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Abstract

We show that denaturing high-performance liquid chromatography is a suitable method for the separation of DNA molecules of similar
sizes but with different GC contents. A mixture of homologous molecules coming from different bacterial species may be obtained when PCR
with degenerate primers is used for the amplification of a specific gene from an environmental sample. We have observed that, by selecting
an appropriate temperature for the partial denaturation of the molecules, we are able to separate them according to the GC content of each
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NA product. This allows us to determine if one or several types of molecules are amplified in the course of a PCR reaction. In the
t is possible, even with minority products, to isolate them by collecting the eluted volumes, followed by cloning, sequencing or rea
hem by PCR, depending on the DNA concentration. We have applied this analysis to the amplification of a fragment of theribA gene in
he bacterial endosymbionts of insects, obtaining a high correlation coefficient (0.978) between retention time and the GC con
olecules.
2004 Elsevier B.V. All rights reserved.
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. Introduction

PCR is a potent technique that allows the amplification
f DNA fragments from microorganisms without the need to

solate and culture each species. When degenerate primers
re used to amplify a specific gene from bacterial species
resent in environmental samples, several situations may re-
ult. First, it is frequent to amplify more than one species
imultaneously, which will force the cloning and screening
f the clones, prior to sequencing in order to detect the differ-
nt amplified products. If the major component of the PCR
roduct comes from one bacterial species, but there are oth-
rs with minor frequencies, a large screening will be required

o isolate the minority clones. On the other hand, we may be
nterested in the amplification of a fixed bacterial species, but
rimers may amplify the gene from other unwanted species

∗ Corresponding author. Tel.: +34 963543650; fax: +34 9634543670.
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which are also present in the sample. Direct PCR produ
quencing would be very fast and convenient but the put
presence of several kinds of DNA fragments will again
quire the cloning and screening of the cloned PCR prod
prior to the sequencing step.

A decade ago, the development of denaturing HPLC
came the most sensitive screening method for the dete
of point mutations or variations in the DNA[1,2]. Based on
the temperature used in the analysis, short DNA molec
migrate through the chromatographic column at diffe
speeds, depending on their interactions with the non-
stationary phase and the ion-pair reagent. The ionic int
tions of the negatively charged phosphates and the hydro
bic interactions of the nucleobases are the main DNA fa
responsible for the retention time. Nucleobase hydroph
interactions require the single strand state, and it is know
this state depends on the temperature, the nucleotide
position and the distribution of the bases along the D
molecule.

570-0232/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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We have applied DHPLC to the separation and identifica-
tion of PCR products in an attempt to determine if there is a
correlation between the GC content of the molecule and its re-
tention time[3]. We have applied this method to the analysis
of the bacterial symbionts of insects. Most of these bacterial
species are uncultured and, for that reason, PCR based on
degenerate primers is a potent tool for the isolation of genes
using DNA extracted from the whole insect body. This total
DNA not only includes the insect one but that coming from
the different symbiont associated bacterial species.

Aphids are an ideal group of insects for this study be-
cause most of the species contain an obligate endosymbiont,
Buchnera aphidicola, which after an original infection up to
200 million years ago, has coevolved in parallel, always be-
ing transmitted vertically from parents to the offspring[4,5].
Many changes have been experienced by the genome ofBu.
aphidicoladue to its special lifestyle. One of them was the
high increase in the AT content[6], while others were the loss
of genes and the genome size reduction[7]. After its associ-
ation with the ancestor of aphids, the endosymbiont of each
aphid lineage experienced independent gene losses[7–10],
the reason why the searched for gene is not always amplified
in everyBu. aphidicolastrain.

In addition, aphid species may carry facultative endosym-
bionts, which are often called secondary symbionts[11–14].
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Table 1
Aphid species used for the extraction of total DNA

Aphid species Subfamily Bacterial symbiont

Buchnera
aphidicola

Secondary
symbionts

Acyrthosiphum pisum Aphidinae +
Baizongia pistaciae Pemphiginae +
Cinara cedri Lachnidae +
Eriosoma lanuginosum Pemphiginae +
Panaphis juglandis Myzocallidinae +
Pemphigus bursarius Pemphiginae +
Periphyllus bulgaricus Chaitophorinae +
Pterochloroides persicae Lachnidae +
Rhopalosiphum padi Aphidinae +
Tetraneura ulmi Pemphiginae + + (2)

Subfamilies of the Aphididae which they belong. The symbol (+) indicates
that the PCR amplification of theribA gene was fromBu. aphidicolaor a
secondary symbiont. TheribA gene fragment from the endosymbiont ofPe.
bulgaricuswas not sequenced. The number 2 in parenthesis indicates that
in T. ulmiwe detected two different secondary endosymbionts.

PCR reaction mixture (50�l) comprised 0.3�l of Taq
polymerase (5 U/�l) (Amersham, Pharmacia), 5�l of 10×
reaction buffer, 2�l of each 10�M primer solution, 2�l of
5�M dNTPs and DNA. PCR reactions were performed in
GeneAmp PCR system 2400 (Perkin-Elmer) in the follow-
ing conditions: Initial detanuration step of 2 min at 94◦C, 30
cycles of 20 s at 94◦C, 30 s at 48◦C and 20 s at 72◦C and a
final step of 4 min at 72◦C.

2.3. DHPLC analysis

PCR product analyses were performed by DHPLC on
a WAVE DNA Fragment Analysis System (Transgenomic).
WAVEMaker software was initially used to predict the appro-
priate range of temperature to produce partial denaturation of
Bu. aphidicolaPCR products. Injection volumes were gener-
ally in the range of 5–10�l. An analytical column DNASep
(Transgenomic) was used. The mobile phase was composed
of a binary gradient of buffer A (0.1 M triethylammonium
acetate, TEAA) and buffer B (0.1 M TEAA/25% acetoni-
trile) (from 53 to 61% buffer B) at a flow rate of 0.9 ml/min.
The products were detected by absorbance at 260 nm. Oven
temperature was 56◦C for most of the analyses. A fraction
collector CFC203B (Gilson) was used to collect the eluted
volumes with time intervals of 15 s between 2 and 6 min of
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hey belong to different taxonomic groups, but some
hem are related toBu. aphidicola, belonging to gamma
roteobacteria. One important characteristic of the seco
ndosymbionts is that they present intermediate AT

ents in relation to many closely related free-living bacte
pecies such asE. coliorSalmonellaspp.[13].

Here we show a method based on DHPLC that permit
dentification of DNA molecules based on a strong correla
etween their GC contents and retention times.

. Experimental

.1. DNA extraction

Insects from ten aphid species were used in this study
able 1) and were collected in several Spanish locations.
otal aphid DNA, including that coming from its bacter
ndosymbionts, was obtained as previously described[15].

.2. PCR amplification

Two degenerate oligonucleotide primers were initially
igned for the amplification of a 280 bp fragment of theribA
ene which encodes GTP cyclohydrolase II, an enzym
olved in riboflavin metabolism. The primers were desig
n regions of the RibA protein with high amino acid conse

ion in gamma-Proteobacteria. Forward primer (ribAdF1′-
AAGAAGCTATATTACCWACWYVWTKKGG-3 ′) and

everse primer (ribA-dR1, 5′-TARACCDATRTTNCKN-
CYTCYTG-3′).
lution. In the case ofTetraneura ulmi, 10�l of several frac
ions between 2.5 and 5.5 min were used for PCR rea
cation with primers ribAdF1 and ribAdR1. The produ
f these PCR reactions were analysed by DHPLC (see

ion 3). Two independent measurements of the retention
ere determined for each type of DNA fragment.

.4. DNA sequencing

PCR products were purified with the QIAquick PC
urification kit (Qiagen). Fractions eluted from DHP
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were directly used for sequencing or previously con-
centrated with a SpeedVac (Savant), depending on the
DNA concentration estimated from the peak area. Primers
ribAF1 and ribAR1 were used for sequencing. Because
of some problems with the forward primer, two addi-
tional internal forward primers were designed. One, expect-
ing to amplify this gene fromBu. aphidicolastrains (rib-
AdF4, 5′-AAAATCACRTTGCWYTWRTWTATGG-3′) and
the other from species related to the already known sec-
ondary symbionts (ribAdF3, 5′-TTTGAAGAATTAGCKAC-
KGGRMAYGA-3′). The inability of the latter to sequence
the majorityT. ulmi secondary symbiont forced the cloning
of this PCR product in a pGEM T-easy plasmid (Promega)
and the sequencing of it with plasmid primers SP6 and T7.
Sequencing was carried out on ABI 3700 equipment (Ap-
plied Biosystems) with a BigDye v3.1 Cycle sequencing kit
(Applied Biosystems).

2.5. DNA sequence analyses

STADEN package software (http://www.mrc-lmb.cam.ac.
uk/pubseq/) was used for the assembly and visual inspec-
tion of the sequences. In order to make a primary identifica-
tion of our sequences, they were compared with sequences
present in public databases using BLAST[16]. A phyloge-
n ed
w ec-
o aly-
s s
p ernal
b r the
n 362–
A

3. Results and discussion

PCR amplification with primers ribAdF1 and ribAdR1
from ten aphid species produced, in all cases, a single band
of around 280 bp. This was the expected size for the fragment
of the ribA gene based on the previously known sequences
of several gamma-Proteobacterial species (273–276 bp). DH-
PLC analyses at temperatures ranging from 48 to 60◦C were
performed with a linear gradient of 48–53% B in 0.1 min fol-
lowed of 53–61% B in 4 min. The temperature of 56◦C was
selected for further analyses because non complete denatura-
tion was produced for all of the analysed fragments. At this
temperature we expected that all molecules to be partially
denatured, but to a different extent depending on their base
composition.

The DHPLC profiles obtained with the different samples
were highly variable, with elution time peaks ranging from
about 2.5 to 5.0 min (Fig. 1). A single wide peak of short
retention time (ca. 2.5 min) was observed in some samples.
In contrast, other DHPLC profiles were composed of two or
more peaks. The two-peak profile, or the profile with a peak
and a shoulder, was observed in 7 out of the 10 samples.
To determine the DNA molecules generating such peaks, a
fraction collector was used to recover the DNA from the two
peaks of a sample. The collected fractions were sequenced
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etic reconstruction by maximum likelihood was perform
ith the program TREEPUZZLE version 5.0. First and s
nd nucleotide codon positions were used for the an
is. The quartet puzzling method[17] implemented in thi
rogram, was used to obtain the support for each int
ranch. Accession numbers of the EMBL database fo
ucleotide sequences reported in this work are AJ634
J634640.

ig. 1. DHPLC profiles of PCR products of a fragment of theribA gene fro
3), A. pisum(4), P. bursarius(5), E. lanuginosum(6), T. ulmi (7), Pt. per
f PS-DVB particles, 2.2�m, 4.6 mm× 50 mm length; mobile phase, 0
etection, UV, 260 nm.
ith the two flanking primers. This revealed that the two D
eaks corresponded exactly to the same sequence. We
nly detect a difference in two nucleotide positions at th′
nd of the forward primer whose degenerations consist

wo K (G or T). While both were G in the sequence of
igh retention time peak, in the low retention time peak b
and T were observed in the sequencing electropherog
e have observed that WAVEMaker software predicts

erial endosymbionts of aphids:C. cedri(1),Pa. juglandis(2),Pe. bulgaricus
), B. pistaciae(9) andR. padi(10). Column, DNASep® Cartridge matrix
EAA, pH 7.65, 25% acetonitrile; flow rate, 0.9 ml/min; temperature,◦C;

http://www.mrc-lmb.cam.ac.uk/pubseq/
http://www.mrc-lmb.cam.ac.uk/pubseq/
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the region near the primer ribAdF1 is not denatured at 56◦C
when these two G are present in the molecule, but that it
is almost completely denatured if two T are present, with
intermediate situations for one T and one G. For that reason,
we consider that the different retention time peaks observed
for a single PCR product are related to these two partially
denatured DNA molecules. For our next analyses we will
only compare the values of the shorter retention time peaks,
which in most cases are the majority ones.

The DHPLC profile of theT. ulmiPCR product was more
complex with a major peak at 2.6 min and two small peaks
at 4.4 and 5.1 (marked with arrows atFig. 2A); A system
peak at 3.7 min is observed in these conditions in all DHPLC
chromatograms. In order to separate the apparently different
two DNA products observed in this chromatogram, we per-
formed a new PCR with eluted fractions collected at different
times. While the PCR reaction from fractions of around 3 min
amplified the DNA with the shorter retention time, the PCR
from samples of around 5 min produced an enrichment of
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peaks at 4–5 min compared with the 2.6 peak (Fig. 2B). Af-
ter direct sequencing of the reamplified PCR products, we
were able to identify the presence of three species. One was
AT rich (peak at 2.6 min) and belonged toBu. aphidicola. The
peak at 4.3 min was shown to be majoritarily composed of a
PCR product of 48% GC content but with a minor product
of 43% GC. The existence of the minor product was revealed
because one internal primer used for sequencing was unable
to anneal the 48% GC DNA molecule and rendered the se-
quence of the minority product. In order to determine the ex-
act retention time of the more GC rich product, we separated
the 4–5 min enriched PCR product with DHPLC at higher
temperatures, finding that at 63◦C we were able to observe
their partial separation (Fig. 3A, arrow marks the peak cor-
responding to the partially denatured DNA molecule from
a minority secondary endosymbiont fromT. ulmi), while at
64.5◦C we produced the complete isolation of the majority
product because, in contrast to the minority, it was already
eluting as a partial denatured DNA molecule (Fig. 3B). We
collected, cloned and sequenced the DNA from this fraction
and estimated the exact retention time at 56◦C.

The remaining PCR products, except the one fromPe-
riphyllus bulgaricus, were sequenced and compared with
ig. 2. DHPLC isolation of DNA molecules belonging to different b

erial endosymbionts of a single aphid. (A) Elution profile of the PCR
roduct fromribA gene fragment from bacterial endosymbionts ofT. ulmi.
eak at 2.6 min is produced byBu. aphidicolaDNA. Minority peaks
arked with arrows correspond to secondary endosymbiont DNA. A sys-

em peak at 3.7 min is observed in these conditions in all DHPLC chro-
atograms. (B) DHPLC profiles after PCR reamplification of fractions of

he eluted volumes from chromatogram A. Elution times at fraction collec-
or of 2.5–2.75 min (9), 2.75–3.0 min (8), 3.0–3.25 min (7), 3.25–3.5 min
6), 4.25–4.5 min (5), 4.5–4.75 min (4), 4.75–5.0 min (3), 5.0–5.25 min (2)
nd 5.25–5.5 min (1). Elution times at absorbance detection cell were at

east 0.5 min smaller. Column, DNASep® Cartridge matrix of PS-DVB par-
icles, 2.2�m, 4.6 mm× 50 mm length; mobile phase, 0.1 M TEAA, pH
.65, 25% acetonitrile; flow rate, 0.9 ml/min; temperature, 56◦C; detection,
V, 260 nm.
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ig. 3. Chromatograms of the PCR reamplification product from fra

(seeFig. 2B) detected by DHPLC at 63◦C (A) and 64.5◦C (B). Arrow
arks the peak corresponding to the partially denatured DNA molecule from
minority secondary endosymbiont fromT. ulmi (A) which become com-

letely denatured at 64.5◦C (B). The highest peak (A and B) corresponds
o the DNA molecule from the majority secondary endosymbiont. Column,
NASep® Cartridge matrix of PS-DVB particles, 2.2�m, 4.6 mm× 50 mm

ength; mobile phase, 0.1 M TEAA, pH 7.65, 25% acetonitrile; linear gra-
ient, 48–53% B in 0.1 min, 53–61% B in 4 min; flow rate, 0.9 ml/min;

emperature, 56◦C; detection, UV, 260 nm.
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the already published sequences of theribA gene from the
Bu. aphidicolastrains BAp and BBp, endosymbionts of
Acyrthosiphon pisum[18] andBaizongia pistaciae[9], re-
spectively, and with the sequences of several free-living
gamma-Proteobacterial species. In spite of the shortness of
the sequence, the phylogenetic reconstruction permitted the
identification of theBu. aphidicolasequences because they
formed a monophyletic group with high support (Fig. 4). The
rest of the sequences were identified as secondary symbionts
belonging to different gamma-Proteobacterial species. They
probably belong to the U, T, R and V types described earlier
[12,14]. A summary of the taxonomic classification of the se-
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quences is shown (Table 1). The absence of aBu. aphidicola
sequence in four aphid species belonging to the subfamilies
Lachninae, Myzocallidinae and Chaitophorinae would be as-
sociated to the loss of theribA gene in theBu. aphidicola
strain from these lineages or to the inability of the degenerate
primers to amplify this sequence.

Because of the primer associated degeneration of the ends
of the PCR products, the GC contents of each fragment were
determined for the DNA sequence composed between the two
primers. These values are expected to be only slightly smaller
than those obtained if the average of all possible sequences
for a fixed PCR product is estimated (data not shown). Our set
of bacterial sequences showed values ranging between 24.5
and 49.0% GC. This range may be subdivided for theBu.
aphidicolastrains (24.5–31.8), and for secondary endosym-
bionts (42.1–49.0). When the GC content percentage of each
molecule was plotted against its retention time at 56◦C, a
high positive correlation was observed (Fig. 5). The high
correlation coefficient (0.978) showed that the main factor
contributing to the retention time was the GC content of the
DNA product. Other factors such as the distribution of the
bases along the DNA fragment or the length of the DNA
product seem to have a minor effect on this molecule. In
fact the ribA fragments fromBu. aphidicolafrom T. ulmi
andEriosoma lanuginosumare slightly larger than the oth-
e y no
e

her
m rger
e the
u on of
D NA
f that
ig. 4. Phylogenetic tree obtained by maximum likelihood from a nucleotide
lignment of a fragment of theribA gene. Gene names from free-living bac-

erial species:Haemophilus influenzae(HI1224)Yersinia pestis(YPO2227)
almonella typhi(STY1344) andE. coli(B1281) Gene names and insect host
ames from completely sequencedBu. aphidicolagenomes: BAp (BU271,
. pisum) and BBp (BBp252,B. pistaciae). Abbreviations and host names

or sequences obtained in this work: (a)Bu. aphidicolastrains: BTu (T. ulmi),
El (E. lanuginosum), BRp (R. padi), and BPb (P. bursarius); (b) secondary
ndosymbionts: 2Ptp (Pt. persicae), 2Paj (Pa. juglandis), 2Cc (C. cedri),
Tu-A (T. ulmi, minority endosymbiont), and 2Tu-B (T. ulmi, majority sec-
ndary endosymbiont).

F lyses
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rs (294 and 285 bp versus 273–276 bp) with practicall
ffect on the correlation coefficient.

Although we cannot discard the possibility that ot
olecules were affected by the base distribution in a la

xtension than ourribA PCR product, we propose than
se of DHPLC as a second dimension for the separati
NA molecules may be applied to the analyses of other D

ragments. The choice of an appropriate temperature

ig. 5. Relationship between retention time obtained in DHPLC ana
t 56◦C and GC content of theribA PCR product sequences. Open
lose diamonds correspond to secondary endosymbionts andBu. aphidi-
olastrains, respectively. Column, DNASep® Cartridge matrix of PS-DVB
articles, 2.2�m, 4.6 mm× 50 mm length; mobile phase, 0.1M TEAA, p
.65, 25% acetonitrile; linear gradient, 48–53% B in 0.1 min, 53–61

n 4 min; flow rate, 0.9 ml/min; temperature, 56◦C; detection, UV, 260 nm
orrelation coefficient,R= 0.978 (n= 10).
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permits their migration in a partial denatured stage will also
be an important factor.

4. Conclusions

Our results indicate that DHPLC may be used to deter-
mine if we have amplified one or more DNA molecules after
a PCR reaction. In addition, we can determine the approxi-
mate GC content of the molecule and, in this way, determine
if this DNA molecule may belong to the searched for species.
However, it is crucial to select an appropriate temperature to
produce the partial denaturation of the molecules. In our study
we have separated molecules from 25 to 49% GC. Molecules
smaller than 25% would probably become completely dena-
tured at 56◦C, while others with higher GC contents would
migrate as non-denatured dsDNA according to their sizes.
We have also shown that the use of the DHPLC permits the
isolation, or at least enrichment, of a specific DNA molecule
from a mix of PCR products. The collected fractions may be
used later for PCR reamplification or directly for sequencing
or cloning.
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