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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
DNA product. This allows us to determine if one or several types of molecules are amplified in the course of a PCR reaction. In the latter case
it is possible, even with minority products, to isolate them by collecting the eluted volumes, followed by cloning, sequencing or reamplifying
them by PCR, depending on the DNA concentration. We have applied this analysis to the amplification of a fragmeriibAfgaee in
the bacterial endosymbionts of insects, obtaining a high correlation coefficient (0.978) between retention time and the GC content of the
molecules.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction which are also present in the sample. Direct PCR product se-
quencing would be very fast and convenient but the putative
PCR is a potent technique that allows the amplification presence of several kinds of DNA fragments will again re-
of DNA fragments from microorganisms without the need to quire the cloning and screening of the cloned PCR products
isolate and culture each species. When degenerate primergrior to the sequencing step.
are used to amplify a specific gene from bacterial species A decade ago, the development of denaturing HPLC be-
present in environmental samples, several situations may re-came the most sensitive screening method for the detection
sult. First, it is frequent to amplify more than one species of point mutations or variations in the DNA,2]. Based on
simultaneously, which will force the cloning and screening the temperature used in the analysis, short DNA molecules
of the clones, prior to sequencing in order to detect the differ- migrate through the chromatographic column at different
ent amplified products. If the major component of the PCR speeds, depending on their interactions with the non-polar
product comes from one bacterial species, but there are oth-stationary phase and the ion-pair reagent. The ionic interac-
ers with minor frequencies, a large screening will be required tions of the negatively charged phosphates and the hydropho-
to isolate the minority clones. On the other hand, we may be bic interactions of the nucleobases are the main DNA factors
interested in the amplification of a fixed bacterial species, but responsible for the retention time. Nucleobase hydrophobic
primers may amplify the gene from other unwanted species interactions require the single strand state, and it is know that
this state depends on the temperature, the nucleotide com-
* Corresponding author. Tel.: +34 963543650; fax: +34 9634543670.  POsition and the distribution of the bases along the DNA
E-mail addressfrancisco.silva@uv.es (F.J. Silva). molecule.
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We have applied DHPLC to the separation and identifica-
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Table 1

tion of PCR products in an attempt to determine if there is a APhid species used for the extraction of total DNA

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 0f¢y thosiphum pisum

degenerate primers is a potent tool for the isolation of genesBaizongia pistaciae

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 endosymbiontpterochloroides persicae

Buchnera aphidicolawhich after an original infection up to
200 million years ago, has coevolved in parallel, always be-
ing transmitted vertically from parents to the offspridgb].
Many changes have been experienced by the genofaa.of
aphidicoladue to its special lifestyle. One of them was the
high increase in the AT contefti], while others were the loss
of genes and the genome size reducfidn After its associ-

ation with the ancestor of aphids, the endosymbiont of each

aphid lineage experienced independent gene IJ3sd9],

Aphid species Subfamily Bacterial symbiont
Buchnera Secondary
aphidicola  symbionts

Aphidinae +
Pemphiginae +

Cinara cedri Lachnidae +

Eriosoma lanuginosum  Pemphiginae +

Panaphis juglandis Myzocallidinae +

Pemphigus bursarius Pemphiginae +

Periphyllus bulgaricus Chaitophorinae +

Lachnidae +

Rhopalosiphum padi Aphidinae +

Tetraneura ulmi Pemphiginae + +(2)

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

PCR reaction mixture (5@I) comprised 0.3u of Taq

the reason why the searched for gene is not always amplifiedpolymerase (5 () (Amersham, Pharmacia), 8 of 10x

in everyBu. aphidicolastrain.

In addition, aphid species may carry facultative endosym-
bionts, which are often called secondary symbi¢his-14}
They belong to different taxonomic groups, but some of
them are related t®u. aphidicola belonging to gamma-

reaction buffer, 2ul of each 1QuM primer solution, Zul of
5uM 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"@ 30
cycles of 20s at 94C, 30s at 48C and 20s at 72C and a

Proteobacteria. One important characteristic of the secondanyfinal step of 4 min at 72C.

endosymbionts is that they present intermediate AT con-
tents in relation to many closely related free-living bacterial
species such &s. coli or Salmonellaspp.[13].

Here we show a method based on DHPLC that permits the

identification of DNA molecules based on a strong correlation
between their GC contents and retention times.

2. Experimental

2.1. DNA extraction

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 5-1QI. 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-

Insects from ten aphid species were used in this study (seetrile) (from 53 to 61% buffer B) at a flow rate of 0.9 ml/min.

Table J and were collected in several Spanish locations. The
total aphid DNA, including that coming from its bacterial
endosymbionts, was obtained as previously desciibed

2.2. PCR amplification

Two degenerate oligonucleotide primers were initially de-
signed for the amplification of a 280 bp fragment of LA

gene which encodes GTP cyclohydrolase Il, an enzyme in-

volved in riboflavin metabolism. The primers were designed
onregions of the RibA protein with high amino acid conserva-
tion in gamma-Proteobacteria. Forward primer (ribAdF41, 5
GAAGAAGCTATATTACCWACWYVWTKKGG-3’) and
reverse primer (ribA-dR1, '5STARACCDATRTTNCKN-
CCYTCYTG-3).

The products were detected by absorbance at 260 nm. Oven
temperature was 5& 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
elution. In the case dfetraneura ulmilOul of several frac-
tions between 2.5 and 5.5 min were used for PCR reampli-
fication with primers ribAdF1 and ribAdR1. The products
of these PCR reactions were analysed by DHPLC (see Sec-
tion 3). Two independent measurements of the retention time
were determined for each type of DNA fragment.

2.4. DNA sequencing

PCR products were purified with the QIAquick PCR
purification kit (Qiagen). Fractions eluted from DHPLC
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were directly used for sequencing or previously con- 3. Results and discussion

centrated with a SpeedVac (Savant), depending on the

DNA concentration estimated from the peak area. Primers PCR amplification with primers ribAdF1 and ribAdR1
ribAF1 and ribAR1 were used for sequencing. Because from ten aphid species produced, in all cases, a single band
of some problems with the forward primer, two addi- ofaround 280 bp. This was the expected size for the fragment
tional internal forward primers were designed. One, expect- of theribA gene based on the previously known sequences

ing to amplify this gene fronBu. aphidicolastrains (rib-
AdF4, 5-AAAATCACRTTGCWYTWRTWTATGG-3) and

the other from species related to the already known sec-

ondary symbionts (ribAdF3/5T TTGAAGAATTAGCKAC-
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 softwaréttp://www.mrc-Imb.cam.ac.
uk/pubsed/ was used for the assembly and visual inspec-
tion of the sequences. In order to make a primary identifica-

of several gamma-Proteobacterial species (273—-276 bp). DH-
PLC analyses at temperatures ranging from 48 ttG@ere
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*&Bwas
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 minKig. 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

tion of our sequences, they were compared with sequencedraction collector was used to recover the DNA from the two

present in public databases using BLARB]. A phyloge-
netic reconstruction by maximum likelihood was performed
with the program TREEPUZZLE version 5.0. First and sec-

peaks of a sample. The collected fractions were sequenced
with the two flanking primers. This revealed that the two DNA
peaks corresponded exactly to the same sequence. We could

ond nucleotide codon positions were used for the analy- only detect a difference in two nucleotide positions at the 3

sis. The quartet puzzling meth¢@i7] implemented in this

end of the forward primer whose degenerations consisted of

program, was used to obtain the support for each internaltwo K (G or T). While both were G in the sequence of the
branch. Accession numbers of the EMBL database for the high retention time peak, in the low retention time peak both

nucleotide sequences reported in this work are AJ634362—

AJ634640.

G and T were observed in the sequencing electropherograms.
We have observed that WAVEMaker software predicts that
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Fig. 1. DHPLC profiles of PCR products of a fragment of it gene from bacterial endosymbionts of aphi@scedri(1), Pa. juglandis(2), Pe. bulgaricus
(3), A. pisum(4), P. bursarius(5), E. lanuginosun{6), T. ulmi (7), Pt. persicag(8), B. pistaciae(9) andR. padi(10). Column, DNASef Cartridge matrix
of PS-DVB particles, 2.2m, 4.6 mmx 50 mm length; mobile phase, 0.1 M TEAA, pH 7.65, 25% acetonitrile; flow rate, 0.9 ml/min; temperatui@; 56

detection, UV, 260 nm.
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the region near the primer ribAdF1 is not denatured &tG6  peaks at 4-5 min compared with the 2.6 pefaig (2B). Af-
when these two G are present in the molecule, but that it ter direct sequencing of the reamplified PCR products, we
is almost completely denatured if two T are present, with were able to identify the presence of three species. One was
intermediate situations for one T and one G. For that reason,AT rich (peak at 2.6 min) and belongedBa. aphidicolaThe
we consider that the different retention time peaks observedpeak at 4.3 min was shown to be majoritarily composed of a
for a single PCR product are related to these two partially PCR product of 48% GC content but with a minor product
denatured DNA molecules. For our next analyses we will of 43% GC. The existence of the minor product was revealed
only compare the values of the shorter retention time peaks,because one internal primer used for sequencing was unable
which in most cases are the majority ones. to anneal the 48% GC DNA molecule and rendered the se-
The DHPLC profile of thél. ulmiPCR product was more  quence of the minority product. In order to determine the ex-
complex with a major peak at 2.6 min and two small peaks act retention time of the more GC rich product, we separated
at 4.4 and 5.1 (marked with arrows Rig. 2A); A system the 4-5min enriched PCR product with DHPLC at higher
peak at 3.7 min is observed in these conditions in all DHPLC temperatures, finding that at 6@ we were able to observe
chromatograms. In order to separate the apparently differenttheir partial separatiorg. 3A, arrow marks the peak cor-
two DNA products observed in this chromatogram, we per- responding to the partially denatured DNA molecule from
formed a new PCR with eluted fractions collected at different a minority secondary endosymbiont fromulmi), while at
times. While the PCR reaction from fractions of around 3min 64.5°C we produced the complete isolation of the majority
amplified the DNA with the shorter retention time, the PCR product because, in contrast to the minority, it was already
from samples of around 5min produced an enrichment of eluting as a partial denatured DNA molecukgq. 3B). We
collected, cloned and sequenced the DNA from this fraction
and estimated the exact retention time at66

8 The remaining PCR products, except the one fieen
riphyllus bulgaricus were sequenced and compared with
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Fig. 2. DHPLC isolation of DNA molecules belonging to different bac- o-—/|
terial endosymbionts of a single aphid. (A) Elution profile of the PCR 0 1 2 3
product fromribA gene fragment from bacterial endosymbiont§ ofilmi ) .
Peak at 2.6 min is produced W§u. aphidicolaDNA. Minority peaks Time (Minutes)

marked with arrows correspond to secondary endosymbiont DNA. A sys-

tem peak at 3.7 min is observed in these conditions in all DHPLC chro- Fig. 3. Chromatograms of the PCR reamplification product from fraction
matograms. (B) DHPLC profiles after PCR reamplification of fractions of 1 (seeFig. 2B) detected by DHPLC at 6% (A) and 64.5C (B). Arrow

the eluted volumes from chromatogram A. Elution times at fraction collec- marks the peak corresponding to the partially denatured DNA molecule from
tor of 2.5-2.75min (9), 2.75-3.0min (8), 3.0-3.25min (7), 3.25-3.5min a minority secondary endosymbiont framulmi (A) which become com-
(6), 4.25-4.5min (5), 4.5-4.75min (4), 4.75-5.0 min (3), 5.0-5.25min (2) pletely denatured at 64°€ (B). The highest peak (A and B) corresponds
and 5.25-5.5min (1). Elution times at absorbance detection cell were at to the DNA molecule from the majority secondary endosymbiont. Column,
least 0.5 min smaller. Column, DNASBCartridge matrix of PS-DVB par- DNASep® Cartridge matrix of PS-DVB particles, 2an, 4.6 mmx 50 mm
ticles, 2.2um, 4.6 mmx 50 mm length; mobile phase, 0.1M TEAA, pH  length; mobile phase, 0.1 M TEAA, pH 7.65, 25% acetonitrile; linear gra-
7.65, 25% acetonitrile; flow rate, 0.9 ml/min; temperature’, Ggdetection, dient, 48-53% B in 0.1 min, 53-61% B in 4 min; flow rate, 0.9 ml/min;
UV, 260 nm. temperature, 56C; detection, UV, 260 nm.
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the already published sequences of tifsd gene from the quences is showrTéble J). The absence of Au. aphidicola
Bu. aphidicolastrains BAp and BBp, endosymbionts of sequence in four aphid species belonging to the subfamilies
Acyrthosiphon pisunfil8] and Baizongia pistaciag9], re- Lachninae, Myzocallidinae and Chaitophorinae would be as-
spectively, and with the sequences of several free-living sociated to the loss of thgbA gene in theBu. aphidicola
gamma-Proteobacterial species. In spite of the shortness oktrain from these lineages or to the inability of the degenerate
the sequence, the phylogenetic reconstruction permitted theprimers to amplify this sequence.
identification of theBu. aphidicolasequences because they Because of the primer associated degeneration of the ends
formed a monophyletic group with high suppdfid. 4). The of the PCR products, the GC contents of each fragment were
rest of the sequences were identified as secondary symbiontsletermined for the DNA sequence composed between the two
belonging to different gamma-Proteobacterial species. Theyprimers. These values are expected to be only slightly smaller
probably belong to the U, T, R and V types described earlier than those obtained if the average of all possible sequences
[12,14] A summary of the taxonomic classification of the se- for afixed PCR product is estimated (data not shown). Our set
of bacterial sequences showed values ranging between 24.5
Haemophilus influenzae and 49.0% GC. This range may be subdivided for Bue
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 atG6a
high positive correlation was observelid. 5. The high
correlation coefficient (0.978) showed that the main factor
contributing to the retention time was the GC content of the

BTu

97

BEI

BRp DNA product. Other factors such as the distribution of the
o 95 bases along the DNA fragment or the length of the DNA
BAp product seem to have a minor effect on this molecule. In
fact theribA fragments fromBu. aphidicolafrom T. ulmi
BBp andEriosoma lanuginosurare slightly larger than the oth-

ers (294 and 285 bp versus 273-276 bp) with practically no
effect on the correlation coefficient.

Although we cannot discard the possibility that other
molecules were affected by the base distribution in a larger
extension than ouribA PCR product, we propose than the
use of DHPLC as a second dimension for the separation of
2Pgj DNA molecules may be applied to the analyses of other DNA
fragments. The choice of an appropriate temperature that
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Fig. 4. Phylogenetic tree obtained by maximum likelihood from a nucleotide 2 25 3 35 4 4.5 5
alignment of a fragment of thébA gene. Gene names from free-living bac- Retention time (min)

terial speciestHHaemophilus influenza#111224) Yersinia pestigYP02227)

SalmonellatyphiSTY1344) and. coli(B1281) Gene names andinsecthost  Fig. 5. Relationship between retention time obtained in DHPLC analyses
names from completely sequend®d. aphidicolagenomes: BAp (BU271, at 56°C and GC content of thebA PCR product sequences. Open and
A. pisum) and BBp (BBp252B. pistaciag. Abbreviations and host names  close diamonds correspond to secondary endosymbiont8andphidi-

for sequences obtained in this work: Ba). aphidicolastrains: BTuT. ulmi), colastrains, respectively. Column, DNAS®Cartridge matrix of PS-DVB
BEI (E. lanuginosu BRp (R. pad), and BPb P. bursariug; (b) secondary particles, 2.2.m, 4.6 mmx 50 mm length; mobile phase, 0.1M TEAA, pH
endosymbionts: 2PtdP¢. persicag, 2Paj Pa. juglandi3, 2Cc (C. cedr), 7.65, 25% acetonitrile; linear gradient, 48-53% B in 0.1 min, 53-61% B
2Tu-A (T. ulmi, minority endosymbiont), and 2Tu-B (ulmi, majority sec- in 4 min; flow rate, 0.9 ml/min; temperature, 56; detection, UV, 260 nm.

ondary endosymbiont). Correlation coefficieniR=0.978 =10).
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permits their migration in a partial denatured stage will also References
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