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Abstract

Comparative bacterial genomics shows that even different isolates of the same bacterial species can vary significantly in gene content.
An effective means to survey differences across whole genomes would be highly advantageous for understanding this variation. Here we
show that suppression subtractive hybridization (SSH) provides high, representative coverage of regions that differ between similar
genomes. Using Helicobacter pylori strains 26695 and J99 as a model, SSH identified approximately 95% of the unique open reading
frames in each strain, showing that the approach is effective. Furthermore, combining data from parallel SSH experiments using different
restriction enzymes significantly increased coverage compared to using a single enzyme. These results suggest a powerful approach for
assessing genome differences among closely related strains when one member of the group has been completely sequenced. © 2002
Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
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1. Introduction

Subtractive hybridization has become an increasingly
important tool for comparative prokaryotic genomics, be-
cause it allows significant enrichment of sequences that
differ between two DNA samples. Phenotypic variation
in prokaryotes is often associated with differences in
gene content, so the isolation of DNA fragments from
these genes or associated regions is illuminating. Examples
include the identification of virulence genes in Burkholde-
ria mallei [1], pathogen-specific genes in Neisseria [2], se-
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rovar-specific genes in Salmonella enterica [3], and novel
restriction-modification systems in Helicobacter pylori [4].
Even if the function of the different regions is unclear, the
nucleotide sequences can serve as diagnostic markers for
DNA-based detection (e.g. [5-8]).

When a complete genome sequence is available, micro-
array technology using DNA-DNA hybridization can be
useful for defining regions that are present in the se-
quenced strain, but absent in unsequenced strains [9-12].
To define unique regions present in an unsequenced strain,
one option is to completely sequence the close relative,
then perform computer sequence comparisons. This ap-
proach has proven fruitful in several cases, but the projects
required substantial effort and there was little prior knowl-
edge about the nature or amount of differences likely to be
found. For example, a comparison between the complete
genomes of Escherichia coli K-12, a non-pathogenic strain,
and E. coli EDL-933, an enterohemorrhagic strain, pro-
vides a genetic basis for the different lifestyles of the two
strains [13,14]. Two pathogenic strains of H. pylori have
also been sequenced, and show significant differences in
gene content [15,16]. In both examples a predominant
source of genomic variation is the insertion or deletion
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of large (10-50-kb) DNA regions, which subtractive hy-
bridization can easily identify. These studies underscore
the need for sequence information from more than one
isolate within a closely related group. Given the effort
required for whole genome sequencing projects, it would
be highly advantageous to have an effective means to ex-
amine candidate strains for differences, thus allowing in-
formed choices for further studies.

Subtractive hybridization may provide a means to per-
form comprehensive surveys of genome differences among
closely related strains. Sequence information from com-
prehensive surveys will provide valuable insights into bio-
logical differences, and can be used to assess candidate
strains for their suitability for additional comparative ge-
nomic studies. Subtractive hybridization facilitates the
identification of DNA segments present in one genome,
termed the tester, but absent in another, termed the driver.
If a complete sequence is available for the driver, false
positives can be easily identified by computer sequence
comparisons and discarded, making the approach ex-
tremely powerful. Several different subtractive hybridiza-
tion methods have been developed (e.g. [17-20]), but all
are based on the melting and reannealing of a mixture of
tester and driver DNA fragments followed by the enrich-
ment of tester-specific sequences. In most of these meth-
ods, including suppression subtractive hybridization
(SSH), tester and driver fragments are generated by diges-
tion with a restriction endonuclease [18]. SSH has the ad-
vantage that it is PCR-based and does not require physical
separations.

We have examined the efficacy of SSH to survey pro-
karyotic genomes for differences in gene content. While
subtractive hybridization has previously been shown to
be useful for defining a handful of differences between
bacterial genomes, the ability of this technique to identify
nearly all differences in gene content has not been tested.
SSH using two sequenced strains of H. pylori provided an
ideal model to demonstrate high, representative genome
coverage. The results presented here are readily applicable
to situations in which there is little or no sequence infor-
mation for the tester strain. We also show that using mul-
tiple restriction enzymes in parallel SSH experiments sig-
nificantly reduces the effort required to reach high
coverage and specificity.

2. Materials and methods
2.1. DNA preparation

H. pylori strains 26695 and J99 were obtained, respec-
tively, from Tim McDaniel, Stanford University, Stanford,
CA, USA and Richard Alm, AstraZeneca Corporation,
Boston, MA, USA. Bacteria were grown on horse blood
agar under microaerobic conditions at 37°C. Blood agar
contained 4.4% Columbia agar base (Difco), 5% defibri-

nated horse blood (HemoStat, Dixon, CA, USA), 10 ug
ml™! vancomycin, 5 pg ml~! cefsulodin, 2.5 U ml™! poly-
myxin B, 50 ug ml™! cycloheximide, 5 ug ml~! trimetho-
prim, 8 pug ml~! amphotericin B, and 0.2% B-cyclodextrin
(all antimicrobials from Sigma). Microaerobic conditions
were established using a BBL bell jar with the BBL Cam-
pyPak (Becton Dickinson) generation system. Cells from
two to four 9-cm plates were collected and washed three
times in TE+NaCl (10 mM Tris-HCl pH 8.0, 1| mM
EDTA pH 8.0, 150 mM NaCl). The cell pellet was
freeze/thawed once using a dry ice/ethanol bath, then
DNA was extracted with 1 ml DNA STAT-60 (Tel-Test,
Friendswood, TX, USA) according to the manufacturer’s
instructions. DNA was dissolved in TE to a concentration
of approximately 0.3 ug ml~!. Restriction enzymes (New
England Biolabs, Beverly, MA, USA) were used according
to the manufacturer’s instructions. After digestion and
heat inactivation, DNA was concentrated by ethanol pre-
cipitation in the presence of 20-30 ug ml~! linear acryl-
amide as a carrier (Ambion, Austin, TX, USA) and dis-
solved in water at 300 ng ul™'.

2.2. Suppression subtractive hybridization

Genome comparisons by SSH were performed as previ-
ously described except for the differences noted below [18].
Briefly, the tester DNA is digested with a restriction endo-
nuclease and the fragments are marked by ligation to spe-
cialized oligonucleotide adapters. When the marked DNA
is denatured and hybridized to excess unmarked driver
DNA that has been digested with the same enzyme,
most tester sequences will form heterohybrids with the
driver. Tester-specific sequences, however, will self-hybrid-
ize to form amplifiable fragments that are then enriched by
PCR, cloned, and sequenced. Modified adapters were con-
structed to allow for subtractions with Sau3Al-digested
DNA: adapter 1 was formed by annealing the adapter
1 long oligonucleotide [18] with the oligonucleotide
5'-GATCACCTGCCCGG to form an adapter with ap-
propriate cohesive ends. Adapter 2 was formed by anneal-
ing the adapter 2 long oligonucleotide with the oligonu-
cleotide 5'-GATCCAATCGGCCG. Similarly, for Apol-
digested DNA, adapter 1 was formed using the oligonu-
cleotide 5'-AATTACCTGCCCGG, while adapter 2 was
formed using the oligonucleotide 5-AATTCAATCG-
GCCG. T4 DNA ligase (New England Biolabs) was in-
activated by incubation at 72°C for 20 min.

2.3. DNA sequencing

Unpurified PCR products were cloned using the pGEM
T-Easy TA cloning kit (Promega, Madison, WI, USA).
Recombinant clones were picked using a BioRobotics
(Woburn, MA, USA) BioPick automated colony picker,
and plasmid templates were prepared by boiling lysis and
magnetic bead capture using a high throughput procedure
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[21]. Sequencing of plasmid templates was performed us-
ing the Applied Biosystems (Foster City, CA, USA) Big-
Dye Terminator system and either ABI 377 or 3700 auto-
mated sequencers. The sequencing primers used were 5'-
TGTAAAACGACGGCCAGT (forward) and 5'-CAG-
GAAACAGCTATGACC (reverse).

2.4. Sequence analysis

Sequences were examined in batch by comparisons to
both H. pylori J99 and 26695 sequences using the cross_-
match program, part of the Consed software package [22].
The sequences for each genome were downloaded from
GenBank for this purpose, using accession numbers
AE001439 and AE000511 for strains J99 and 26695, re-
spectively. Cross_match allows large amounts of data to
be processed quickly in parallel on a local UNIX plat-
form. The output was downloaded to Microsoft Excel
for further manipulations. The cross_match program [22]
assigns a similarity score to each subtraction product when
compared to a designated sequence file. To calculate a
score, the optimal alignment is found, and each position
is assigned a value of +1 for a match, —2 for a mismatch,
—2 for the initiation of a gap, and —1 for every additional
gap position. For example, a 400-bp fragment will have a
score of 400 if there is an exact match to the driver ge-
nome. If no statistically significant alignment to the driver
genome is found, the cross_match program defines the
score as 0. To allow direct comparisons among fragments
by normalizing scores, the cross_match score was divided
by the length of the sequence used for comparison. In the
case of a perfect match, the normalized cross_match score
is 1, indicating the region is identical in both genomes, i.e.
a false positive. Less than perfect matches yield lower
cross_match scores, which when normalized yield values
between 0 and 1. Negative cross_match scores are not
obtained, as sequences with no or poor matches do not
yield an alignment. To determine the degree of similarity
necessary for subtraction by SSH, sequence data were
compared from subtracted versus unsubtracted clones
(see Section 3). To generate unsubtracted clones, strain
26695 genomic DNA was digested with A/ul and ligated
to both adapters 1 and 2 in the same reaction, whereupon
it was amplified, cloned, and sequenced as in the SSH
experiments.

Table 1
Summary of DNA sequencing results

3. Results
3.1. Identification of strain-specific DNA regions

H. pylori provides an excellent model system to examine
the ability of subtractive hybridization to provide high
coverage information about strain-specific gene content.
Two strains, J99 and 26695, have been completely se-
quenced and show approximately 7% unique open reading
frames (ORF) for each strain. The complete sequence of
each strain allows straightforward identification of false
positives and also allows the degree of genome coverage
for the tester strain to be easily assessed.

Our first step toward using SSH for strain comparisons
was to determine the degree of difference between tester
and driver fragments that is required for enrichment by
this method. This was examined by comparing sequences
obtained from SSH with sequences obtained from unsub-
tracted fragments. Cross_match [22] was used for batch
comparisons to the driver genome (strain J99), and the
scores were normalized as described in Section 2. The
numbers of fragments falling in given score ranges were
counted and the data for subtracted and unsubtracted
clones were compared. It was observed that enriched frag-
ments, i.e. those whose numbers increased with SSH, had
normalized scores of 0 to approximately 0.2, while the
number of other sequences decreased proportionately
(data not shown). A score of 0 means there is no similar-
ity, while a score of 1 indicates the two sequences are
identical. To our knowledge, a systematic examination of
the degree of similarity necessary for subtractive hybridi-
zation has not been previously performed. Based on these
data, we define tester-specific sequences (difference prod-
ucts) as those falling in this score range (0-0.2) when
compared to the driver genome.

Experimental subtractions were then performed to de-
termine if SSH is capable of comprehensively identifying
dissimilar regions across a whole genome. Table 1 shows
that for each strain, four SSH experiments using different
restriction enzymes (Alul, Apol, Dral and Sau3Al) were
performed. This resulted in the sequencing of 3264
H. pylori J99 clones (using 26695 as the driver) and 3744
H. pylori 26695 clones (using J99 as the driver, Table 1a).
For the J99 and 26695 sequences the average pass rates
were 90% and 86%, respectively (Table 1b). Of these high

Restriction enzyme used for SSH

Total number of clones sequenced

Sequencing pass rate (%) Tester-specific sequences (%)

199 26695 199 26695 J99 26695
Alul 864 960 92 94 22 30
Apol 864 1248 92 84 11 17
Dral 768 768 87 85 25 19
Sau3Al 768 768 88 81 17 25
Total 3264 3744 90 86 19 23
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Fig. 1. A: Percentage of unique ORFs identified by SSH with increasing
numbers of difference products isolated using a single restriction enzyme
Alul. B: Percentage of unique ORFs identified by SSH with increasing
numbers of difference products isolated using four restriction enzymes:
Alul (diamond), Apol (square), Dral (circle) and Sau3Al (triangle).

quality sequences, the proportion of difference products
for a given experiment varied from 11% to 30% (Table
Ic). These differences may reflect experiment to experi-
ment variation, but may also indicate the ability of a given
restriction enzyme to generate optimal size fragments
within each of the difference regions. Control experiments
in which unsubtracted clones were sequenced revealed
2-3% difference products, showing that substantial enrich-
ment was achieved. Parallel, independent subtractions us-
ing Alul-digested DNA and strain 26695 as the tester
showed 30% positives in each case indicating that the pro-
cedure is reproducible (data not shown).

Difference products were then mapped to the tester ge-
nome also using cross_match, and compared to the coor-
dinates of strain-specific ORFs identified by Alm et al.
[15]. An ORF was designated as ‘identified’ if a subtrac-
tion product mapped within 1 kb of the ORF. Using this
criterion, genome-wide coverage was clearly demonstrated.
Seven of the 117 unique ORFs reported by Alm et al. [15]
were excluded from this analysis because the ORFs are
interrupted in one strain, but not the other, which pre-
cludes identification by subtractive hybridization. For ex-
periments using H. pylori 26695 as the tester, all but five of
the remaining ORFs were identified: 6HP 670, 6HP 967,

6HP 986, 6HP 1188, and 6HP 1404. Given that 110 ORFs
are H. pylori 26695-specific, this means 95% were identi-
fied. The 6HP 967 ORF is 285 bp and 6HP 1404 is 288 bp,
suggesting the possibility that the small size of these ORFs
prevented their identification. The five missing ORFs are
distributed throughout the genome, implying that there
are no areas of the genome refractory to subtraction.
Analogous results were obtained when strain H. pylori
J99 was used as the tester, showing the consistency of
the approach. Of the 89 H. pylori J99-specific ORFs,
only five were not identified (94% coverage): J99 331,
J99 332, J99 726, J99 940, and J99 1306. ORFs J99 331
and J99 332 are separated by 34 bp, and are 294 and
258 bp in length, respectively. Taken together, these results
indicate that high coverage isolation of unique fragments
was obtained by subtractive hybridization, and show that
this is a viable approach for high confidence strain com-
parisons.

3.2. Different restriction enzymes provide similar coverage

SSH is a PCR-based technique, so large fragments are
not efficiently amplified so are not well represented in the
product pool. Furthermore, small fragments below about
200 bp, which would otherwise preferentially amplify, are
rarely amplified because of sequence complementarity in
the adapters, which promotes the formation of panhandle
structures that are stable enough below this size range to
greatly reduce amplification. Therefore, it is important to
have restriction fragments between 0.2 and 1.2 kb.

We compared the effectiveness of four different restric-
tion enzymes to identify strain-specific ORFs in H. pylori
strain 26695. Previous studies have relied on a single en-
zyme in SSH experiments. For the experiments reported
here, enzymes were chosen that provide average size frag-
ments of between 200 and 500 bp, as determined by aga-
rose gel electrophoresis (data not shown). Fig. 1 shows the
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identification of strain-specific ORFs in H. pylori 26695 as
a function of increasing numbers of A/ul difference prod-
ucts, i.e. sequences that showed a normalized cross_match
score of 0-0.2. Panel A shows that the curve begins to
plateau as more products represent ORFs that have al-
ready been identified in that particular experiment. For
150 difference products, 65% of the target ORFs are iden-
tified, and this number increases to 70% with 250 prod-
ucts. Panel B shows that the relationship is similar for all
enzymes used, Alul, Apol, Dral and Sau3Al; 150 differ-
ence products for each identify 65% of the strain-specific
ORFs. These results suggest that enzymes that generate
fragments of the appropriate size show approximately
the same degree of coverage.

3.3. Multiple enzymes increase coverage of unique ORFs

Having shown that difference products from the four
enzymes used showed similar degrees of coverage in SSH
experiments, we next considered whether the use of multi-
ple restriction enzymes would influence coverage when
compared to the same number of difference products
generated using a single restriction enzyme. We reasoned
that using multiple restriction enzymes would increase
coverage because in any given difference region the occur-
rence of some recognition sequences may not produce
fragments within the amplifiable size range. Fifty differ-
ence products were randomly chosen from each of the
four subtractions (using Alul, Dral, Apol and Sau3Al)
and the combined coverage was compared with 200 Alul
difference products (from Fig. 1). In each case H. pylori
26695 was the tester strain. Fig. 1 shows that the 200 Alul
products identified 69% of the tester-specific ORFs, but
200 products from the four independent subtractions iden-
tified substantially more — 86% (Fig. 2). When 400 differ-
ence products (100 from each of the four independent
subtractions) were analyzed, all but five strain-specific
ORFs were identified from the 110 H. pylori-specific
ORFs (95%) (Fig. 2). These results show that the same
number of difference products can yield substantially
greater coverage of unique regions when multiple restric-
tion enzymes are used in independent subtraction experi-
ments. Fig. 3 shows the coverage obtained by the multiple
enzyme approach in a 100-kb region of the H. pylori 199
chromosome using a percent identity plot (PIP) generated
by PipMaker [23] to compare the two sequences. The high
coverage obtained in both large and small difference re-
gions can be seen, as well as one strain-specific ORF that
was not identified (jhp0940). The sequence of jhp0940 in-
dicates that there is one A/ul fragment and two Apol frag-
ments within the optimum amplifiable size range that
could have generated difference products. This suggests
that jhp0940 remained unidentified due to the statistics
of genome coverage, and not because of the frequency
or location of the restriction enzyme recognition sequences
present in this region.

4. Discussion

Prokaryotic genome sequencing requires great effort and
cost. It is now appreciated that genomic variation within
closely related groups of prokaryotes can be substantial,
suggesting a need to define and study these differences, for
example in the case of H. pylori [24]. We have shown that
high throughput subtractive hybridization is an approach
that allows comprehensive genomic surveys of strains by
directing sequencing to regions that differ among strains.
Correlation between phenotypic differences and gene dif-
ferences is clear in many cases, such as in pathogenic ver-
sus non-pathogenic strains. This information will provide
a better view of diversity within a closely related group, as
well as allowing careful choices for more extensive genome
projects including studies directed at particular regions.
The difference products can be used for complete sequenc-
ing of novel regions when used as hybridization probes to
screen libraries, or the sequence information can be used
for the amplification and sequencing of flanking sequences
[25,26]. Also, such surveys will increase the likelihood of
finding species- or strain-specific regions useful for diag-
nostics.

Genome variation is often associated with the acquisi-
tion and deletion of large (10-50-kb) regions of DNA
[14,27]. SSH relies on the isolation of restriction frag-
ments, which are contained within such regions. The
present study exploited the complete sequences of two
H. pylori strains to test the ability of subtractive hybridi-
zation to survey the genetic differences over a whole ge-
nome comprehensively. In scenarios where the tester ge-
nome is uncharacterized, it will be straightforward to
record the number of times that identical or overlapping
clones are sequenced. These data can be used to generate a
curve, similar to that of Fig. 1, which will indicate near-
complete coverage as the number of previously unidenti-
fied subtraction products diminishes. Coverage can be
monitored in this fashion, and sequencing proceeds to a
degree chosen by the experimenters according to their re-
quirements.

Subtractive hybridization will not provide information
about point mutations or genes that are intact in one
genome and interrupted in another, but as stated above
novel gene content is a crucial aspect of genetic variation
in prokaryotes and the main impetus for genome projects.
Another limitation of all subtractive hybridization meth-
ods is that there will always be a certain proportion of
false positives. In the case of SSH, false positives arise
from sequences that, in spite of the presence of excess
driver containing complementary sequences, remain sin-
gle-stranded and are able to eventually hybridize with a
complementary strand from tester DNA to form an am-
plifiable product. Identifying false positives requires semi-
quantitative hybridization experiments [3,28] or evaluation
by PCR amplification [5,6], but these steps can be elimi-
nated when a complete sequence of the driver genome is
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available, greatly improving the power of the approach. In
the case of SSH, a method has been reported that allows
the reduction of false positives, which could reduce the
amount of sequencing necessary for genomic surveys [29].

Another valuable and immediate benefit of strain-spe-
cific sequences would be to augment information con-
tained within microarrays, thus greatly expanding the
scope of either gene content or gene expression analyses.
As more information is accumulated, it should be possible
to develop broad-based multi-strain chips that would be a
much more powerful tool than the single-strain microar-
rays now in use or under development. One more near-
term benefit would be the development of strain-specific
DNA-based diagnostic tools for rapid strain detection and
identification. In the longer term, strain-specific surface
structures could be identified that would provide attractive
targets for rapid antibody-based identification assays, and
better knowledge of a common core set of genes within a
species could help in the development of new antibiotics
and vaccines. Strain variation also provides valuable in-
sights into evolutionary processes, and finding sequences
that are common among strains will facilitate more precise
and reliable taxonomy. Finally, studies of novel genes may
help elucidate the basic biology of interesting strain differ-
ences, leading to a more fundamental understanding of
microbial diversity.
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