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The pSub201-pAAV/Ad plasmid cotransfection system was developed to eliminate homologous recombina-
tion which leads to generation of the wild-type (wt) adeno-associated virus type 2 (AAV) during recombinant
vector production. The extent of contamination with wt AAV has been documented to range between 0.01 and
10%. However, the precise mechanism of generation of the contaminating wt AAV remains unclear. To char-
acterize the wt AAV genomes, recombinant viral stocks were used to infect human 293 cells in the presence of
adenovirus. Southern blot analyses of viral replicative DNA intermediates revealed that the contaminating
AAV genomes were not authentic wt but rather wt AAV-like sequences derived from recombination between (i)
AAV inverted terminal repeats (ITRs) in the recombinant plasmid and (ii) AAV sequences in the helper plas-
mid. Replicative AAV DNA fragments, isolated following amplification through four successive rounds of am-
plification in adenovirus-infected 293 cells, were molecularly cloned and subjected to nucleotide sequencing to
identify the recombinant junctions. Following sequence analyses of 31 different ends of AAV-like genomes
derived from two different recombinant vector stocks, we observed that all recombination events involved 10
nucleotides in the AAV D sequence distal to viral hairpin structures. We have recently documented that the
first 10 nucleotides in the D sequence proximal to the AAV hairpin structures are essential for successful rep-
lication and encapsidation of the viral genome (X.-S. Wang et al., J. Virol. 71:3077–3082, 1997), and it was
noteworthy that in each recombinant junction sequenced, the same 10 nucleotides were retained. We also ob-
served that adenovirus ITRs in the helper plasmid were involved in illegitimate recombination with AAV ITRs,
deletions of which significantly reduced the extent of wt AAV-like particles. Furthermore, the combined use of
recombinant AAV plasmids lacking the distal 10 nucleotides in the D sequence and helper plasmids lacking the
adenovirus ITRs led to complete elimination of replication-competent wt AAV-like particles in recombinant
vector stocks. These strategies should be useful in producing clinical-grade AAV vectors suitable for human
gene therapy.

Adeno-associated virus type 2 (AAV) is a nonpathogenic hu-
man parvovirus which contains a single-stranded, linear DNA
genome of 4,680 nucleotides (45). AAV is dependent on coin-
fection with a helper virus, such as adenovirus or herpesvirus,
for its optimal replication (3, 4), but in the absence of a helper
virus, the wild-type (wt) AAV genome integrates into the host
chromosome in a site-specific manner and establishes a latent
infection (18–20, 39). Three elements of the AAV genome are
required for the viral replicative life cycle. The first is a pair of
inverted terminal repeats (ITRs) which fold into hairpin struc-
tures, and the 39 end serves as a primer for AAV DNA repli-
cation (12, 23, 35, 38, 43). ITRs are also required for AAV
genome encapsidation and integration (10, 38, 47). The second
is the rep gene which codes for four viral replication (Rep)
proteins (4, 5, 26). Rep proteins are also required for viral gene
expression, DNA encapsidation, and site-specific integration
(2, 5–8, 14–16, 21, 24, 25, 35, 40). And the third is the cap gene
which encodes the viral capsid (Cap) proteins required for viral

assembly (35, 45). ITRs are the sole cis-acting sequences re-
quired for viral DNA replication, encapsidation, and integra-
tion (37). Based on the fact that AAV is a nonpathogenic
human parvovirus that can infect both dividing and nondivid-
ing cells (8, 30), and that it can stably integrate into the host
chromosome, recombinant AAV vectors have been developed
as a potentially useful alternative to the more commonly used
retrovirus and adenovirus vectors for human gene therapy (4,
9, 26, 37, 41, 44, 44a).

The production of recombinant AAV utilizes a vector con-
taining a transgene cassette flanked by the viral ITRs. Recom-
binant vectors are generated by cotransfecting the recombinant
AAV plasmid and a helper plasmid into adenovirus-infected
cells (36, 37). The helper plasmid contains the AAV rep and
cap genes which provide Rep and Cap proteins in trans, re-
spectively, required for efficient rescue of the recombinant
AAV genome from the recombinant plasmid, followed by rep-
lication and encapsidation into progeny virions. Rescue, repli-
cation, and packaging of the AAV genome do not occur from
the helper plasmid which lacks the AAV ITR. However, sev-
eral reports have documented that wt AAV particles are also
generated during recombinant AAV vector production (11, 17,
21, 26, 33, 42), but the underlying mechanism of generation of
the wt AAV remains unknown. Whether the contaminating
AAV is truly authentic wt AAV or whether these particles
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originate following recombination between the recombinant
AAV and the helper plasmids also remains unclear. In pursuit
of answers to these questions, we have carried out systematic
analyses of the wt AAV genomes molecularly cloned from two
different recombinant AAV vector stocks. Our data indicate
that (i) the contaminating AAV is not authentic wt AAV but
rather wt AAV-like, (ii) wt AAV-like particles are generated
by nonhomologous recombination between the recombinant
AAV and the helper plasmids, (iii) adenovirus ITRs in the
helper plasmid contribute to generation of these particles, (iv)
the recombinant sites in the AAV ITRs are crowded around
the distal 10 nucleotides in the D sequence, and (v) removal of
the adenovirus ITRs from the helper plasmid and deletion of
the distal 10 nucleotides in the D sequence from the recombi-
nant plasmid lead to elimination of replication-competent wt
AAV-like particles.

MATERIALS AND METHODS

Cells, viruses, and plasmids. The human embryonic kidney cell line 293 was
obtained from the American Type Culture Collection (Rockville, Md.), and the
human nasopharyngeal carcinoma cell line KB was obtained from Asok C.
Antony, Indiana University School of Medicine, Indianapolis. Cells were main-
tained as monolayer cultures in Iscove’s modified Dulbecco’s medium supple-
mented with 10% fetal bovine serum, penicillin, and streptomycin as previously
described (27). The human adenovirus type 2 (Ad2) stock was obtained from
Kenneth H. Fife, Indiana University School of Medicine, and propagated as
previously described (28). The AAV helper plasmid containing the AAV coding
sequences flanked by the Ad5 ITRs, pAAV/Ad (37), was supplied by Richard J.
Samulski, University of North Carolina, Chapel Hill. An AAV helper plasmid
lacking the Ad5 ITRs, pSP-19, has been described previously (48), and an
additional AAV helper plasmid, pAAVp5, was constructed such that the AAVp5
promoter sequences were inserted downstream of the polyadenylation signal of
AAV as follows. A 693-bp BalI-SacI DNA fragment containing the AAV p5
promoter sequences was isolated from plasmid pSub201 (36), digested with BbvI,
and treated with the Klenow fragment of Escherichia coli DNA polymerase I. A
203-bp BalI-BbvI fragment was recovered, digested with XbaI, and ligated at the
39 end of the AAV genome in plasmid pSP-19 partially digested with XbaI and
completely digested with SpeI. Each of these three helper plasmids is shown
schematically in Fig. 1. Recombinant AAV plasmids pCMVp-lacZ, containing
the human cytomegalovirus (CMV) immediate-early promoter-driven b-galac-
tosidase gene (31, 32), and pWP-8A, containing the genes for resistance to
tetracycline and the herpesvirus thymidine kinase promoter-driven gene for
resistance to neomycin (29), have also been described previously. The construc-
tion of plasmid pD-10, which contains deletions in the distal 10 nucleotides in the
D sequence within the AAV ITRs, was described recently (49). The CMV
promoter-driven lacZ gene sequences were also inserted in the pD-10 vector to

generate a recombinant plasmid, pBK-2. Standard cloning techniques were used
for constructing all recombinant plasmids (34).

Packaging of recombinant AAV. DNA transfections were performed by the
calcium phosphate coprecipitation method essentially as previously described
(34). Briefly, 15 mg of recombinant AAV plasmid (pCMVp-lacZ, pWP-8A, or
pBK-2) and 15 mg of the AAV helper plasmid (pAAVp5, pAAV/Ad, or pSP-19)
were used per 15-cm-diameter dish of 70% confluent 293 cells. Eight hours
posttransfection, the medium was replaced with fresh medium containing 20
PFU of Ad2. The cultures were incubated at 37°C in a CO2 incubator for 65 to
72 h, and cells were harvested. The cell pellets were subjected to three cycles of
freezing and thawing. CsCl was added to a final density of 1.4 g/cm3 and centri-
fuged in an SW50.1 swinging-bucket rotor at 35,000 rpm for 48 h at 20°C.
Fractions with refractive indices of 1.371 to 1.374 were pooled and dialyzed in 13
phosphate-buffered saline, followed by exhaustive digestion with DNase I. Clar-
ified supernatants were heated at 56°C for 30 min to inactivate Ad2. Equivalent
amounts were analyzed on quantitative DNA slot blots, using 32P-labeled DNA
probes specific for wt AAV, lacZ, or neo sequences as previously described (22).

AAV DNA replication and amplification assays. Approximately 70% confluent
293 cells in 10-cm-diameter dishes were coinfected with recombinant AAV (mul-
tiplicity of infection of 10) and Ad2 (10 PFU). Seventy-two hours postinfection,
low-Mr DNA samples were isolated by the procedure described by Hirt (13).
Equivalent amounts of low-Mr DNA, with or without prior digestion with re-
striction endonucleases, were analyzed by Southern blotting using a 32P-labeled
DNA probe specific for AAV coding sequences. To amplify the replication-com-
petent wt AAV in the recombinant vector stocks, 293 cells were coinfected with
recombinant AAV (multiplicity of infection of 10) and Ad2 (10 PFU) as de-
scribed above. Seventy-two hours postinfection, cells were harvested and sub-
jected to three cycles of freezing and thawing. Clarified culture supernatants
were used to infect 293 cells with 10 PFU of Ad2 again. This process was
repeated for a total of four rounds.

Molecular cloning and sequencing of the wt AAV-like genomes. After four
rounds of amplification, the supernatants were used to infect 293 cells with 10
PFU of Ad2. Low-Mr DNA samples were isolated 72 h postinfection, digested
with restriction endonuclease BalI, and cloned into the EcoRV site of plasmid
pBluescript II SK(1). Bacterial colonies containing plasmids with AAV se-
quences were selected by in situ colony hybridization using 32P-labeled AAV
DNA as a probe. Nucleotide sequence analyses of each of the inserted full-length
AAV genomes were carried out with T3 and T7 primers as previously described
(50).

RESULTS

Contamination of the recombinant AAV vector stocks with
wild-type AAV-like particles. Several groups have reported
that recombinant AAV stocks contain various levels of con-
taminating wild-type AAV particles (11, 17, 21, 26, 33, 42).
There are two possible sources of this contamination. First, the
helper adenovirus stocks may contain low levels of wt AAV,
which is unlikely to be the case; second, the contaminating
AAV particles are not truly authentic AAV but are generated
by recombination events involving the recombinant AAV and
the helper plasmids. Indeed, wt AAV genomes present in the
recombinant vector stocks were not exactly like the wt AAV
genome because of differences in the patterns of hybridization
following digestion with various restriction endonucleases
and Southern blot analyses. For example, when recombinant
vCMVp-lacZ vector stocks, produced following cotransfection
with plasmids pCMVp-lacZ and pAAVp5 and purified on CsCl
gradients, were used to infect Ad2-infected 293 cells and low-
Mr DNA were analyzed by using the AAV right-end EcoRI-
XbaI DNA fragment as a probe, the results shown in Fig. 2a
were obtained. It is clear that the replicated AAV genomes
could be digested with restriction enzymes SacI, XbaI, and BalI
but not with ClaI. Based on these results, the following con-
clusions can be drawn. First, the recombinant AAV vector
preparations are free of the authentic wt AAV contamination
since the wt AAV genome contains only one SacI site and no
XbaI sites; second, the contaminating AAV genomes are de-
rived from the helper plasmid since there are three SacI and
two XbaI sites in the helper plasmid (Fig. 2b), and digestion
with SacI or XbaI generated the DNA fragments of the ex-
pected sizes. Thus, these contaminating AAV particles are wt
AAV-like particles.

FIG. 1. Schematic representation of the recombinant AAV helper plasmids.
The three viral promoters are marked by arrows, and the viral rep and cap genes
are represented by shaded and cross-hatched boxes, respectively. The Ad ITRs
are denoted by closed boxes, and the plasmid vector backbones are indicated by
thin lines.
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Strategies for molecular cloning and sequencing of the wt
AAV-like genomes. To investigate the mechanism of genera-
tion of these wt AAV-like particles, it became necessary to
characterize these genomes at the nucleotide sequence level.
Figure 3 illustrates how these wt AAV-like particles might be
generated during recombinant AAV vector production as well
as the strategy to characterize these wt AAV-like genomes.
Briefly, following cotransfection of the recombinant AAV plas-
mid containing a gene of interest and the AAV helper plasmid
containing the viral rep and cap genes in Ad2-infected 293 cells,
most virions contain the recombinant AAV genome; however,
a small population of virions contain the wt AAV-like genome
which is comprised of AAV ITRs (derived from the recombi-
nant AAV plasmid) and the viral rep and cap genes (derived
from the helper plasmid), all of which are required for AAV
replication and encapsidation. The viral genomes were ampli-
fied following four rounds of amplification in Ad2-infected 293
cells. Low-Mr DNA samples were digested with BalI restriction
endonuclease, which cleaves within the AAV hairpin structure
at nucleotide 121 in plasmid pSub201 (36), and molecularly
cloned and sequenced as described in Materials and Methods.
BalI digestion of these replication-competent AAV-like ge-
nomes would be expected to yield one fragment containing the
AAV D sequence and the putative recombination junction
sites since our previous studies have documented that the first
10 nucleotides in the D sequence are required for high-effi-
ciency replication and encapsidation of the AAV genome (47–
49). Indeed, a single DNA fragment was detected on Southern
blots following digestion with BalI (Fig. 2a). A total of 24
recombinant plasmids were sequenced, 22 of which contained
intact AAV genomes. These plasmids could be divided into six
groups, A, B, C, D, E, and F, the left and the right junction
sequences from which are presented in Fig. 4. The left junction
in plasmids from group A contains the first 19 nucleotides of
the D sequence and the left end of the AAV genome. Based on
the sequence, it is clear that this genome is not the authentic wt
AAV since it lacks the portion between the D sequence and

the AAV p5 promoter. The right junction in plasmids from
group A contains the same 19 nucleotides of the D sequence,
30 additional nucleotides that match the left end of plasmids
from group A, and the right end of the helper plasmid. Thus,
these wt AAV-like particles contain all of the elements re-
quired for DNA replication, such as the AAV ITR, as well as
the rep and the cap genes. Furthermore, these data suggest that
the wt AAV-like particles are generated by nonhomologous
recombination between the recombinant AAV plasmid and
the helper plasmid. The 30 nucleotides at the right end of
plasmid A are derived from the left end of the helper plasmid,
which suggests that the recombination event first occurred at
the left end of the genome. The sequence at the right end of
plasmids from group A arose most probably from repair and/or
recombination between the left and the right ends of the re-
combinant AAV genome and not from that between the re-
combinant AAV and the helper plasmid DNA. In plasmids
from group B, both ends contain the entire D sequence, but
the recombination junctions between the AAV ITR derived
from the recombinant plasmid and the AAV genome derived
from the helper plasmid are completely different. Similarly, in
plasmids from group C, the left and right ends contain 17 and
19 nucleotides in the D sequence, respectively, but the recom-
bination junctions between the AAV ITR and the AAV ge-
nome are totally different. These results suggest that recombi-
nation events involving the left and right ends are independent
of each other. In plasmids from group D, the left end is the
same as the left end in plasmids from group A, but the right
end is different from the right end in plasmids from group A.
In the plasmid from group E, the left end is the same as the left
end in plasmids from group A, but the right end is the same as
the right end in plasmids from group C. In the plasmid from
group F, the nucleotide sequence of the left end is the same as
that of the left end in plasmids from group C, and the right end
is the same as the right end in plasmids from group B. The
frequencies of these recombination events are presented in
Table 1. It appears that the Ra ITR is repaired from the La

FIG. 2. (a) Southern blot analyses for identification of replication-competent wt AAV-like genomes. Following four rounds of amplification, low-Mr DNA samples
were digested with the indicated restriction endonucleases and analyzed by Southern blotting using the right half of the AAV DNA (EcoRI-XbaI DNA fragment) probe.
m and d denote the monomeric and dimeric replicative forms of the AAV genome. (b) Schematic representation of the AAV DNA replicative intermediates. The
expected approximate sizes of DNA fragments generated by enzymes SacI (S), XbaI (X), BalI (B) from the wt and the wt AAV-like DNA are indicated. The EcoRI
(E)-XbaI (X) DNA probe specific for the right-half of the AAV genome from plasmid pSub201 is depicted as a thick line, and AAV ITRs are shown as closed boxes.
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ITR in approximately 9% of the clones. The plasmid in group
E is derived from recombination between plasmids in groups A
and C, and the plasmid in group F is derived from recombi-
nation between plasmids in groups C and B, which together
constitute approximately 9% of the clones. However, in ap-
proximately 82% of the clones examined, the recombination
event involving each ITR occurs independently.

The recombination junctions are illustrated in Fig. 5, which
indicates that most of the recombination events are clustered
in the distal 10 nucleotides in the D sequence. Interestingly,
however, there was no clear pattern of recombination sites in
the AAV helper plasmid DNA (data not shown). When the left
junction (form La) in plasmids from group A is compared with
the right junction (form Rc) in plasmids from group C (Fig. 4),
the recombination sites in the ITRs are the same but the rest
of the sequences are different. Taken together, these data
indicate that the genesis of wt AAV-like genomes is a conse-
quence of multiple, independent, nonhomologous yet nonran-
dom recombination events involving the recombinant AAV
and the helper plasmids as well as recombinant AAV-like ge-
nomes.

Role of adenovirus ITRs in recombination. To corroborate
that the distal 10 nucleotides in the D sequence were indeed

the hot spots for recombination, the wt AAV-like genomes
amplified from a different recombinant AAV vector (vTc.Neo)
generated by cotransfection of the recombinant AAV plasmid,
pWP-8A, and a different AAV helper plasmid, pAAV/Ad,
were analyzed as described above except that each of the ends
was analyzed independently. The nucleotide sequences of six
left ends and three right ends of these genomes are presented
in Fig. 6. These data further provide strong evidence that most
of the recombination events involve the distal 10 nucleotides in
the D sequence and that the recombination is nonhomologous.
Interestingly, however, upon closer examination, it became
evident that each of the junction sequences also contained the
Ad5 ITR sequences. The nucleotides in the Ad5 ITR sequence
involved in recombination events are highlighted in Fig. 7.
When a helper plasmid that lacked the Ad5 ITRs was used to
generate recombinant AAV vectors, nearly a fivefold reduction
in the recombination frequency leading to generation of wt
AAV-like particles was observed. These data are summarized
in Fig. 8. Based on sequence analyses of 7 independent clones
that were obtained with a helper plasmid that contained Ad5
ITRs, there were five sites of recombination that led to gen-
eration of biologically active wt AAV-like particles during
packaging of recombinant AAV, compared with 22 additional
clones generated with a helper plasmid that lacked the Ad5
ITRs in which there were three sites of recombination. Similar
results were obtained when the extent of generation of wt
AAV-like particles was determined by quantitative DNA slot
blot analyses (Table 2). Taken together, these results demon-
strate that the Ad5 ITRs play a role in illegitimate recombi-
nation during the generation of the wt AAV-like particles.

Strategies for elimination of the wt AAV-like particles. From
the foregoing, it stood to reason that removal of the distal 10
nucleotides in the D sequence from the recombinant AAV
vector and removal of the Ad5 ITRs from the AAV helper
plasmid might prove beneficial in substantially reducing, if
not completely eliminating, the generation of the wt AAV-like
particles during recombinant AAV vector production. This
possibility was experimentally tested as follows. The potential
hot spots of recombination were deleted in a recombinant
AAV plasmid, pD-10 (Fig. 9), the construction of which has
recently been reported (49). This vector was used to generate
a recombinant AAV plasmid, pBK-2, containing the CMV
promoter-driven lacZ gene. Four sets of recombinant vCMVp-
lacZ vector stocks were generated either with pCMVp-lacZ
(pD-20) or with pBK-2 (pD-10), with pAAV/Ad and pSP-19
(prep/cap) as helper plasmids. Quantitative DNA slot blot
analysis of each of the stocks revealed that contamination with
the wt AAV-like genomes was highest in vectors generated
from pCMVp-lacZ plus pAAV/Ad and lowest in vectors gen-
erated from pBK-2 plus pSP-19. These results, summarized in
Table 2, suggest that both adenovirus ITRs and the distal 10
nucleotides in the AAV-ITRs promote the generation of the
wt AAV-like particles. Equivalent amounts of each of the
vector stocks were also used to infect Ad2-infected 293 cells
under identical conditions. Low-Mr DNA isolated 72 h post-
infection were analyzed by Southern blotting using DNA
probes specific for lacZ or AAV sequences, respectively. These
results are shown in Fig. 10. It is evident that the lacZ probe
detected the characteristic monomeric and dimeric replicative
forms of the recombinant AAV genomes, the hybridization
intensities of which were roughly the same in all vector prep-
arations (A). Interestingly, however, when a replicate Southern
blot was probed with the AAV probe, no AAV DNA replica-
tive intermediates could be detected in the recombinant AAV
vector stocks prepared with plasmids pBK-2 and pSP-19. The
extent of generation of replication-competent wt AAV-like

FIG. 3. Experimental strategy for cloning the wt AAV-like genomes from
recombinant vector stocks. These particles generated during the recombinant
vector production are amplified through four successive rounds of infection of
adenovirus-infected 293 cells. Low-Mr DNA is digested with restriction endonu-
clease BalI, and DNA fragments are cloned in a pBluescript SK(1) plasmid
vector. AAV sequence-positive clones are subjected to nucleotide sequencing
using the T3 and T7 primers.
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particles was most pronounced in recombinant vector stocks
generated with pCMVp-lacZ plus pAAV/Ad, followed by
that with pCMVp-lacZ plus pSP-19 and pBK-2 plus pAAV/Ad
(Fig. 10B). Even when the vector stocks generated with plas-
mids pBK-2 and pSP-19 were amplified through four suc-
cessive rounds of amplification in Ad2-infected 293 cells, the
AAV probe failed to detect any replication-competent wt
AAV-like particles, whereas abundant hybridization signals
were detected in vector stocks generated with plasmids pCMVp-
lacZ and pAAV/Ad even after one round of amplification (Fig.
11). Although a low level of wt AAV-like genomes was gener-
ated even in the absence of adenovirus ITRs and the distal 10
nucleotides in the AAV D sequence (Table 2), these genomes

FIG. 4. Nucleotide sequences of the left and right junctions between AAV ITRs derived from the recombinant AAV-lacZ vector and the AAV sequence derived
from the helper plasmid (pAAVp5). The D sequence, downstream from the BalI site (CCAA), is shown in outline shadow font, and the AAV sequences from the helper
plasmid are shown in bold italic font. The sequence shown in outline italic font in the right junction in plasmids in group A (Form Ra) represents a duplication of the
same sequence from the left junction (Form La). The underlined nucleotide pairs indicate the recombination junctions.

FIG. 5. Summary of nucleotide sequences of the left and the right junctions
in AAV ITRs from the recombinant AAV-lacZ vector. The sequence at the top
represents the AAV D sequence (outline shadow font) downstream from the
BalI site. The three left and four right end sequences in the wt AAV-like
genomes are shown in the middle. The sequence at the bottom indicates the
recombination sites in AAV ITRs. The underlined nucleotides form the junc-
tions, and each asterisk represents the frequency of the recombination events.

TABLE 1. Summary of recombination junctions in
the wt AAV-like genomesa

Group Left and right junction
sequences

No. of clones/
22 plasmids

Frequency
(%)

A La 1 Ra 4 18.2
B Lb 1 Rb 6 27.3
C Lc 1 Rc 8 36.4
D La 1 Rd 2 9.1
E La 1 Rc 1 4.5
F Lc 1 Rb 1 4.5

a The nucleotide sequences obtained from 22 different plasmids containing the
wt AAV-like genome were categorized into six distinct groups (A to F), and the
left (L) and right (R) recombination junction sequences were grouped into four
forms (a to d).
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were replication incompetent (Fig. 10). Thus, these results
corroborate our contention that removal of the distal 10 nu-
cleotides in the D sequence from the recombinant AAV vector
and removal of the adenovirus ITRs from the AAV helper
plasmid are sufficient to eliminate generation of replication-

competent wt AAV-like particles during recombinant AAV
vector production.

DISCUSSION

To obtain recombinant AAV vectors that are free of any
contaminating wt AAV, we must first understand the underly-
ing molecular mechanism of generation of the wt AAV-like
particles during recombinant AAV vector production. To this
end, we considered the following three approaches. The first
approach was to purify these wt AAV-like particles, release the
single-stranded virion DNA, anneal the single strands, and
molecularly clone the duplex DNA into plasmid vectors for
sequence analyses. This was not pursued given the extremely
low titers of wt AAV-like particles coupled with the potential
difficulties in cloning these intact genomes (35, 38). Some of
these difficulties included the complexity of AAV ITR struc-
tures, incomplete reannealing, and the variability in junction
sequences in the wt AAV-like single-stranded genomes. The
second approach was to resort to amplification of the wt AAV-
like genomes by PCR. This was also considered less desirable
since amplification of the replication-defective genomes could
not be circumvented, and both ends of the wt AAV-like ge-
nomes could not be simultaneously analyzed (1). We devised a

FIG. 6. Nucleotide sequences of the left and right junctions between AAV
ITRs from the recombinant vector pWP-8A and the AAV sequence from the
pAAV/Ad helper plasmid. The D sequence is shown in outline shadow font, and
the helper plasmid sequences are shown in bold italic font. The underlined
nucleotides indicate the recombination junctions, and the asterisks represent the
recombination frequency.

FIG. 7. Nucleotide sequences of the junction fragments involving the ade-
novirus ITRs. The adenovirus ITR sequence is shown in bold italic font at the
top. The sequence in the middle corresponds to the D sequence downstream
from the BalI site in the recombinant AAV plasmid pWP-8A. The recombination
sites in the Ad5 ITR sequences are indicated by the underlined nucleotides. The
asterisks represent the recombination frequency.

FIG. 8. Nucleotide sequence analyses of recombinant junctions in the left
ITR of the wt AAV-like genomes. The AAV D sequence, starting with the BalI
site (nucleotide 122) is shown in outline font, and the rest of the AAV DNA
sequence is shown in bold font. 1Ad5-ITR denotes the helper plasmid that
contains the Ad5 ITRs (pAAV/Ad), and 2Ad5-ITR denotes the helper plasmid
that lacks the Ad5-ITRs (pSP-19) which were used as helper plasmids to gen-
erate the recombinant AAV vector stocks. The underlined nucleotides represent
the recombination sites, and the numbers indicate the observed frequency of
recombination events in 7 clones for the former and in 22 clones for the latter
that were analyzed.

TABLE 2. Extent of contamination with the wt AAV-like physical
particles in vector stocks generated from various combinations

of recombinant and helper plasmids

Recombinant
plasmida

Helper
plasmidb

Physical titer of contaminating
wt AAV-like particles (%)c

pCMVp-lacZ pAAV/Ad 2.0 3 109 (4.0)
pCMVp-lacZ pSP-19 4.0 3 108 (0.8)
pBK-2 pAAV/Ad 5.0 3 108 (1.0)
pBK-2 pSP-19 7.0 3 107 (0.1)

a Plasmids pCMVp-lacZ and pBK-2 contain the same CMV promoter-driven
lacZ gene in recombinant AAV vector backbone containing 20 and 10 nucleo-
tides, respectively, in the D sequences in the viral ITRs.

b The AAV coding sequences are flanked by adenovirus ITRs in plasmid
pAAV/Ad, but deleted in plasmid pSP-19.

c Contaminating wt AAV-like genomes in 5 3 1010 particles of each of the
recombinant vCMVp-lacZ vector stocks per ml were detected and quantitated
on DNA slot blots as previously described (22).
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third approach in which the replication-competent replicative
DNA intermediates of wt AAV-like genomes were cloned into
a plasmid and subjected to nucleotide sequence analyses. The
use of restriction enzyme BalI ensured that both monomeric
and dimeric replicative forms would be represented and that
the cloning step would be more efficient since the bulk of the
AAV ITRs would be excluded, leading to simultaneous anal-
yses of both ends of the viral genomes. However, a number of
inherent experimental restrictions could not be overcome. For
example, in order to be cloned and analyzed, AAV DNA
intermediates must be digestable with BalI. In order to be
amplified, recombinants must be efficiently rescued and pack-
aged, eliminating ITR and proximal D-sequence mutations.
Furthermore, since all recombinants are unlikely to replicate at
the same rate, there might be preferential selection of those
species that replicate more efficiently. And finally, since rep
and cap gene functions can be provided in trans, mixtures of
recombinants could be generated in which otherwise defective
mutants could trans-complement another.

Previous studies have documented that significant sequence
homology between the recombinant AAV plasmid and the
helper plasmid leads to replication-competent wt AAV (26).
To eliminate this problem, Samulski et al. (37) subsequently
developed the pSub201-pAAV/Ad packaging system in which
all homologous sequences between the two plasmids were de-
leted. However, despite this advance, we (21, 33) and others
(11, 17, 26, 42) have consistently detected the presence of wt
AAV sequences, ranging between 0.01 and 10%, in recombi-
nant AAV vector stocks. Extensive sequence analyses of the
recombination junctions in the present study revealed that the
wt AAV-like particles are generated by nonhomologous re-
combination.

The presence of Ad5 ITRs in the helper plasmid seemed to
promote recombination between the recombinant AAV and
the helper plasmids. There are two stretches of homology
between Ad5 ITR and AAV ITR sequences (AGGGG and
GGGGT), but only the latter was involved in only one of the
clones examined. Additional stretches of homology between
the Ad5 ITR and the noncoding sequences in the recombinant
AAV plasmid, pWP-8A, also exist (TCATC, TTAT, TAATGA,
AGTTT, and GGGAA [Fig. 7]); however, most of the recom-
bination sites share either no homology or only one or two
nucleotides between these sequences. These data suggest that
for the most part, four to six nucleotides are not sufficient to

mediate homologous recombination between the two plasmid
sequences. Thus, we conclude that the observed recombination
events are illegitimate. Although remarkably similar observa-
tions have recently been made by Allen et al. (1), these authors
examined only six clones (four from the left end and two from
the right end) generated by PCR amplification, which would

FIG. 9. Schematic structures of pSub201 and pD-10 recombinant AAV vectors. The D sequence is shown as a shaded box in plasmid pSub201. In plasmid pD-10,
the distal 10 nucleotides in the D sequence have been replaced by a substitute (S) sequence described previously (47, 48). The relevant restriction endonuclease sites
(XbaI in pSub201 and EcoRV in pD-10) for cloning a gene of interest are also indicated. HP, hairpin.

FIG. 10. Southern blot analyses of replication of the recombinant AAV-lacZ
and the wt AAV-like genomes generated from recombinant plasmid pCMVp-
lacZ (in pSub201) or pBK-2 (CMVp-lacZ in pD-10) with a helper plasmid
containing (pAAV/Ad) or lacking (pSP-19) Ad5-ITRs, respectively. Equivalent
amounts of low-Mr DNA isolated at 72 h posttransfection from adenovirus-
coinfected 293 cells were analyzed by Southern blotting using lacZ-specific (A)
and AAV-specific (B) DNA probes. Autoradiography was performed for 48 h
(A) and 4 days (B). m and d denote the monomeric and dimeric viral replicative
DNA intermediates, respectively.
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not discriminate between replication-competent and replica-
tion-defective wt AAV-like genomes. Furthermore, the two
ends of the viral genomes were analyzed independently. In
contrast, we examined recombination junctions at both ends
simultaneously in a substantially larger population (22 clones)
of replication-competent wt AAV-like genomes in our studies.
Our data also indicate that most of the recombination events
involve the distal 10 nucleotides in the D sequence. It is likely
that recombination events occur in the proximal 10 nucleotides
in the D sequence as well, but since the first 10 nucleotides of
the D sequence are indispensable for replication and encapsi-
dation of the AAV genome (47–49, 51), we surmise that such
recombination events lead to production of replication-defec-
tive wt AAV-like particles.

A number of approaches have been used to obtain wt AAV-
free stocks of recombinant AAV vectors (1, 9, 37, 46). Our stu-
dies offer a relatively simple strategy to achieve the same ob-
jective. Although we did not detect significant differences in
the recombinant viral titers when helper plasmids either con-
tain the Ad5 ITRs or lack them (Table 2), we suggest that it
might be prudent to avoid the use of a helper plasmid that
contains adenovirus ITRs to minimize generation of wt AAV-
like particles. Furthermore, since removal of the distal 10 nu-
cleotides in the D sequence from the next generation of pD-10-
based recombinant AAV vectors leads to complete elimination
of replication-competent wt AAV-like particles, when a helper
plasmid lacking adenovirus ITRs is used, such a combined
approach should be useful in generating clinical-grade vectors
for human gene therapy.
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