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Adeno-associated viruses (AAVs) are single-stranded DNA viruses
that are endemic in human populations without known clinical
sequelae and are being evaluated as vectors for human gene
therapy. To better understand the biology of this virus, we exam-
ined a number of nonhuman primate species for the presence of
previously uncharacterized AAVs and characterized their structure
and distribution. AAV genomes were widely disseminated
throughout multiple tissues of a variety of nonhuman primate
species. Surprising diversity of sequence, primarily localized to
hypervariable regions of the capsid protein, was detected. This
diversity of sequence is caused, in part, by homologous recombi-
nation of co-infecting parental viruses that modify the serologic
reactivity and tropism of the virus. This is an example of rapid
molecular evolution of a DNA virus in a way that was formerly
thought to be restricted to RNA viruses.

Adeno-associated viruses (AAVs) belong to the Parvoviridae
family, which is characterized as small animal viruses with

linear single-stranded DNA genomes that replicate in the pres-
ence of helper virus such as adenovirus (1). AAVs are being
evaluated as vectors for human gene therapy (2). The initial
characterization of this group of viruses was based on serologic
crossreactivity by using complement fixation and neutralizing
assays (3). Six distinct serotypes of AAV have been described, of
which five were initially isolated as contaminants of adenovirus
preparations (4–6). Sequence analysis of selected AAV isolates
revealed divergence throughout the genome that is most con-
centrated in hypervariable regions (HVRs) of the capsid pro-
teins (7–10). Epidemiological data indicate that all known
serotypes are endemic to primates, although isolation of clinical
isolates has been restricted to AAV2 and AAV3 from anal and
throat swabs of human infants and AAV5 from a human
condylomatous wart (11–14). No known clinical sequelae have
been associated with AAV infection. Vectors based on replica-
tion-defective forms of AAV have been evaluated in preclinical
and clinical models of gene therapy (2).

Materials and Methods
Nonhuman Primate (NHP) Animals. Rhesus macaques from Penn
colony were captive-bred and of Chinese or Indian origin.
Tissues of rhesus macaques were kindly provided by Gary B.
Baskin and Maurice J. Duplantis, III (Tulane University Re-
gional Primate Research Center, Covington, LA). Several NHP
centers or farms provided peripheral blood samples of other
animals used in this study including New Iberia Research Center
(New Iberia, LA), Covance (Alice, TX), Charles River Breeding
Laboratories, Buckshire Farms (Perkasie, PA), Southwest Foun-
dation of Biomedical Research (San Antonio, TX), Laboratories
of Virginia (Yemassee, SC), and University of South Alabama
(Mobile).

Detection and Recovery of AAV Sequences. DNA was extracted and
analyzed for the presence of AAV DNA by using a PCR strategy
to amplify a 255-bp (15) fragment called the ‘‘signature region’’
by using conserved oligonucleotides. To directly amplify a 3.1-kb

full-length Cap fragment from NHP tissue and blood DNAs, two
other highly conserved regions were identified in AAV genomes
for use in PCR amplification of large fragments. A primer within
a conserved region located in the middle of the Rep gene was
selected (AV1ns, 5�-GCTGCGTCAACTGGACCAAT-
GAGAAC-3�) in combination with the 3� primer located in
another conserved region downstream of the Cap gene (AV2cas,
5�-CGCAGAGACCAAAGTTCAACTGAAACGA-3�) for
amplification of full-length cap fragments. The PCR products
were Topo-cloned (Invitrogen), and sequence analysis was per-
formed by Qiagengenomics (Qiagengenomics, Seattle) with an
accuracy of �99.9%. A total of 50 capsid clones were isolated
and characterized. Among them, 37 clones were derived from
rhesus macaque tissues (rh.1–rh.37), 6 clones from cynomologus
macaques (cy.1–cy.6), 2 clones from baboons (bb.1 and bb.2),
and 5 clones from chimpanzees (ch.1–ch.5).

Characterization of PCR for Artifacts. To rule out the possibility that
sequence diversity within the previously uncharacterized AAV
family was not an artifact of the PCR, such as PCR-mediated
gene splicing by overlap extension between different partial
DNA templates with homologous sequences (16), or the result
of a recombination process in bacteria, we performed a series of
experiments under identical conditions for VP1 amplification
using total cellular DNAs. First, we mixed intact AAV7 and
AAV8 plasmids at an equal molar ratio followed by serial
dilutions. The serially diluted mixtures were used as templates
for PCR amplification of 3.1-kb VP1 fragments by using uni-
versal primers, and identical PCR conditions to that were used
for DNA amplifications to determine whether any hybrid PCR
products were generated. We also transformed the mixture into
bacteria and isolated transformants to look for hybrid clones
possibly derived from recombination process in bacterial cells. In
a different experiment, we restricted AAV7 and AAV8 plasmids
with MspI, AvaI, and HaeI, all of which cut both genomes
multiple times at different positions, mixed the digestions in
different combinations, and used them for PCR amplification of
VP1 fragments under the same conditions to test whether any
PCR products could be generated through overlap sequence
extension of partial AAV sequences. In another experiment, a
mixture of gel-purified 5� 1.5-kb AAV7 VP1 and 3� 1.7-kb AAV8
VP1 fragments with overlap in the signature region was serially
diluted and used for PCR amplification in the presence and
absence of 200 ng of cellular DNA extracted from a monkey cell
line that was free of AAV sequences by TaqMan analysis. Under
the conditions of the genomic DNA Cap amplification, none of
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these experiments generated products of PCR artifacts that
would explain the described sequence heterogeneity (data not
shown). As a further confirmation, we designed three pairs of
primers that were located at different HVRs and were sequence-
specific to the variants of clone 42s from rhesus macaque F953
in different combinations to amplify shorter fragments from
mesenteric lymph node DNA from F953, from which clone 42s
were isolated. All sequence variations identified in full-length
Cap clones were found in these short fragments (data not
shown).

Characterization of Previously Uncharacterized AAV Sequences. NHP
VP1 sequences were aligned by using CLUSTALX 1.8 (17) and
analyzed further with the Vector NTI software package (Infor-
max, Bethesda). HVRs were defined by means of the quality
scores (Q) derived from the CLUSTALX alignment. In this anal-
ysis, sequence divergence is represented by a higher number. In
short, an algorithm was developed that anchors an HVR to a
residue with (100 � Q) � 75 and then includes neighboring
residues for which (100 � Q) � 50. HVRs in close proximity
were bridged. The space-filling model of the capsid protein
structure (PDB ID code 1LP3) was made with MOLSCRIPT (18),
and the ribbon representations were prepared within the
SWISSPDB VIEWER program (19) and rendered with the Persis-
tence of Vision Ray Tracer program (POV-RAY 2000 3.1G).

The grouping of structurally similar viruses was performed
with the SPLITSTREE 3.1 program (20) making use of the split
decomposition method (21) and the Hamming distance trans-
formation. A formal test for recombination was performed by
making use of SIMPLOT software (22). For the bootscanning
phylogeny (23), a putative recombinant was analyzed with a
number of reference sequences including the proposed parental
clones. The neighbor-joining method based on the Kimura
two-parameter distance model used with a transition�
transversion bias of 2.0 was used after the generation of 100
bootstrap replicates.

Serological Analysis and Tissue Distribution of Proviral DNA. Neu-
tralizing antibodies were determined as described except the
sensitivity of the assay was increased by decreasing the amount
of vector for each serotype to 104 genome copies per cell (15).

Genome copies of AAV proviral sequences present in DNA
samples extracted from 10 different tissues of rhesus macaques
from two different colonies were quantified by real-time PCR
(ABI PRISM 7700 sequence detector, Applied Biosystems) by
using three sets of primers and probes to highly conserved
regions of Cap, CapR2b (forward, 5�-CCGACGCCGAGTT-
TCA-3�; reverse, 5�-GCCTGGAAGACTGCTC-3�; probe,
6Fam-AAGATACGTCTTTTGGGGGCA-Tamra; amplicon
size, 76 bp), CapR3b (forward, 5�-CCAATGGACAATAAC-3�;
reverse, 5�-GACAGAGTCATCACCACCA-3�; probe, 6Tam-
AATTGGCATTGCGATTCCACATG-Tamra), and RepR1b
(forward, 5�-TCCAACACCAACATGT-3�; reverse, 5�-GGCT-
GCTGGTGCTCGAAGGT-3�; probe, 6Fam-CGCCGTGATT-
GACGGGAAC-Tamra). Animals were necropsied without
prior experimentation or were being necropsied after prior
treatment with adenoviral, AAV, or lentiviral vectors. We felt
that including these latter animals was appropriate, from an
animal-welfare standpoint, to maximize available tissues for
analysis while minimizing necropsy of animals not enrolled in
other studies.

Molecular and Cellular Analyses of AAV Sequences from Tissues. In
situ hybridization was performed per established procedures
with optimization (24). Briefly, liver tissues were embedded in
Tissue-Tek (Sakura Finetek, Torrance, CA) and sectioned to 10
�m, fixed in 4% paraformaldehyde, denatured, and hybridized
to a digoxigenin-labeled probe. Hybridized probes were detected

by using a sheep antidigoxigenin antibody (Roche Molecular
Biochemicals) followed by Alexa fluor 488-labeled donkey anti-
sheep antibody (Molecular Probes). Optical sections transvers-
ing the cells were collected at 0.5-�m intervals by using a Leica
TCS SP2 confocal system and a Leica inverted DMIRBE
microscope (Leica Microsystems, Exton, PA). DNA hybrid-
ization analysis of total cellular DNA was performed as
described (25).

Results
Discovery of Diverse Populations of AAVs in NHP Populations. In an
attempt to better understand the biology of AAV, we used NHPs
as models to characterize the sequelae of natural infections.
Tissues from NHPs were screened for AAV sequences by using
a PCR method based on oligonucleotides to highly conserved
regions of known AAVs to amplify a 255-bp fragment in Cap
called the signature region, which was shown later to span
HVR3.

An initial survey of peripheral blood of a number of NHP
species revealed detectable AAV in a subset of animals from
species such as rhesus macaques, cynomologus macaques, chim-
panzees, and baboons but no AAV in other species including
Japanese macaques, pig-tailed macaques, and squirrel monkeys
(Table 1). A more extensive analysis of vector distribution was
conducted in tissues of rhesus macaques of the University of
Pennsylvania and Tulane colonies recovered at necropsy, which
revealed AAV sequence throughout a wide array of tissues (data
not shown).

The amplified signature sequences were subcloned into plas-
mids, and individual transformants were subjected to sequence
analysis. This revealed substantial variation in nucleotide se-
quence of clones derived from different animals. Variation in the
signature sequence was also noted in clones obtained within
individual animals. Tissues harvested from two animals in which
unique signature sequences were identified (i.e., colon and
heart) were characterized further by expanded PCR cloning and
subsequent sequencing of the entire reconstructed virus ge-
nomes. These viral genomes differ from the other known AAVs,
with the greatest sequence divergence noted in regions of the

Table 1. Serologic and molecular analysis of AAVs in
NHP populations

Animals (species�colony) PCR (�)

Seropositive

AAV7 AAV8

Rhesus macaque
University of Pennsylvania 13�48 (27) 45�56 (80) 48�56 (85)
New Iberia 2�10 (20) 8�10 (80) 10�10 (100)
Covance 2�10 (20) 5�10 (50) 4�10 (40)

Cynomologus macaque
New Iberia 1�10 (10) 11�22 (50) 13�22 (59)
Charles River 6�30 (20) 18�24 (75) 16�24 (67)

Japanese macaque
ORPRC 0�12 (0) 2�12 (20) 6�12 (50)

Pig-tailed macaque
LABS 0�12 (0) 10�12 (83) 8�12 (67)

Squirrel macaque
University of South Alabama 0�36 (0) ND ND

Chimpanzee
New Iberia 7�10 (70) 4�29 (14) 5�29 (17)

Baboon
Buckshire Farms 5�16 (31) 5�12 (42) 6�12 (50)
SFBR 3�12 (25) ND ND

Percentages are shown in parentheses. ORPRC, Oregon Regional Primate
Center (Beaverton); LABS, Laboratories of Virginia; SFBR, Southwest Founda-
tion for Biomedical Research; ND, not determined.
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gene encoding VP1. In a previous study they were shown to be
unique serotypes that we call AAV7 and AAV8 (15). The
frequency of neutralizing antibodies to these previously unchar-
acterized serotypes in various NHP species is high (Table 1).

To further characterize the inter- and intraanimal variation of
AAV signature sequence, selected tissues of different species
were subjected to extended PCR to amplify entire VP1 ORFs
and cloned, and individual transformants were isolated and
sequenced fully. Of the 50 clones that were sequenced from 15
different animals, 30 were considered nonredundant based on
the finding of at least 7-aa differences from one another. The
VP1 clones are numbered sequentially as they were isolated, with
a prefix indicating the species of NHP from which they were
derived. The structural relationships between the 30 nonredun-
dant clones and the previously described 8 AAV serotypes were
determined by using the SPLITSTREE program (20) with imple-
mentation of the method of split decomposition (21) and shown
in Fig. 1. The analysis depicts homoplasy between a set of
sequences in a tree-like network rather than a bifurcating tree.
The advantage is to enable detection of groupings that are the
result of convergence and to exhibit phylogenetic relationships
even when they are distorted by parallel events. Extensive
phylogenetic research will be required to elucidate the AAV
evolution, whereas the intention here is only to group the
different clones by their sequence similarity.

To confirm that the previously uncharacterized VP1 se-
quences were derived from infectious viral genomes, cellular
DNA from tissues with high abundance of viral DNA was
restricted with an endonuclease that should not cleave within
AAV and transfected into 293 cells together with an infectious
molecular clone of adenovirus. This resulted in rescue and
amplification of AAV genomes from DNA of tissues from three
different animals (data not shown), which, when sequenced,
were essentially identical to the clones rescued by PCR.

Sequence Variation in NHP AAVs Reside in HVRs on the Surface of the
Virus. VP1 sequences of the previously uncharacterized AAVs
were characterized further with respect to the nature and
location of amino acid sequence variation. The 30 VP1 clones
that were shown to differ from one another by �1% amino acid
sequence were aligned and scored for variation at each residue
as shown in Fig. 2A. An algorithm developed to determine areas

of sequence divergence yielded 12 HVRs, of which 5 overlap or
are part of the 4 previously described variable regions (7–9). The
location of these HVRs 3–12 on the atomic structure of the
AAV2 capsid protein on the atomic structure of VP3 of AAV2
is shown in Fig. 2B (26). The threefold proximal peaks contain
most of the variability (HVRs 5–10). Interestingly, the loops
located at the two- and fivefold axes show intense variation as
well. HVRs 1 and 2 occur in the N-terminal portion of the capsid
protein that is not resolved in the x-ray structure, suggesting that
the N terminus of the VP1 protein is exposed on the surface of
the virion. Conversely, certain domains that are implicated in
preserving the structural integrity of the virion or infectivity such
as the phospholipase A2 domain show a high degree of sequence
conservation (27). Characterization of a more limited number of
available Rep genes failed to reveal consistent regions of se-
quence variation (data not shown).

AAV Genomes Are Widely Distributed Throughout Tissues of NHPs.
Real-time PCR was used to quantify AAV sequences from
tissues of 21 rhesus macaques by using primers and probes to
highly conserved regions of Rep (one set) and Cap (two sets) of
known AAVs (Fig. 3). Each data point represents analysis from
tissue DNA from an individual animal. This PCR experiment
confirmed the wide distribution of AAV sequences, although the
quantitative distribution differed between individual animals.
The source of animals and previous history or treatments did not
seem to influence distribution of AAV sequences in rhesus

Fig. 1. Split-decomposition analysis of 38 AAV sequences. The split-
decomposition method performed as described in Materials and Methods
represents the previously uncharacterized AAVs in relation to the known
serotypes. This model is not on scale and magnifies network links from the
analysis for better presentation.

Fig. 2. Location of HVRs on both the primary and tertiary capsid structure of
AAV2. (A) A total of 12 HVRs were identified and are highlighted in red on the
figure in combination with their respective AAV2 coordinates. Plotted along
the x axis are the coordinates of the 38 VP1 protein sequence alignments in
combination with the AAV2 residue. Gaps in the AAV2 sequence are denoted
with X. The y axis represents 100 � Q, an indicator of variation in the
alignment. More variation is represented by a higher number. The black
arrows indicate the N terminus of the different capsid proteins. (B) Ten HVRs
(HVRs 3–12) of the AAV capsid protein are located on the resolved x-ray
structure of the AAV2 capsid. Each capsid facet contains three subunits, one of
which is highlighted (Upper Left; PDB ID code 1LP3). (Upper Right) A schematic
shows the relative orientation of the 20 capsid facets and the five-, three-, and
twofold symmetry elements. A ribbon drawing of facet with HVRs colored as
viewed from the outside (Left), edge (Center), and inside (Right) of the virus.
All these HVRs are located on the surface of the virion, and most are clustered
in the threefold-related towers.
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macaques. The three different sets of primers and probes used
to quantify AAV yielded consistent results (Fig. 3 and data not
shown). The highest levels of AAV were found in lymph node,
spleen, and liver.

Liver tissues from a number of animals were evaluated for
cellular distribution of virus DNA by in situ hybridization from
cryosections with a probe to Rep and Cap of AAV8. Fig. 4A
presents representative microscopic fields from the liver tissue of
animal RQ4407 with a high virus-DNA content (i.e., 20 copies
of virus per diploid genome), which showed strong foci of

hybridization over the nuclei of 50% of cells with some cells
showing multiple foci. No nuclear localized signal was detected
in the liver tissue of another animal with substantially less viral
DNA by TaqMan (Fig. 4B, V383).

Endogenous AAV Genomes Exist in a Variety of Molecular Forms.
Total Cellular DNA from liver (20 genomes per cell) and lung
(0.1 genomes per cell) of a rhesus macaque was restricted with
a variety of restriction endonucleases and analyzed by DNA
hybridization with probes to both Rep and Cap. Fig. 4C shows
the restriction sites in AAV genome selected to evaluate the
molecular structure of the endogenous virus as well as a repre-
sentative experiment. Analysis of uncut liver DNA indicated a
broad diffuse band comigrating with chromosomal DNA, con-
sistent with integrated viral DNA. In addition, discrete bands of
8- and 3.5-kb lengths were observed that could be explained only
by the presence of substantial amounts of nonintegrated forms
of the virus. More detailed structural analyses were performed
from liver DNA with enzymes to consensus sites (SalI and
BsiWI) that should be found only once in the AAV virus
genome. Each enzyme released a predominant band of 4.7-kb
length that can be formed by linearization of circular monomers
or release of a unit virus length from integrated or nonintegrated
head-to-tail concatamers. Larger fragments of �7.0-kb lengths
were also observed in these digests, possibly reflecting fusion
fragments of head-to-head or tail-to-tail concatamers. Digestion
with both enzymes releases an internal fragment of 1.8-kb length,
the size of which is independent of the molecular state of the
virus genome. The abundance of virus DNA in lung of the same
animal was 200-fold less, although enough was present to detect
the 4.7-kb band after digestion with either single cutting enzyme.
No hybridization was detected from DNA of a number of
animals in which viral genomes were absent or substantially less
as measured by PCR (data not shown). These studies provide
indirect evidence for virus in high molecular weight fractions of
DNA that could represent integrated forms as well as convincing
evidence for persistent nonintegrated virus DNA. The presence
of 20 copies of virus per diploid genome in liver with a limited
number of hybridizing foci in hepatocytes, as demonstrated by in
situ hybridization, supports the DNA hybridization experiments
that suggest the presence of some concatamers of appreciable
length.

Our results are consistent with previous studies of infectious
and vector AAV proviral structures. These characterizations
performed either in vitro or in mice showed that both monomers
and concatamers were present as integrated provirus and epi-
somes (28–36). Although the wild-type virus can integrate
specifically at the chromosomal location 19q13.3-qter, the re-
combinant vector seemed to have lost that ability (37–40). Our
results also correlate with previous findings of in vivo studies of
both recombinant and wild-type AAV infection in rhesus ma-
caques (41, 42).

In Vivo Homologous Recombination Contributes to AAV Diversity. The
heterogeneity in VP1 structure of the previously uncharacterized
AAVs was most surprising in clones analyzed from the mesen-
teric lymph node of one single animal (Tulane�F953). A total of
9 distinct VP1 sequences were recovered from 15 characterized
clones. A number of different controls were performed to rule
out PCR artifact as an explanation for this heterogeneity (see
Materials and Methods). Two of these clones, rhesus clones rh.13
and rh.20, were found to be nearly identical to cynomologus
clone cy.6 and baboon clone bb.2, respectively, which are isolated
from different animals from different colonies. The observation
that viruses were linked by several pathways in the split-
decomposition analysis in combination with the manual inspec-
tion of the amino acid sequences of these clones as shown in Fig.

Fig. 3. Tissue distribution of AAV sequences in rhesus macaques. Genome
copies of AAV sequences present in DNA samples extracted from 10 different
tissues of 21 rhesus macaques that had not been enrolled in a previous study
or had been administered an AAV, adenovirus (Ad), or lentiviral vector as part
of another study were quantified by real-time PCR. Copy numbers of AAV
genomes are reported as AAV copies per 100 ng of macaque genomic DNA
detected in a 50-cycle amplification (y axis). The x axis represents different
tissues surveyed in the study. The history of each animal is illustrated by the
color of solid dots. The animals were naive at the time of necropsy (i.e., not on
study, shown in pink) or were being necropsied after exposure to adenoviral
(green), AAV (yellow), or lentiviral (blue) vectors.

Fig. 4. Molecular characterization and cellular distribution of AAV se-
quences in tissues. (A and B) In situ hybridization was performed on liver
sections from rhesus macaques by using a digoxigenin-labeled AAV8 probe,
and optical sections were collected at 0.5-�m intervals. A digital merge of
individual green (digoxigenin) and red (propidium iodide) channel images
from midplane sections of animals with �20 (RQ4407, A) and �0.1 (V383, B)
proviral copies per diploid genome is shown. (C) Molecular state of AAV
sequences in the cellular DNA from liver and lung tissues of rhesus macaque
RQ4407 was analyzed by DNA hybridization. Total cellular DNA was analyzed
by DNA hybridization as described in Materials and Methods. The enzymes
used are indicated, and the probe was a mixture of Rep and Cap sequences.
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5 suggested that they could have been derived by homologous
recombination of these two putative parental clones.

A formal test of recombination from clones from this animal
was obtained by using the bootscanning analysis (22, 23). Mo-
saicism was suggested when the putative recombinants were
evaluated against the parental clones rh.13 and rh.20 as well as
14 other AAVs. Phylogenetic relatedness to the parents was
proven to be different in adjacent fragments of the VP1 protein
(data not shown). More limited sequence analysis of DNA
isolated from other tissues from this animal confirmed the wide
distribution of sequence variants throughout multiple organs.
More detailed analysis of partial VP1 clones from one additional
animal revealed sequence variation consistent with homologous
recombination (data not shown).

The kind of sequence variation revealed in AAV proviral
fragments isolated from different animals and within tissues of
the same animals is reminiscent of the evolution that occurs for
many RNA viruses during pandemics or even within the infec-
tion of an individual (43). In some situations the notion of a
wild-type virus has been replaced by the existence of swarms of
quasispecies that evolve as a result of rapid replication and
mutations in the presence of selective pressure. One example is
infection by HIV, which evolves in response to immunologic and
pharmacologic pressure (44). Several mechanisms contribute to
the high rate of mutations in RNA viruses including low fidelity
and lack of proofreading capacity of reverse transcriptase and
nonhomologous and homologous recombination (43).

Evidence for the formation of quasispecies of AAV was
illustrated in our study by the systematic sequencing of multiple
cloned virus genome fragments. An important mechanism for
this evolution of sequence seems to be a high rate of homologous
recombination between more limited numbers of parental vi-
ruses. The net result is extensive swapping of HVRs of the VP1
protein leading to an array of hybrids that could have different
tropisms and serologic specificities (i.e., the ability to escape
immunologic responses especially as it relates to neutralizing
antibodies). Mechanisms by which homologous recombination
could occur are unclear. One possibility is that positive and
negative strands of different single-stranded AAV genomes
anneal during replication, as has been described during high
multiplicities of infection with AAV recombinants (35). In

cotransfection experiments nonreplicative mutant AAV con-
structs have been shown to recombine with either another
nonreplicative mutant or a wild-type AAV construct, generating
viable virus after passages in the presence of adenovirus (45, 46).
It was also proposed that AAV6 originated from a recombina-
tion event between AAV1 and AAV2 (10). The overall rate of
mutation that occurs during AAV replication has been described
to be relatively low, and our data do not suggest high frequencies
of replication errors that led to nonsense mutations or frame-
shifts (47). However, substantial rearrangements of the AAV
genome have been described during lytic infection leading to the
formation of defective interfering particles (48). Irrespective of
the mechanisms that lead to sequence divergence, with few
exceptions, VP1 structures of the quasispecies remained intact
without frameshifts or nonsense mutations, suggesting that
competitive selection of viruses with the most favorable profile
of fitness contributes to the population dynamics.

The location of most sequence divergence in the HVRs of
capsid proteins suggests that immunologic pressure or modifi-
cations in vector tropism may contribute to selective pressure of
variants. To test this hypothesis we evaluated the function of a
number of previously uncharacterized AAVs by creating AAV
pseudotypes based on AAV2 inverted terminal repeats that are
packaged into the simian-derived capsids. These studies included
VP1s from five viruses isolated from mesenteric lymph node of
the rhesus macaque described in Fig. 5 and five viruses isolated
from tissues of other animals. The vectors demonstrated a wide
range of transduction efficiencies when equal quantities of
GFP-expressing constructs were placed on 293 cells (data not
shown). Function in vitro did not predict in vivo vector tropisms
of the vectors that demonstrated 50- to 100-fold range of activity
in lung and liver (data not shown). Remarkably small differences
in capsid structures translated to substantial differences in the
profiles of tropism. High-titer antibodies were generated to
purified stocks of the vector pseudotypes and used to evaluate
neutralizing activity against those in which GFP constructs were
available. Distinct profiles of serologic activity were demon-
strated in many of the previously uncharacterized constructs.
Even minor changes in capsid structure that seem to have
occurred through recombination in isolates rh.13 and rh.22
perturbed the profile of serologic reactivity (Fig. 6). These data
support the hypothesis that the diversity in capsid structure
observed in our studies translates to modifications in tropism
and�or immune reactivity.

Discussion
These studies have implications in several areas of biology and
medicine. The concept of rapid virus evolution, formerly thought

Fig. 5. Structure of multiple AAV variants from a mesenteric lymph node of
a rhesus macaque. The conserved regions were deleted from the alignment of
the protein sequences of 12 AAV VP1 variants isolated from the mesenteric
lymph node of animal Tulane�F953. The remaining variable residues were
color-coded either red or green corresponding to their putative parental
clone, rh.13 or rh.20, respectively. Location of the HVRs in relation to these
differences are shaded in gray and numbered along the top. Each block
represents a single residue or a group of neighboring residues. Black residues
indicate a mutation that could not be brought back to any of the putative
parents. X represents a deletion. Because of the nature of the presentation the
coordinates corresponding to AAV2 VP1 amino acid residues are not linear.

Fig. 6. Functional analysis of previously uncharacterized AAVs as
pseudotypes. Example of the impact of capsid variation on serologic crossre-
activity. Two pseudotypes from the mesenteric lymph nodes, which presum-
ably are derived from recombination, were screened for neutralization
against nonspecific antisera generated to a number of AAVs. Sera that show
differences between pseudotypes based on rh.13 and rh.22 are presented as
the ratios of neutralizing titers. Similar studies with sera from AAV1, rh.8,
rh.10, rh.13, rh.21, and rh.24 showed no differences in neutralizing activity
against rh.13 and rh.22. NAB, neutralizing antibody.
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to be a property restricted to RNA viruses, should be considered
in DNA viruses, which classically have been characterized by
serologic assays. It will be important in terms of parvoviruses to
develop a new method for describing virus isolates that captures
the complexity of its structure and biology, such as with HIV,
which are categorized as general families of similar structure and
function called clades. An alternative strategy is to continue to
categorize isolates with respect to serologic specificity and
develop criteria for describing variants within serologic groups.
The implication of this work for applications of AAV in gene
therapy is unclear, although the wide distribution of endogenous
latent virus together with a propensity to rearrange might be the

topic of further studies in the context of in vivo gene transfer in
animals and humans.
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