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Abstract Compared with culture-independent appr-

oaches, traditionally used culture-dependent methods

have a limited capacity to characterize water microbiota.

Nevertheless, for almost a century the latter have been

optimized to detect and quantify relevant bacteria. A

pertinent question is if culture-independent diversity

surveys give merely an extended perspective of the

bacterial diversity or if, even with a higher coverage,

focus on a different set of organisms. We compared the

diversity and phylogeny of bacteria in a freshwater

sample recovered by currently used culture-dependent

and culture-independent methods (DGGE and 454

pyrosequencing). The culture-dependent diversity

survey presented lower coverage than the other meth-

ods. However, it allowed bacterial identifications to the

species level, in contrast with the other procedures that

rarely produced identifications below the order.

Although the predominant bacterial phyla detected

by both approaches were the same (Proteobacteria,

Actinobacteria, Bacteroidetes), sequence similarity

analysis showed that, in general, different operational

taxonomical units were targeted by each method. The

observation that culture-dependent and independent

approaches target different organisms has implications

for the use of the latter for studies in which taxonomic

identification has a predictive value. In comparison to

DGGE, 454 pyrosequencing method had a higher

capacity to explore the bacterial richness and to detect

cultured organisms, being also less laborious.
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Introduction

Bacterial diversity surveys of natural waters are

important approaches to assess the ecology and

evolution of bacteria, to support management poli-

cies or to sustain risk assessment studies. For almost

a century, the microbiological quality of waters was
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based on culture-dependent methods, which have

been continuously optimized to detect and quantify

the presence of organisms relevant in terms of

quality control, public health or risk assessment

studies (e.g. Leclerc 1994; Leclerc and Moreau

2002; Mossel and Struijk 2004). The culture-inde-

pendent methods revealed the immense diversity of

uncultured organisms, and thus, highlighted the need

to implement complementary approaches for the

analysis of water bacterial diversity (Amann et al.

1995; Palleroni 1997; Hugenholtz 2002; Kemp and

Aller 2004; Venter et al. 2004; Alain and Querellou

2009). Several scientific and technological develop-

ments, but above all, the inexpensiveness of the

nucleic acids sequencing methods, brought obvious

improvements to bacterial diversity studies. The use

of methods such as 16S rRNA gene clone libraries,

fluorescence in situ hybridization (FISH) or dena-

turing gradient gel electrophoresis (DGGE) are

nowadays a common place, and their use to explore

the bacterial diversity in waters was exemplified in

several publications (Amann et al. 2001; Dewettinck

et al. 2001; Zwart et al. 2002; Cottrell et al. 2005;

Hoefel et al. 2005; Loy et al. 2005; Bottari et al.

2006; Wu et al. 2006; de Figueiredo et al. 2007;

Revetta et al. 2010). More recently, the potential of

the high-throughput 454 pyrosequencing to explore

the environmental diversity has been emphasized

(Roh et al. 2010). In spite of the scientific and

technical advances for bacterial diversity surveys,

cultivation methods are still of great importance not

only for laboratories equipped for routine monitor-

ing, as those responsible for water quality control,

but also for making inferences on the physiological

and metabolic properties of the organisms (Palleroni

1997; Cardenas and Tiedje 2008). Un-culturability is

a broad sense condition that includes: (i) organisms

for which the specific growth requirements (nutri-

tional, temperature, aeration, etc.) are not available;

(ii) slow-growing organisms, out-competed in the

presence of fast-growing microorganisms and (iii)

injured organisms, which cannot stand the stressful

conditions imposed by cultivation. These categories,

which are not necessarily related with specific

taxonomic groups, are estimated to represent about

99% of the environmental bacterial diversity, espe-

cially in oligotrophic habitats, as freshwater (Amann

et al. 1995; Vartoukian et al. 2010). Based on the

analysis of the total DNA of the community, culture-

independent methods are supposed to detect a

considerable fraction of the uncultivable organisms,

eventually in addition to those that can be cultured.

Nevertheless it is not self evident that culture-

dependent and culture-independent methods overlap

on the detection of culturable organisms. For studies

related with risk assessment and public health issues,

as for example, the search of virulence or antibiotic

resistance traits, often measured in cultivable organ-

isms, it would be important to use culture-indepen-

dent approaches in complement of culture-dependent

methods, as a way to infer the significance of a

specific taxonomic group in the whole community.

The current work is integrated in a wider study in

which different approaches are being used to assess

freshwater bacterial diversity. The work reported

herein was designed to assess how the bacterial

diversity recovered by traditional culture-dependent

methods overlapped with that offered by culture-

independent approaches (DGGE and 454 pyrose-

quencing). Specifically, it was intended to: (i)

compare the range of bacterial groups and precision

of the identification level obtained with each method

and (ii) assess if the same organism can be

targeted by culture-dependent and culture-indepen-

dent methods.

For the cultivation-dependent approach was used a

set of culture media commonly employed in micro-

biological water analysis (ISO 9308-1:2000; Eaton

et al. 2005) and the identification of the isolates was

based on the 16S rRNA sequence analysis. Culture-

independent methods included DGGE and 454

pyrosequencing. DGGE based on the analysis of the

16S rRNA gene sequence has become one of the most

popular methods to assess bacterial diversity in

environmental samples (Muyzer and Smalla 1998;

Fromin et al. 2002; Haack et al. 2004; de Figueiredo

et al. 2007). Even though, some studies demonstrated

that bacterial populations revealed by DGGE can

represent less than 1% of the total community

(Muyzer et al. 1993; Murray et al. 1996). The 454

pyrosequencing is a timely DNA sequencing tech-

nique that allows the generation of short reads rapidly

and inexpensively, with accuracy and avoiding clon-

ing bias (Ronaghi and Elahi 2002; Krause et al.

2008). A recently published study evidences the

potential of this high-throughput technique to explore

the bacterial richness of biofilms of potable waters

(Hong et al. 2010).



Materials and methods

Sampling

A surface water sample (5 l) was collected in a river

(approximately 3 m depth) in the area of the water

pumping for a drinking water treatment plant (Faria

et al. 2009). The sample was collected in a sterile

glass flask, transported to the laboratory, and pro-

cessed within 4 h, as schematized in Fig. 1. The

physicochemical and microbiological characteristics

of the water sample are indicated in Table 1.

Microbiological characterization

Total cell number was determined by fluorescence

microscopy after staining with 40,6-diamidino-2-

phenylindole (DAPI, Sigma-Aldrich, Steinheim, Ger-

many) as described by Brunk et al. (1979). Cell

enumerations were made in triplicate as described

previously (Manuel et al. 2007; Barreiros et al. 2011).

The diversity of culturable bacteria was surveyed

on three culture media commonly used for water

microbiological quality control—R2A (Difco, Le

Pont de Claix, France), Pseudomonas Isolation Agar

(PIA, Difco) and Tergitol 7-Agar (TTC, Oxoid,

Hants, UK). Volumes of 1 ml of water or decimal

serial dilutions thereof were filtered through cellulose

nitrate membranes (0.45 lm pore size, 47 mm

diameter, Albet, Barcelona, Spain), which were

placed onto the three different culture media and

incubated at 30�C (for R2A and PIA) or 37�C (for

TTC) up to 7 days. All the process, dilutions and

filtrations, was done in triplicate.

Bacterial isolation and characterization

Bacteria were isolated after the visual examination of

the triplicates of culture plates which evidenced a

countable number of CFU’s. All or half of the

colonies were isolated when a morphotype was

represented by up to 10 or more CFU’s, respectively.

The colonies isolated on R2A were purified on the

same medium, and those isolated on more nutritive

media (PIA or TTC) were purified on PCA (Plate

Count Agar, Pronadisa, Madrid, Spain). Pure cultures

were preserved at -80�C in nutritive broth supple-

mented with 15% (v/v) glycerol. All the isolates were

identified on basis of the 16S rRNA gene sequence

analysis, using the 27F and 1492R (Lane 1991) as

described before (Ferreira da Silva et al. 2007).

Total DNA extraction

In preliminary assays, two DNA extraction methods

were compared—the PowerSoilTM DNA Isolation kit

(MO BIO Laboratories Inc., Carlsbad, CA, USA) and

freeze-thawing with liquid nitrogen (Kawai et al.

2002; Hoefel et al. 2005; Wu et al. 2006). The MO

BIO kit showed higher efficiency, being selected for

further DNA extractions. Four fractions of 0.5 l of

water sample were filtered through polycarbonate

membranes (0.2 lm porosity, Whatman). DNA

extraction was made as described by Barreiros et al.

(2011), with an additional period of 30 min of

incubation at 65�C. Four DNA extracts were obtained

for further analysis.

DGGE analysis

A 16S rRNA gene fragment of 200 bp, corresponding

to the region V3, was amplified with the primers

338F-GC-clamp and 518R (Muyzer et al. 1993). The

amplification was performed in a reaction volume of

50 ll with 19 KCl buffer, 3 mM MgCl2, 0.4 mM

dNTP’s mix, 5% DMSO, 1 lM each primer, 3 U of

Taq polymerase (Stabvida, Lisbon, Portugal) and 4 ll

of template DNA. The PCR conditions were 5 min at

94�C, followed by 35 cycles of 30 s at 94�C, 30 s at

55�C, 30 s at 72�C, and a final extension of 20 min at

72�C. The DNA concentration of the PCR products
Fig. 1 Schematic representation of the study methodology.

For each approach, the sample was processed in triplicate



was determined as previously described (Lopes et al.

2011). Approximately 1.2 lg of DNA were loaded

onto a vertical polyacrylamide gel (8% w/v) with a

denaturing gradient ranging from 29 to 59% (where

100% denaturing gradient is 7 M urea and 40%

deionized formamide) (DCodeTM universal mutation

detection system, Bio-Rad Laboratories, Munich,

Germany) (Barreiros et al. 2008). DGGE gels were

normalized using a ruler composed of a set of

reference cultures that had a profile which covered

the whole denaturing gradient in use. The DGGE

profiles of the four DNA extracts were 100% concor-

dant. Thus, one lane was selected for further analysis,

with the excision and analysis of all bands as

described before by Barreiros et al. (2011). For bands,

sequencing analysis was used the InsTAcloneTM PCR

cloning kit (MBI Fermentas, Heidelberg, Germany),

according to the manufacturer’s instructions. DNA

inserts of at least three different clones matching the

original band in the DGGE pattern were sequenced

with the primer M13F-pUC. Nucleotide sequencing

and quality checking were performed as described

previously (Barreiros et al. 2011).

454 pyrosequencing

One of the DNA extracts was used for 454 pyrose-

quencing. The 16S rRNA gene hypervariable V4–V5

region was amplified by PCR using the universal

bacterial primers, 520F (50-AYTGGGYDTAAAGN

G-30) and 802R (50-TACNVRRGTHTCTAATYC-30)
(RDP’s Pyrosequencing Pipeline: http://pyro.cme.

msu.edu/pyro/help.jsp) fused to the 454 A and B

adaptors, respectively. Standard PCR reaction condi-

tions were employed for 50 ll reactions with Fast

Start polymerase (Roche, NJ, USA)—1.8 mM MgCl2,

0.2 lM each primer, 200 mM dNTPs, 5 U of poly-

merase and 2ll of template DNA. The PCR conditions

were 94�C for 3 min, followed by 30 cycles of 94�C for

30 s, 44�C for 45 s and 72�C for 60 s and a final

elongation step at 72�C for 2 min. The 16S rRNA gene

amplicon was sequenced on a 454 Genome Sequencer

FLX platform according to standard 454 protocols

(Roche—454 Life Sciences, NJ, USA).

Sequence analysis and phylogenetic classification

A cut-off value of 97% similarity of the 16S rRNA

gene sequences was considered to define an opera-

tional taxonomic unit (OTU). The 16S rRNA gene

sequences obtained from culturable organisms (read

lengths varying from 1357 to 1450 bp) and DGGE

bands (read lengths varying from 164 to 203 bp) were

aligned using Clustal W from MEGA 4.0 software

(Tamura et al. 2007).

For 454 pyrosequencing, processing of sequencing

reads and bacterial taxonomic identification were

carried out through an in-house built pipeline

Table 1 Physicochemical and microbiological characterization of the water sample

Physicochemicala Microbiological

Chlorides (mg l-1 Cl) 20.0 Enumerations (±SD)

Conductivity, at 25�C (lS cm-1) 338.0 DAPI (total bacteria, cells ml-1) 4.2 9 106 ± 3.4 9 105

Colour (mg l-1 Pt–Co) 5.1 R2A (total heterotrophs, CFU ml-1) 2.5 9 103 ± 6.1 9 102

Total hardness (mg l-1 CaCO3) 80.0 PIA (Pseudomonas spp., CFU ml-1) 5.7 9 102 ± 4.6 9 101

Iron (lg l-1 Fe) 121.0 TTC (presumptive coliforms, CFU ml-1) 1.4 9 102 ± 3.5 9 101

Nitrates (mg l-1 NO3
-) \5.0

pH (Sorensen scale) 7.8 Cultivability (%)b

Total dissolved solids (mg l-1) 220.0 R2A 0.059

Total suspended solids (mg l-1) \5.0 PIA 0.014

Temperature in situ (�C) 26.1 TTC 0.003

Turbidity (NTU) 1.7

DAPI 40,6-diamidino-2-phenylindole, R2A R2A medium, PIA Pseudomonas Isolation Agar, TTC Tergitol 7-Agar, SD standard

deviation
a These parameters were determined in the analytical laboratory of the water treatment plant, according to the recommendations of

the drinking water directive (Council Directive 98/83/EC 1998)
b Cultivability was estimated as the ratio between the CFU ml-1 and the total number of cells ml-1 determined by DAPI staining

http://pyro.cme.msu.edu/pyro/help.jsp
http://pyro.cme.msu.edu/pyro/help.jsp


(M. Pinheiro and A.C. Gomes, unpublished data).

Raw sequencing reads were quality filtered according

to the following criteria: (i) exact matches to primer

sequences; (ii) sequences with less than two ambig-

uous bases (Ns), (iii) sequences longer than 100 bp,

and (iv) longer sequences trimmed at 250 bp. The

sequences were then aligned by making all-against-

all possible pairwise sequence alignments with Clu-

stalW, followed by building a pairwise-distance

matrix with DNAdist program of the PHYLIP

Package, v. 3.69 (Felsenstein 1993) and finally

grouping of identical sequences into OTU (opera-

tional taxonomical units) at 97% similarity through

MOTHUR (Schloss et al. 2009).

The taxonomical identity of each OTU was

assigned through BLAST searches against the Ribo-

somal Database Project II (Cole et al. 2009),

GenBank (www.ncbi.nlm.nih.gov) and SILVA (Pru-

esse et al. 2007). For dendrogram construction, 16S

rRNA gene sequences of the type strain (Euzéby

1997) of the species observed to represent the closest

neighbor of each OTU were included in the sequence-

based comparative analysis. Dendrogram representa-

tions were obtained after pairwise and multiple

sequence alignment on basis of the model of Jukes

and Cantor (1969) and neighbor-joining method. The

phylogeny inference method maximum parsimony

was also applied to assess dendrogram reliability and

stability. These analyses were performed with the

software MEGA 4.0 (Tamura et al. 2007).

Richness, diversity and evenness indices

The diversity [H0 = -Rpi ln(pi)] and evenness

[J = H0/ln(Hmax)] were measured using the Shan-

non’s (Shannon and Weaver 1963) and Pielou’s

indices (Pielou 1966), respectively, calculated as

described by Wang et al. (2008). The OTU, as

defined above, was the basis for this calculation. For

cultivable bacteria, the abundance of each OTU

corresponded to the number of CFU per millilitre. For

PCR-DGGE, the abundance of each OTU was

estimated on basis of band intensity, measured with

the aid of Bionumerics software package version 6.0

(Applied Math, Belgium). When a single band was

observed to contain more than one OTU, an equitable

distribution of the band intensity was considered. For

pyrosequencing the abundance of each OTU corre-

sponded to the number of sequences determined.

Non-identified bacteria were excluded from the

calculations.

Results

Cultivable bacteria

Under the conditions used, cultivable bacteria ranged

the 102–103 CFU ml-1 and total cells were about

1000 times more abundant. Cultivability ranged

0.003–0.059%, with the lowest and highest values

observed on TTC and R2A, respectively (Table 1).

In total, 39 bacterial strains were isolated—10

from TTC, 14 from PIA and 15 from R2A. Among

these, two lost viability after isolation (1 from TTC

and 1 from PIA), and four after freezing (2 from R2A,

1 from TTC and 1 from PIA). According to the 16S

rRNA gene sequence analysis, TTC, PIA and R2A

bacterial isolates were grouped into five, eight and

eleven OTU respectively (Fig. 2a). This observation

reflected a lower richness on the culture media TTC

and PIA than on R2A and influenced the Shannon’s

diversity indices, also lower on the two selective

culture media (Table 2). Presumably, such a selec-

tivity led to the recovery of organisms of some

bacterial genera not detected on R2A (Ralstonia,

Chryseobacterium, Chitinophaga, Bacillus and Exig-

uobacterium on PIA, and Delftia and Lactococcus on

TTC) (Fig. 2a). In total, cultivable bacteria were

distributed by five phyla (Fig. 2b). Lower values of

diversity and evenness indices were achieved using

the culture-dependent survey, than when the culture-

independent methods were used (Table 2).

Culture-independent methods

DGGE analysis allowed the separation of 11 bands,

seven corresponding to unique DNA sequences and

four comprising a mixture of two or three DNA

sequences. The OTUs identified through this method

belonged to six phyla (Fig. 2b) and only about 50%

could be identified below the phylum level (orders

Rickettsiales, 2.6%; Sphingobacteriales, 9.7%; Acti-

nomycetales, 2.7%; Chroococcales, 6.3%). Three of

the phyla identified by DGGE (Cyanobacteria,

Planctomyces, Aquificae) were not represented

among the cultivable bacteria, as expected due to

the culture conditions used.

http://www.ncbi.nlm.nih.gov


After quality control and filtering, 454 pyrose-

quencing analysis produced 2776 sequences with

good quality (2302 from Bacteria, 28 from Eukarya

and 446 ‘‘unknown’’). The ‘‘unknown’’ sequences,

which did not allow the identification to any validly

named taxon, as well those identified as Eukarya,

were excluded from the analysis. The resultant 2302

sequences identified as members of the domain

Bacteria were grouped in 348 OTUs, corresponding

to a value of bacterial diversity coverage of 62%. The

identification of OTU to at least the phylum level was

possible to less than half of the consensus sequences

(144 OTU), with 204 identified simply as Bacteria

(Fig. 2b). In spite of the observed limitations, the 454

pyrosequencing allowed the identification of nine

phyla, 18 orders (Sphingomonadales, Rhodobacte-

rales, Rickettsiales, Burkholderiales, Neisseriales,

Pseudomonadales, Legionellales, Chromatiales,

Methylococcales, Pasteurellales, Bdellovibrionales,

Sphingobacteriales, Flavobacteriales, Cytophagales,

Nostocales, Actinomycetales, Solirubrobacterales

and Verrucomicrobiales) and 14 genera (Legionella,

Polynucleobacter, Acidovorax, Acinetobacter, Novo-

sphingobium, Bdellovibrio, Vogesella, Flavobacte-

rium, Rhodobacter, Conexibacter, Methylobacter,

Haemophilus, Aphanizomenon and Caedibacter).

Among the phyla detected by 454 pyrosequencing,

but not by DGGE, were the Firmicutes, Chlorobi,

Verrucomicrobia and Acidobacteria. In contrast,

organisms most related to Aquificae were detected

by DGGE analysis, but not by 454 pyrosequencing.

Although the amount of DNA extract used for DGGE

was higher than that used for 454 pyrosequencing, it

is plausible to admit that this difference is related to
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Fig. 2 a Bacterial diversity of the cultivable bacteria identified

at the genus level, for the three different culture media;

b Bacterial diversity at the phylum level obtained with each

method used. Note: Percentages were estimated as the ratio

between the: (i) the number of CFU ml-1 of each genus (a) or

phylum (b) and the total number of CFU ml-1, for cultivable

bacteria; (ii) the intensity of each band and the sum of the

intensity of all the bands, for DGGE; (iii) number of nucleotide

sequence reads in each phylum and the total number of

sequences, for 454 pyrosequencing

Table 2 Shannon’s diversity index (H’) and Pielou’s Even-

ness index (J) for total and cultivable bacteria

Phylum Genus

H0 J H0 J

Cultivable bacteria

R2A 0.93 0.12 2.20 0.28

PIA 0.71 0.11 1.73 0.27

TTC 0.35 0.07 1.43 0.29

PCR-DGGE 1.75 0.24 – –

454 Pyrosequencing 1.64a 0.25a – –

a Unclassified bacteria (corresponding to H0 = 0.26 and

J = 0.03) were excluded from this analysis



the sensitivity or possible bias introduced by the PCR

reaction in each method.

Culture-dependent versus DGGE or 454

pyrosequencing

Members of the phyla Proteobacteria, Actinobacteria

and Bacteroidetes were observed to be predominant

in this water sample, irrespective of the method used

(Fig. 2). Nevertheless, when the 16S rRNA gene

sequences of the bacterial isolates were compared

with those retrieved by each of the methods used, it

became clear that different OTUs were being targeted

by each method (Figs. 3, 4). The most evident

example of this fact was given by the OTUs of

phylum Proteobacteria, which through the 16S rRNA

gene sequence analysis of cultivable microorganisms

comprised mainly Gammaproteobacteria (73.2%) of

the genera Pseudomonas, Acinetobacter, Aeromonas

and Pantoea, through DGGE included the Alpha

(42.9%) and Gamma (27.6%) classes, whereas

pyrosequencing revealed the predominance of mem-

bers of the classes Alpha (46.5%) and Beta (37.2%).

Additionally, the comparison of 16S rRNA gene

sequences of bacterial isolates with those of DGGE

bands demonstrated that, even though members of the

same phyla and classes were identified, rarely the

sequences clustered together. Sequence similarities

were lower than 93%, indicating that both methods

targeted a different set of organisms (Fig. 3).

The relatedness between the 16S rRNA gene

sequences of the cultivable bacteria and through 454

pyrosequencing is shown in Fig. 4. As observed with

DGGE, the 16S rRNA gene sequences from the

cultivable bacteria tend to form distinct clusters of

the sequences obtained by 454 pyrosequencing. How-

ever, in some cases it was possible to observe sequence

similarity values higher than 97% (always lower than

98%) (grey shadowing in Fig. 4; members of the

family Commamonadaceae in the class Betaproteo-

bacteria, of the genus Acinetobacter in the class

Gammaproteobacteria and of the genus Flavobacte-

rium in the phylum Bacteroidetes), suggesting that the

same OTU could be detected by cultivation and by 454

pyrosequencing. Among the 454 pyrosequencing

nucleotide sequences closely related ([97%) with

cultivable bacteria, only in one case it corresponded to

a consensus construct (of 18 nucleotide sequences,

0BQ01AGUSG, within the phylum Bacteroidetes,

Fig. 4); all the others corresponded to single nucleotide

sequences. This observation excluded the hypothesis

that the clustering of sequences from bacterial isolates

and from pyrosequencing could be due to the fact that

consensus sequences were being used. These results

evidence the higher bacterial diversity coverage of 454

pyrosequencing when compared with DGGE.

Discussion

The rates of cultivability observed confirm that only a

small fraction of the bacterial population was recov-

ered on the culture media used. Nevertheless, we admit

the overestimation of the uncultivable fraction, given

the fact that the method used to quantify the total

number of cells (DAPI) neglects the organism viability

(Kubista et al. 1987). Bacteria which rendered uncul-

tivable could be injured organisms or members of taxa

for which the growth conditions were not gathered.

Supposedly, the culture-independent approaches

would allow the detection of such taxa. The DGGE

method allowed the detection of some taxa not

cultivated, namely members of the phyla Cyanobac-

teria, Planctomyces and Aquificae. In some occasions

it was observed the co-migration of DNA fragments

with different nucleotide sequence compositions. This

effect of co-migration was easily resolved through the

analysis of different clones of a single band. Never-

theless, it is a major limitation of this method, mainly

when the measurement of bacterial richness and/or

diversity, relying on the number/intensity of bands, is

the objective (Sekiguchi et al. 2001).

The 454 pyrosequencing analysis allowed the

coverage of 62% of the predicted bacterial diversity,

a value which was in the range of others observed for

aquatic systems and can be considered representative

of the phylotype richness (Kemp and Aller 2004). A

prominent result of this analysis was the observation

of high percentages of unclassified-bacteria. This fact

may hint the huge bacterial diversity that presumably

exists in a water sample and the potential of 454

pyrosequencing to detect rare organisms in microbial

communities (Petrosino et al. 2009). But, most

probably, these unknown Bacteria result from some

drawbacks of this method, namely the occurrence of

artifactual sequences and the limitations imposed by

the short read lengths (Ahmadian et al. 2006; Krause

et al. 2008; Warnecke and Hugenholtz 2007; Roh
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Fig. 3 Dendrogram

constructed on basis of

partial 16S rRNA gene

sequences (111 bp) of the

cultivable bacteria (isolates

identified with ‘‘R’’ were

isolated from R2A, ‘‘T’’

from TTC and ‘‘P’’ from

PIA) and of the DGGE

bands (marked in bold in

the figure). Some related

type species or closest

described organisms were

added to the dendrogram to

validate the taxonomical

identifications. The

dendrogram was generated

using the neighbour-joining

method based on the model

of Jukes and Cantor and the

dark circles indicate

branches recovered by the

maximum parsimony

method. Bootstrap values,

generated from 1000 re-

samplings, at or above 50%

are indicated at the branch

points. Bar 1 substitution
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constructed on basis of

partial 16S rRNA gene

sequences (205 bp) of the

cultivable bacteria (isolates

identified with ‘‘R’’ were

isolated from R2A, ‘‘T’’

from TTC and ‘‘P’’ from

PIA) and the OTU obtained

by 454 pyrosequencing. In

order to validate the

taxonomical identifications,

the 16S rRNA gene

sequences of some of

closely related type strains

were added to the

dendrogram. The

dendrogram was generated

using the neighbour-joining

method based on the model

of Jukes and Cantor and the

dark circles indicate

branches recovered by the

maximum parsimony

method. Bootstrap values,

generated from 1000 re-

samplings, at or above 50%

are indicated at the branch

points. Grey shadowing
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retrieved from the different

methods which share at

least 97% similarity. Bar 1
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et al. 2010). These same drawbacks may be respon-

sible for the lower diversity index value observed for

454 pyrosequencing when compared with the DGGE

analysis (Table 2). Additionally, another possible

bias introduced by this high throughput sequencing

method is the preferential amplification of some DNA

fragments. This effect may explain the low value of

evenness observed for 454 pyrosequencing.

The predominant bacterial phyla in this water

sample were Proteobacteria, Actinobacteria and

Bacteroidetes, irrespective of the approach used.

The members of these phyla are common inhabitants

of freshwater, reported using either culture-dependent

(high-throughput cultivation method, Gich et al.

2005), or culture-independent methods (16S rRNA

based clonal analyses, Hiorns et al. 1997; Hugenholtz

et al. 1998; Zwart et al. 2002; and metagenomic

library and FISH analysis, Cottrell et al. 2005).

Cyanobacteria, Planctomycetes and Verrucomicro-

bia, despite of being referred to as common fresh-

water bacteria (Zwart et al. 2002; Lindström et al.

2005), were, as expected, detected only through the

culture-independent methods. Members of these

groups or of others such as Acidobacteria, Aquificae

and Deinococcus-Thermus hardly could be expected

with the cultivation conditions used in the current

study. Firmicutes were minor organisms both in the

culture-dependent method and 454 pyrosequencing,

suggesting the low abundance of members of this

phylum in the sample, as pointed out before in other

freshwater studies (Gich et al. 2005). At a lower

taxonomic level, also some of the genera (Ralstonia,

Flavobacterium, Chitinophaga, Micrococcus, Syn-

echococcus) and families (Sphingobacteriaceae,

Comamonadaceae, Legionellaceae) detected in this

water sample were previously observed in freshwater

using 16S rRNA clone libraries (Hiorns et al. 1997;

Zwart et al. 2002), reverse line blot hybridization

(Lindström et al. 2005) or metagenomic and FISH

analysis (Cottrell et al. 2005).

The use of different primer sets for the DGGE and

454 pyrosequencing methods (V3 and V4–V5,

respectively) was an attempt to compare the methods

as they are more frequently used. However, this

option limited a straightforward comparison of both

culture-independent methods. Nevertheless, the

major objective of this study was to infer if culture-

dependent and culture-independent methods currently

used to survey freshwater microbiota coincided in the

detection of cultivable bacteria. Supposedly, through

the culture-dependent method only the most abundant

organisms or the better adapted to the culture

conditions were being screened. Bacterial strains

examined in this study were in an abundance of about

102–103 CFU ml-1, which means that they were

effectively isolated from volumes of water of

0.1–0.01 ml. Volumes higher than these corre-

sponded to filtering membranes with ‘‘too much to

count’’ CFU, from which bacterial isolation and

purification would not be feasible. Through the

culture-independent methods, for which total DNA

was extracted from a higher volume of water

(5000–50,000 times higher), we had anticipated that

we would analyse a different fraction of the bacterial

population. For this reason and due to the expected

higher sensitivity, one would anticipate that the

culture-independent methods may target the less

abundant organisms. This justifies that some OTU

not retrieved by culture-dependent methods were

detected using the culture-independent approaches.

Nevertheless, the most abundant organisms, namely

those retrieved from volumes of 0.1–0.01 ml of the

water sample, were also expected to figure among the

taxonomical units detected by the culture-indepen-

dent methods, but, in fact, this only rarely occurred.

A possible explanation is that some of the most

abundant organisms (namely some detected by the

culture-dependent methods) were probably lessened

in favour of others occurring at lower densities,

which may gain advantage during crucial stages as

the DNA extraction and PCR amplification. This

explains why DGGE and pyrosequencing failed to

detect all or the majority of nucleotide sequences

similar to those of the bacterial isolates. The 454

pyrosequencing, in spite its high coverage, allowed

the detection of only four cultivable OTUs, always

with sequence similarities lower than 98%. The

inability of the different methods to target the same

organisms was previously observed (Kisand and

Wikner 2003; Cottrell et al. 2005; Jordan et al.

2009). For instance, Kisand and Wikner (2003)

observed that a culture-dependent method, a 16S

rRNA gene clone library and DGGE approaches

allowed poor matches at species level for an estuarine

bacterioplankton sample. Cottrell et al. (2005)

through a metagenomic library approach detected

some groups of bacteria underrepresented by a PCR-

16S rRNA gene clone library in a river water sample.



Also Jordan et al. (2009) in a study comparing the

accuracy of pyrosequencing with culture dependent

methods for the identification of isolates from blood

culture bottles described that for some isolates no

sequence match could be found, or the sequencing

reactions repeatedly failed.

Ideally, both approaches, culture-dependent and

independent, should be used as complementary,

mainly if the objective of the study is related with

risk assessment or public health issues. The choice on

the culture-independent method to use is also

relevant. If time consumption and costs involved

versus information given are equated, the DGGE

method does not show a worthy cost effectiveness

(Table 3). In spite of these limitations DGGE is still

regarded as an adequate approach to compare micro-

bial communities and to infer the influence of

environmental conditions (Fromin et al. 2002). The

454 pyrosequencing, although more expensive, pre-

sented high bacterial richness coverage and offered

an efficient way to access the microbial diversity,

namely to target some of the cultivable organisms. As

a high-throughput approach, 454 pyrosequencing

offers a general perspective of the microbial diversity

and represent a valuable tool to develop and optimize

cultivation methods. In fact, the latter are fundamen-

tal when phenotypic information is important, e.g.

pathogenicity, antimicrobial resistance, production of

novel metabolites and enzymes (Palleroni 1997;

Alain and Querellou 2009).
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