
AQUATIC MICROBIAL ECOLOGY
Aquat Microb Ecol

Vol. 54: 211–216, 2009
doi: 10.3354/ame01267

Printed February 2009
Published online February 18, 2009

INTRODUCTION

Denaturing gradient gel electrophoresis (DGGE) is
often used to describe bacterioplankton community
structure because it is thought to offer a fair represen-
tation of the most abundant groups in natural commu-
nities, allowing the comparison of a large number of
samples along spatial, temporal or experimental gradi-
ents (Riemann et al. 1999, Casamayor et al. 2000,
Schauer et al. 2003).

However, the literature abounds with reported dis-
crepancies in microbial assemblage composition found
when DGGE results are compared to other molecular
techniques such as clone libraries or fluorescence in
situ hybridization (FISH) (Castle & Kirchman 2004,
Alonso-Sáez et al. 2007). An example of such discrep-
ancies occurs with SAR11, an alphaproteobacterial
clade, which is considered to be the most abundant
phylogenetic group in the sea (Morris et al. 2002),
often contributing 35% of total prokaryotes in the sur-

face ocean. Members of the SAR11 clade consistently
dominate 16S rDNA clone libraries (Bano & Holli-
baugh 2002, Alonso-Sáez et al. 2007, Crump et al.
2007), and usually account for a large proportion of the
bacterial assemblage in FISH studies (Morris et al.
2002, Alonso-Sáez et al. 2007). Functional studies also
suggest that they are active and play a significant role
in carbon, nitrogen, and sulfur cycling in the ocean
(Alonso-Sáez & Gasol 2007, Alonso-Sáez et al. 2008).
However, in many studies where DGGE has been
used, this bacterial group was not retrieved (e.g.
Fandino et al. 2001, Schauer et al. 2003, Pinhassi et al.
2004, Sala et al. 2005, Kan et al. 2006, Alonso-Sáez et
al. 2007, Celusi & Cataletto 2007, Sapp et al. 2007).

Discrepancies between molecular methods have also
been found for other bacterial groups (Kong et al. 2001,
Castle & Kirchman 2004). These studies concluded that
DGGE could be expected to identify the most abun-
dant phylogenetic groups even if only a few bands
were analyzed, unless all representatives of a particu-
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lar phylogenetic group were rare. Other authors have
reported difficulties in detecting many rare ribotypes
with DGGE because they were yielding many faint,
hardly detectable DGGE bands (Torsvik et al. 1998,
Kisand & Wikner 2003).

Substantial microdiversity is one of the factors that
could lead to an underestimation of a dominant bacte-
rial group by DGGE. In this case, instead of an intense
band of a nondiverse phylotype, different closely
related (microdiverse) sequences would share the bio-
mass of the group and none would be dominant in
abundance. In a DGGE gel, such a group would
appear split in different faint bands, which would
escape sequencing efforts. The SAR11 group is known
to show a high degree of microdiversity in natural pop-
ulations (García-Martínez & Rodríguez-Valera 2000,
Acinas et al. 2004), and it could be hypothesized that
the different DGGE studies that have failed to detect
this abundant clade did so for this reason. Alterna-
tively, it could be hypothesized that lack of detection is
due to inappropriate primer choice, with the commonly
used primers showing biases against that group.

Here we tested these 2 hypotheses for the SAR11
group in Blanes Bay (NW Mediterranean) samples. This
is one of the places where the group is abundant, as
clone libraries and catalyzed reporter deposition
(CARD)-FISH reveal, but where it has been rarely re-
trieved using DGGE (Schauer et al. 2003, Alonso-Sáez et
al. 2007). We analyzed the level of microdiversity within
the group and compared it to other groups abundant at
the site. We further tested the effect of small differences
in the primers used (357fGC-907r and 357fGC-907rM)
on the detectability of variable amounts of SAR11 over a
background formed by a natural community. These
primer sets have been frequently described in the liter-
ature and, in addition, we recently showed that primer
set 357fGC-907rM was the most adequate for the routine
use of polymerase chain reaction (PCR)-DGGE analyses
of bacterioplankton samples among 5 different primer
pairs commonly used in molecular microbial ecology
studies (Sánchez et al. 2007).

MATERIALS AND METHODS

Estimation of microdiversity. A subset of sequences of
SAR11 (20 clones) and Roseobacter (20 clones), ran-
domly selected from 4 clone libraries from the Blanes
Bay Microbial Observatory (described in Alonso-Sáez et
al. 2007), were aligned with Clustal X (Thompson et al.
1997) and grouped into similarity clusters using the Clus-
terer bioinformatics tool (Klepac-Ceraj et al. 2006;
http://web.mit.edu/polz/clusterer/). This allows group-
ing of sequences into percentage similarity clusters (100,
99, 98%, and so on) by the neighbor-joining method.

Samples. Two clones (BL03-AUT03 [A3] and BL03-
SUM03 [S3], accession numbers DQ778230 and
DQ77814, respectively) retrieved from two 16S rRNA
clone libraries from the Blanes Bay Microbial Observa-
tory were selected. These two clones contained recom-
binant plasmids with an insert affiliated with the
SAR11 cluster and had a similarity value of 95.2%.
Escherichia coli was grown in Luria-Bertani medium
and plasmid DNA was extracted using the NucleoSpin
Plasmid Quick Pure kit (Macherey-Nagel). Equal
concentrations of plasmid DNA from each clone
(30 ng µl–1) were mixed, and different amounts of this
mixture (Table 1) were combined with 1 µl of DNA
extract from 1 environmental sample of surface sea-
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Sample % of DNA from % of DNA from environ-
the added clones mental sample (16S rRNA 

(16S rRNA copy number)a copy number)b

1, 1’ 0 100
(0) (3.7 × 106)

2, 2’ 0.01 99.9
(5.2 × 105) (3.7 × 106)

3, 3’ 0.2 99.8
(1.0 × 106) (3.7 × 106)

4, 4’ 0.5 99.5
(2.6 × 106) (3.7 × 106)

5, 5’ 1 99.0
(5.2 × 106) (3.7 × 106)

6, 6’ 9.1 90.9
(5.2 × 107) (3.7 × 106)

7, 7’ 16.7 83.3
(1.0 × 108) (3.7 × 106)

8, 8’ 33.3 66.7
(2.6 × 108) (3.7 × 106)

9, 9’ 50 50
(5.2 × 108) (3.7 × 106)

10, 10’ 90.9 9.1
(5.2 × 109) (3.7 × 106)

11, 11’ 95.2 4.8
(1.0 × 1010) (3.7 × 106)

12, 12’ 98 2
(2.6 × 1010) (3.7 × 106)

aNumbers calculated taking into consideration a plasmid
plus 16S rRNA gene size of 5396 bases

bBased on a mean genome size of 1600 kb (Raes et al. 2007)
and a mean 16S rRNA gene copy number of 2.1 cell–1

(Moran et al. 2004)

Table 1. Contribution (in %) of DNA from mixed clones
and DNA from an environmental sample (March 2003) to
total DNA in each PCR product. Numbers from 1 to 12 cor-
respond to samples amplified with primer set 357fGC-907r,
whereas numbers from 1’ to 12’ refer to primer set 357fGC-
907rM. 16S rRNA gene copy number has also been roughly
estimated. Grey shading indicates the lowest target concen-
tration where the 2 clones appear in the DGGE gel (see Fig. 1)

for each primer set
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water from Blanes Bay collected in March 2003
(3 ng µl–1). A rough indication of the 16S rRNA gene
copy number was determined for the mixture of plas-
midic DNA and the environmental sample. For envi-
ronmental DNA, calculations were done with a mean
genome size of 1600 kb (Raes et al. 2007) and a mean
16S rRNA copy number of 2.1 (Moran et al. 2004). The
environmental sample was processed as in Sánchez et
al. (2007), and DNA extraction was performed as
described by Massana et al. (1997).

PCR-DGGE fingerprinting. PCR was carried out
using 2 primer sets separately: 357f (5’-CCT ACG
GGA GGC AGC AGC AG-3’)-907r (5’-CCG TCA ATT
CCT TTR AGT TT-3’) and 357f-907rM (5’-CCG TCA
ATT CMT TTG AGT TT-3’). Primers 907r and 907rM
differ at 2 base positions, and the latter is the most
widely used today. Primer 357f carried a 40 bp GC
clamp on the 5’ end. PCR conditions were the same for
both primer sets and have been described previously
(Sánchez et al. 2007).

The PCR mixtures contained 1 µl template DNA,
each deoxynucleoside triphosphate at a concentration
of 200 µM, 1.5 mM MgCl2, each primer at a concentra-
tion of 0.5 µM, 1.25 U Taq DNA polymerase (Invitro-
gen), and PCR buffer supplied by the manufacturer.
Bovine Serum Albumin (BSA) at a final concentration
of 600 µg ml–1 was added to minimize the inhibitory
effect of humic substances. The volume of reactions
was 50 µl. PCR products were verified and quantified
by agarose gel electrophoresis with a low DNA mass
ladder standard (Invitrogen).

The PCR products obtained from these mixtures
were run in a DGGE gel at 60°C with a CBS Scientific
system as previously described by Muyzer et al. (1998)
using a 40 to 80% gradient (6% acrylamide) at 100 V
(17 h). The gel was stained with SybrGold (Molecular
Probes) for 45 min, rinsed with 1× Tris-acetate-EDTA
buffer, removed from the glass plate to a UV-transpar-
ent gel scoop, and visualized with UV in a Chemi Doc
system (Bio-Rad). DGGE images were analyzed using
the Quantity One software (Bio-Rad) in order to detect
the different bands present in the gels.

RESULTS AND DISCUSSION

DGGE gels (Fig. 1) indicated that both sets of
primers could amplify the SAR11 clones when alone in
the DNA template. When mixed with environmental
DNA (samples 1/1’ to 12/12’), the 2 bands correspond-
ing to these clones appeared at lower target concentra-
tions in the gel where primer pair 357fGC-907rM was
used (40 times less of the mix of plasmidic DNA was
needed for their detection, as indicated with arrows in
Fig. 1). We estimated the 16S rRNA gene copy number

for the plasmidic mixture and the environmental sam-
ple (Table 1). Based on this estimation, primer set
357fGC-907rM significantly amplified the SAR11
clones when the gene copy number was the same
order of magnitude as the gene copy number of the
environmental sample (corresponding to sample 4’), in
contrast to primer set 357fGC-907r, which clearly
amplified both clones when the gene copy number was
2 orders of magnitude above that of the environmental
sample (sample 7). This indicates that a larger number
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Fig. 1. DGGE fingerprints obtained with 2 different primer
sets showing the influence of primer mismatching on SAR11
detection. Samples 1 to 12 correspond to PCR products
obtained by combining different increasing amounts of plas-
midic DNA (mix of clones S3 + A3) and DNA from a Blanes
Bay sample (see Table 1). Arrows at the bottom of each gel
indicate the lowest amount of plasmidic DNA mix where the 

2 clones appear
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of copies would be needed in order to significantly
detect SAR11 in this last case (around 41% of the total
copy number in the case of primer set 357fGC-907rM,
and 96% for primer set 357fGC-907r).

Besides the clear and expected effect of primer mis-
matches, we hypothesized that another reason for the
discrepancy between DGGE and other molecular tech-
niques could be the presence of multiple low-abun-
dance microdiverse phylotypes within the SAR11
group in the Blanes Bay Microbial Observatory.

The concept of microdiversity, i.e. the genetic diver-
sity within species-like phylogenetic groups, has been
recently addressed by different authors. It has been
well documented for marine and freshwater habitats,
for specific populations such as sulfate-reducing bacte-
ria and populations of Vibrio and Polynucleobacter
(Acinas et al. 2004, Klepac-Ceraj et al. 2004, Hahn &
Pöckl 2005, Zo et al. 2008). However, and as far as we
know, little research has been done concerning micro-
diversity of the SAR11 group. Acinas et al. (2004) stud-
ied fine-scale phylogenetic relationships in a bacterio-
plankton sample and constructed phylogenetic trees
with the relationships between SAR11 clusters; they
observed that the number of operational taxonomic
units (OTUs) plotted against changing degrees of cut-
offs decreased significantly from 100 to 99% sequence
similarity, and the SAR11 group formed the most
sequence-rich microdiverse clusters. Other studies,
such as the one of García-Martínez & Rodríguez-
Valera (2000), showed a very large group of SAR11
clones with high within-cluster similarity (<1% of
nucleotide differences).

In order to estimate the microdiversity of the SAR11
group present in Blanes Bay, we analyzed 20 randomly
selected SAR11 clones obtained from different
libraries from this environment. Similarity clustering
showed a remarkable decline in the number of OTUs
as cluster cut-off values were decreased from 98 to
91% (Fig. 2). In stark contrast, the number of OTUs
greatly exceeded this decline for values above 98%,
which suggests decreased removal of diversity within
microdiverse clusters. For the sake of comparison, 20
phylotypes of the same clone libraries corresponding
to the Roseobacter clade were also analyzed.
Roseobacter, in contrast to SAR11, does appear fre-
quently in DGGE gels of Blanes Bay, despite the fact
that it is much less abundant than SAR11, as detected
by clone libraries and CARD-FISH (Alonso-Sáez et al.
2007). For this group, there was a gradual and contin-
uous decline in the number of OTUs between cut-off
values of 100 and 82% of cluster similarity (Fig. 2).
Therefore, in the case of SAR11, 50% of the ribotypes
fall into discrete clusters containing <2% of diver-
gence (between 100 and 98% similarity), while for
Roseobacter this value was between 100 and 93%.

Thus, according to these results, microdiversity seems
to be a feasible explanation for the frequent absence of
significant bands of SAR11 in DGGE gels.

Apart from the problems in DGGE analyses caused
by faint bands due to microdiversity and primer speci-
ficity, an additional problem was the position of SAR11
bands in DGGE gels. When several SAR11 clones from
Blanes Bay clone libraries were run in a DGGE gel, it
was apparent that they migrated within quite a narrow
region of the gel, which hampered the attempts to
obtain clean sequences from these bands (Alonso-Sáez
et al. 2007).

Kan et al. (2006) also used bacterial seeding experi-
ments to determine the detection thresholds for PCR-
DGGE, demonstrating that concentrations ranging
from 2.5 × 103 to 1 × 104 cells ml–1 (0.1 to 0.4% of total
cell counts, depending on the rRNA operon copy num-
ber considered) were below the detection limit, and
consequently these bacteria would be absent from a
DGGE gel. If we assume that all the different SAR11
clones obtained from diverse clone libraries of Blanes
Bay made the same contribution to total abundance,
and taking into account from CARD-FISH data the
overall contribution of SAR11 to total DAPI counts in
every clone library (Alonso-Sáez et al. 2007), we can
estimate a concentration range of 1.6 × 103 to 8.2 × 103

cells ml–1 for each SAR11 phylotype. These values are
below the detection limit of DGGE proposed by Kan et
al. (2006).
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Fig. 2. Microdiversity analysis from SAR11 and Roseobacter
sequences obtained from different clone libraries from the
Blanes Bay Microbial Observatory. Number of operational
taxonomic units (OTUs) is plotted against changing degrees
of cut-offs in 0.5% increments for grouping of sequences 

into similarity clusters
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The experiments carried out here using 2 clones of
SAR11 as internal standards confirmed, first, that
primer 907rM is more suitable for SAR11 amplification
than primer 907r and, second, that there are no specific
biases against SAR11 that could prevent their appear-
ance in the DGGE gels. Instead, large evenness of
closely related, equally abundant microdiverse organ-
isms could generate several separate bands that are
too faint for further sequencing. SAR11 was indeed
present in the environmental sample used as a control,
based on CARD-FISH and clone libraries (Alonso-Sáez
et al. 2007). In a previous study, Schauer et al. (2003)
also used the primer pairs 357fGC-907r and 357fGC-
907rM to characterize the diversity of this microbial
assemblage. They obtained almost identical finger-
prints with both primer sets, but they could not retrieve
SAR11 phylotypes from the DGGE gels, probably due
to the presence of faint bands that were not intense
enough for sequencing.

Nevertheless, SAR11 bands have been detected
from marine samples in some studies where DGGE has
been used as a fingerprinting technique (Table 2), indi-
cating that not all representatives of this particular
phylogenetic group are always rare and below the
detection limits of the DGGE technique. In view of our
results, a possible explanation could be that micro-
diversity was lower in these cases.

In conclusion, although DGGE constitutes a useful
fingerprinting method, care must be taken with the
groups showing significant microdiversity, and primer
specificity has to be taken into account. The conse-
quences of missing a dominant group are detrimental
to the description of the role of specific bacterial
groups in marine environments.
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