwith a fluorescent

detector and a reverse phase column, however, its ability to discrimi-
nate among the members of Comamonadaceae group is very unclear
and all the members of proteobacter β-subclass are characterised by
the presence of 2-hydroxyputrescine.

7. Limitations of the advanced molecular techniques

Though various culture independent as well as culture dependent
techniques are available now-a-days for molecular identification of
bacteria from the environment (Fig. 8), each of them contains certain
limitations and none of them is perfect regarding the identification of
an unknown bacterium. The 16S rRNA gene sequencing based identifi-
cation procedure is followed widely in both culturable as well as
unculturable approaches but there also remain certain questions
regarding its use from the identification point of view. The recent
discovery of horizontal gene transfer, questions the usefulness of this
procedure of identification (Harrington et al., 2012). If horizontal trans-
fer of the 16S rRNA gene prevails in nature it will cause severe compli-
cations regarding the identification of the bacterial isolates. Similarly,
though we consider the integrity of the 16S rRNA gene in the bacterial
genome, its sequence also tends to vary by mutation. Detection of a
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pointmutation at position 857 (G to A) at the 16S rRNA gene ofNeisseria
gonorrhoeae confirms the fact that this genemay also be affected bymu-
tational events (Gurtler et al., 2012). If mutation occurs in the 16S rRNA
gene of any bacterium, it no longer remains as the conserved region and
the ambiguity regarding this gene sequence based identification is lost.
In addition, after sequencing when it is matched with the database,
many of them fall under the unculturable group and many species
cannot be identified due to the discrepancy in the database as well as
unavailability of the sequences in the database. Moreover, this tech-
nique alone becomes less reliable when species level identification is
concerned. Earlier, N97% of similarity level has been proposed for bacte-
rial speciation and N0.5% difference is the indication of a new species
(Stackebrandt and Goebel, 1994; Palys et al., 1997). However, with the
advancements of molecular tools different cutoffs have been set up for
different studies, e.g. N99 and N97% of sequence similarity has been pro-
posed for the identification of species and genus respectively (Janda and
Abbott, 2007). Thus, 16S rRNA gene sequencing could not differentiate
reliably between two closely related bacterial species. Similarly, the en-
tire sequence of 16S rRNAgene (~1500bp)having less than 1% undeter-
mined positions are required for the identification of a new taxon,
which is not possible practically. Though the sequencing based proce-
dures have been advanced drastically, minimising the sequencing
error at any level, the sequences submitted over a decade may not all
be accurate (Clayton et al., 1995). It is possible that the sequences
deposited recently are more accurate than those sequences submitted
earlier and this should be noted when identifying any isolate.

Similar problems appear with the other house-keeping gene se-
quencing for identification practices. In addition to that, the relatively
newer targeted gene sequences cannot be matched with the ample da-
tabase containing the huge amount of sequences to be matched.

In contrary to sequence based identification, PCR based identifica-
tion is extremely sensitive, can detect a single target molecule and can
also be applied to culture independent samples. PCR fingerprinting
techniques allow discrimination of isolates that would otherwise not
be distinguishable and it introduces less bias in comparison to culture
followed by PCR or other analysis. However, when these fingerprinting
techniques are applied to environmental samples, they do not discern
between live or dead cells and simply detect the nucleic acid, hence
enumeration is not possible by these methods. The chances of contam-
ination and nonspecific priming may lead to false positive results. Dur-
ing ERIC, REP or any PCR fingerprinting technique, conditions such as
DNA quality and PCR temperature can result in non-reproducible fin-
gerprints. Hence, care should be taken for either types of PCR for
comparison.

Gel based detection techniques like gradient gel electrophoresis are
extremely useful for the identification of anymicrobial community both
in culturable as well as unculturable approaches because of their high
detection rate and extreme sensitivity. As this method is very simple
and nonradioactive, PCR fragments can be readily isolated from the
gel and used for sequencing reactions. This method also has some lacu-
na. This procedure is completely dependent on PCR and the sensitivity
and accuracy of PCR has a huge impact on the performance and results
of this kind of electrophoresis. Similarly, those genes which are excep-
tionally rich in their GC content cannot be analysed easily byDGGE tech-
nique (Temmerman et al., 2003). In addition, the decrease in sensitivity
of the results occurs when large DNA fragments are amplified and
analysed as the technique has become less useful when the amplicon
size is more than 400 bp. As the genes targeted for identification pur-
pose like 16S rRNA gene is of larger size, the full sequence of these
genes cannot be used for this purpose and incorrect or inaccurate iden-
tification occurs. These techniques are also not applicable for extremely
complex communities Gafan and Spratt (2005).

Flow cytometry based detection of microorganisms is the most ad-
vanced method of detection now-a-days when the accuracy as well as
detection time is concerned. Antibodies are currently changing the
way in which we identify microbes, thus making it easier and faster.
Their specificity and use of fluorochrome labelled antibodies to specific
antigens renders them one of themost powerful tools for the identifica-
tion of microbes. The microorganisms no longer need to be cultivated
and can be directly identified both qualitatively and quantitatively
from the samples studied. However, the major disadvantage of this
technique is the limited availability of antibodies directed against any
particular microorganism (Gunasekera et al., 2000). As a huge variety
of both known and unknown bacteria are present in the environment,
it is practically impossible to develop the antibodies against them
which severely limit this technique. However, this technique is quite
useful for the detection of the targeted, physiologically important mi-
croorganisms directly from environmental samples.

Regarding the protein profiling based identification system, it is
much more useful for biological samples as well as for those groups
which cannot be specified based on their sequence dissimilarities and
by other available techniques. It is an exclusively culture dependent
practice and the group of bacteria which cannot be cultured in the nor-
mal laboratory conditions cannot be identified following this practice.
At the same time, it is a time consuming process as a relatively long la-
belling incubation time is required for this process.

Similarly, the use ofMALDI-TOFMS for protein profiling is an expen-
sive approach and during esterification it is not specific to the carboxy
terminal of a peptide, hencemay lead to ambiguity in the result. Isotope
labelling of proteins is not always a practical possibility, labelling with
stable isotopes is very expensive, sometimes the isotopic levels exhibit
chromatography shifts which can make quantification of differentially
labelled peptides difficult computationally and there may not be
enough different isotopes for simultaneous quantification of proteins
from different samples (De Bruyne et al., 2011). One more major disad-
vantage of peptide quantification by signal intensity includes obtaining
experimental variation and signal noise that affects the quantitative
value and accuracy.

8. Concluding remarks

Technological progress has led the advanced techniques to complete-
ly dominate the conventional techniques of microbial identification.

image of Fig.�8
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Despite this, many microorganisms from the environment are yet to be
identified and assigned a perfect nomenclature. In the future, more data
will be available andmore new species ofmicroorganismswill be discov-
ered because of the automation, software development and combination
of different databases. Now-a-days there is an increasing access tomicro-
bial genomes due to the accumulation of numerous DNA sequences
which ultimately leads to a higher level of accuracy and reliability of
results. Though polyphasic taxonomy is a useful technique to meet the
challenge of identifying any unknown strain, new mathematical and in-
formative strategies should be developed for the possible development
of a synthetic taxonomy. Thus, the conventional biochemical basis of
identification practices cannot be replaced completely and the vast
majority of the data should lead to a perfectly reliable and stable identifi-
cation and classification system. Though many advanced techniques are
available now-a-days for the identification of any unknown bacterium,
a far less number of the total number of microbial species have been dis-
covered and identified till now; many of them are yet to be cultured
under laboratory conditions and some of them may possess certain
unique characteristic features. Microbial taxonomy and biosystematics
is amajormodern disciplinewhich needs furtherfinancial and intellectu-
al support to determine its role in biotechnology, biodiversity, agriculture,
medical science and environmental science.
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