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Genetic analysis of human immunodeficiency virus type 1 (HIV-1) from cases of mother-to-infant transmis-
sion were analyzed in an effort to provide insights into the viral selection that may occur during transmission,
as well as the timing and source of transmitted viruses. HIV-1 env genes obtained from seven mothers and their
perinatally infected infants in Sweden were studied. Five envelope sequence clades (A to E) were found to be
represented. We used a heteroduplex tracking assay (HTA) to assess the genetic relatedness between early viral
isolates from the infants and serial maternal virus populations taken during pregnancy and at delivery. HTA
findings were used to select for DNA sequence analysis maternal virus populations that were either closely or
more distantly related to the infant virus. In each case, nucleotide sequence analysis confirmed the genetic
relationships inferred by the HTA. Only maternal peripheral blood was sampled, and large sets of maternal
specimens throughout pregnancy were generally not available. However, no consistent correlation was found
to support the hypothesis that infant viruses should match blood-derived maternal virus genotypes found early
in pregnancy if infants were found to be infected at birth or, conversely, that infant viruses should match
blood-derived maternal virus genotypes found at delivery if infants were found to be infected only some time

later.

Transmission from mothers to infants is the most common
source of human immunodeficiency virus type 1 (HIV-1) in-
fection of children (2), estimated to occur in from 15% (30) to
43% (6) of births, the latter including transmission through
breast-feeding. Transmission rarely occurs during the first half
of pregnancy (4, 12), although recent studies suggest that in
utero transmission corresponds to 30 to 40% of all mother-to-
infant transmissions (33). The proportion of infants that can be
diagnosed as infected rises from around 40% during the first
week of life to around 90% by the second week (11). The major
risk of maternal HIV-1 transmission thus appears to occur late
during pregnancy or at delivery (12, 29). It has been possible to
lower this frequency by two-thirds as a result of zidovudine
therapy during the latter half of pregnancy, during delivery,
and to the newborn (3, 5, 18).

The first HIV sequences detectable in infants have often
been reported to be minor variants compared to the maternal
viral DNA (1, 23, 38) or RNA sampled (26), suggesting selec-
tive transmission or selective growth following transmission.
However, due to the sometimes high turnover rate in infected
individuals (9), potential for compartmentalization of virus
variant populations in different fluids or tissues involved in
transmission (14), and the simple lack of adequate samples for
analysis, it may be difficult to pinpoint the virus populations
from which transmission occurred.

Here we report an analysis of HIV-1 strains in seven cases of
mother-to-child transmission in Sweden. We used the hetero-
duplex tracking assay (HTA) (10), a sensitive means to dis-
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criminate between virus populations (9), to identify maternal
virus populations with envelope gene sequences most closely
related to those of initial infant virus isolates. HTA detects
short deletions and insertions, as well as base sequence mis-
matches, generating diversity above 1 to 2%. It has proven
useful for envelope sequence subtype determination (10) as
well as for tracking virus populations and individual variants
over time between (7) and within (9) infected individuals.

To further understand the nature of the variants detected in
infants, their relationship to transmitted variants, and the re-
liability of HTA in predicting these relationships, DNA se-
quences of comparable regions of viral DNA taken from the
infants and from selected maternal viruses were determined.
We found that HTA did accurately discriminate among these
closely related virus populations. Surprisingly, five of the nine
known env sequence clades (28) were represented in this group
of seven HIV-1 infected infants from Sweden. Furthermore, in
contrast to some earlier reports (38), no shared genetic fea-
tures within the V3 to V5 region of env were identified among
the transmitted viruses. Lack of available, complete specimen
sets from the pregnant women, however, may have prevented
a rigorous evaluation of the timing of virus transmission.

MATERIALS AND METHODS

Patients and samples. Pregnant women identified as or who previously knew
they were infected with HIV-1 participated by informed consent in a study of
HIV during pregnancy approved by the ethics committee of the Karolinska
Institutet. Breast-feeding was discouraged for all and was denied by all of the
women described in this study. HIV isolation from the mothers was conducted
during the three trimesters, a few days after delivery (referred to as delivery in
this study), and 6 months after parturition. For inclusion in the present study, the
women must have had (i) at least one positive virus isolation from peripheral
blood mononuclear cells (PBMC) or plasma during pregnancy and (ii) an in-
fected child with at least one positive virus isolation. These children were born
between June 1989 and August 1992 and were followed by virus isolation at birth
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and at 3, 6, 12, and 18 months of age unless circumstances called for an extra
sample.

Virus isolation and DNA purification. EDTA-blood collected was received by
the laboratory within 24 h from all participants, and 4 ml was separated by
Ficoll-Isopaque gradient centrifugation. Undiluted plasma supernatant was sub-
jected to ultracentrifugation at 55,000 X g, and virus was cultured from pelleted
virus and washed PBMC as previously described (13). Cultures were maintained
for 6 weeks, with changes of half of the medium twice weekly and testing for the
presence of p24 antigen by enzyme-linked immunosorbent assay every week.
Supernatants of cultures reaching an absorbency of >2.0 were stored frozen at
—70°C and later recultured to produce specimens for this study. DNA was
prepared from uncultured PBMC and cultured cells by standard methods in-
cluding proteinase K digestion and phenol-chloroform extraction.

PCR. Seminested, diagnostic PCR for HIV-1 gag and pol genes was performed
on uncultured patient PBMC in Sweden as described previously (34). env regions
encoding V1 to V5 or V3 to V5 from both mother and infant blood samples and
derived virus isolates were amplified by nested PCR and analyzed by the HTA (9,
10). First-round primers were ED3 and ED14. Second-round reactions used 2 pl
of first-round product as the template and either primers ES7 and ESS8 for
analysis of the V3 to V5 regions of env or ED5 and ESS8 for analysis of the V1
to V5 region.

HTA. HTA analyses containing a template copy number of 50 or more is
desired for maximum sensitivity of detection of viral variants (9). To determine
if threshold levels of viral template were present, 10 ng (and, if necessary, 30, 100,
and 300 ng) of PBMC DNA was examined in a nested PCR. All virus isolates had
a minimum of 30 templates used for the HTA. No quantitation was performed
when PBMC DNA was the template, since only first-round PCR products were
available for HTA. Hence, the product derived from PCR of 1 pg or 1.5 X 10°
cell equivalents of DNA was used in each HTA of PBMC DNA.

HTAs were conducted essentially as previously described (9, 10). Concentra-
tions of PCR products were estimated by ethidium bromide staining of agarose
gels. Infant probe DNA was generated in labeling reactions of second-round
PCR products involving five cycles of PCR in a 50-ul final volume containing 3.3
mM [*?P]TTP (10 mCi at a specific activity of 3,000 Ci/mmol), 33 mM each
dATP, dCTP, dGTP, and TTP, and standard PCR buffer containing 7.5 pmol of
each second-round primer and 1.25 U of Tag DNA polymerase. Labeled probe
concentrations were estimated by assuming a doubling of the template concen-
tration during each of the five cycles of amplification. After electrophoresis, gels
were stained for 5 min with ethidium bromide, photographed, dried onto 3SMM
paper (Whatman) on a gel dryer for 1 h at 80°C, exposed, and scanned with a
Molecular Dynamics (Sunnyvale, Calif.) PhosphorImager. Images were then
transferred to disks and printed from a Macintosh computer, using Adobe
(Mountain View, Calif.) Photoshop and Deneba (Miami, Fla.) Canvas software.

Cloning and DNA sequencing. env fragments of selected maternal samples for
all cases and for infant samples from cases 2 and 5 were obtained for cloning by
a second nested round of PCR amplification using the first-round PCR products
described above as templates and primers ES7X (5'-actgagtcctcgagetgttaaatgge
agtctage, containing an Xhol restriction endonuclease site [underlined] and an
HIV-1-specific sequence [in boldface], corresponding to positions 7001 to 7020
of the HIV-1 HXB2 genome [GenBank accession no. K03455]) and ES8S (5'-g
agtcgagctccacttetecaattgtecctea, containing a Sacl site [underlined] and an HIV-
1-specific sequence [in boldface] corresponding to positions 7667 to 7647 of
HIV-1 HXB2). Sodium dodecyl sulfate and EDTA were added to final concen-
trations of 0.2% and 5 mM, respectively, to stop the PCRs, and then nucleic acids
were precipitated with ethanol and 0.3 M sodium acetate.

PCR products were redissolved and digested with Xhol and Sacl, and the
desired products were purified from agarose gels (using GeneClean [Bio 101, La
Jolla, Calif.]), ligated with pUC19 digested with Sall and Sacl, precipitated in the
presence of linear polyacrylamide (19), and then used to transform the Esche-
richia coli J5, using a Bio-Rad (Richmond, Calif.) electroporator. Plasmids with
an insert of the correct size were assessed by agarose gel electrophoresis, puri-
fied, and used as templates for DNA sequencing.

Viral DNA sequences from infants in cases 1, 3, 4, 6, and 7 were determined
directly from PCR products generated with primers ES7 and ESS8, using the
0.7-kb products purified from agarose gels as described above. All DNA se-
quences were determined by using dye-labeled universal and reverse M13 prim-
ers and the cycle sequencing method on an ABI model 370A automated se-
quencer.

Analysis of sequence data. Overlapping regions were identified and sequences
were edited by using the Intelligenetics (Mountain View, Calif.) program GEL.
Sequences were aligned with examples of the known envelope sequence clades of
HIV-1 obtained from the Los Alamos database (28) by using the program
GENALIGN (Intelligenetics), and the alignments were refined by eye, using
MASE (15). Phylogenetic relationships were reconstructed by using PHYLIP
software (17) (DNADIST to estimate the matrix of pairwise sequence distances
[21] followed by NEIGHBOR to construct phylogenetic trees using the neigh-
bor-joining method [32]) through Genetic Data Environment software (35). The
degree of confidence in phylogenetic branching was assessed by using 1,000
bootstrap resamplings (16).

Nucleotide sequence accession numbers. GenBank accession numbers for the
sequences reported in this study are U56263 to U56335.
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RESULTS

Seven mother-child pairs participated in this study. Only two
women were likely to have become infected in Sweden, while
four were probably infected in Africa and one was probably
infected in Southeast Asia (Table 1). All together, 67 HIV-1
virus isolates were obtained from these mother-infant pairs
(Table 1). In experiments to be detailed below, nucleotide
sequences of a segment of the env gene from maternal and
infant viruses were determined. When aligned with each other
and with representative viruses from the available database of
HIV-1 env genes (28) and subjected to phylogenetic analysis
using the neighbor-joining method (32), the mother-infant
pairs clustered together as expected (Fig. 1). The seven moth-
er-infant pairs were found to represent five of the nine known
(28) envelope sequence subtypes of the main group of HIV-1
(Table 1 and Fig. 1).

Though obtained from Sweden, where env clade B viruses
are expected to predominate, viruses from only mother-infant
cases 2 and 6 had env genes that belonged to this clade. Viral
sequences from cases 5 and 7 grouped with env clade C, and
cases 1, 3, and 4 grouped with clades E, D, and A, respectively.
While striking, this diversity was not unexpected, since each of
the env sequence subtypes found was known to be prevalent in
the country or geographic region (28) in which each mother
was thought to have been infected (Table 1).

We sought to address the hypothesis that the timing of
transmission can be inferred by genetic linkage of the first virus
to appear in the infant with viruses in the mother during her
pregnancy. In an effort to expedite and extend the analysis to
more viral molecules than are traditionally examined by DNA
sequencing, we used the HTA followed by targeted DNA se-
quencing. For the HTA, PCR-amplified, radiolabeled infant
virus gene fragments were used as the probe against a driver
corresponding to a 100-fold excess of the corresponding frag-
ments amplified from maternal virus populations. We focused
most of our analysis on PBMC- and plasma-derived virus iso-
lates. PBMC-derived virus isolated likely correspond to the
actively replicating fraction of virus in the PBMC at the time of
sampling (9). Similarly, plasma viral sequences have been
found to be produced and cleared more rapidly than the bulk
of cell-associated proviral DNA (36) and hence may be pre-
dicted to be both more likely to be infectious than the majority
of viruses integrated as proviruses in the PBMC as well as
being most representative of actively replicating HIV strains at
any given time point.

Transmission involving clade B sequences. The child in case
6 was HIV infected, as evidenced by PCR-positive PBMC and
virus isolation from both cells and plasma, at the first time
point examined, 2 days after birth (Table 1), consistent with the
assumption of infection in utero. We examined env gene frag-
ments encompassing the 0.7-kb C2 to V5 region in all of the
following transmission cases. When case 6 was examined, how-
ever, little distinction could be made between the infant virus
probe and the maternal quasispecies throughout pregnancy
except at the time of delivery (Fig. 2). This is illustrated by the
finding of heteroduplex bands migrating with the mobility of
the reannealed probe, that is, with homoduplexes. In contrast,
when 1.1-kb V1 to V5 fragments were examined, the number
of lanes in which the heteroduplex mixtures comigrated almost
fully with the probe homoduplexes was reduced from seven to
four (Fig. 2). This greater sensitivity likely reflects a substantial
number of point mutations as well as probable length changes
in the first and/or second variable region encompassed within
the larger fragment.

The maternal virus sequences most closely related to that
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FIG. 1. Phylogenetic reconstruction demonstrating relationships of maternal
and infant viruses to HIV-1 reference sequences from six different env sequence
clades. Two sequences from each of seven mother-infant transmission cases
(boxed) were compared to selected HIV-1 reference sequences from five enve-
lope sequence subtypes, A to E, from the HIV-1 main group as well as the group
O virus ANT 70 (28). The mother and infant sequences are designated as follows.
The first number indicates the case number; next, a letter indicates maternal (M)
or baby (B) origin. If more than one sequence was obtained, the next position is
a letter indicating plasma (P)- or PBMC (C)-derived virus isolates, or an isolate
taken directly from the patient’s PBMC (D). The next position is a number
indicating when the sample was obtained from the mother (1, 2, or 3, first,
second, or third trimester; 4, delivery), and the final number indicates the clone
number. A bar representing 10% sequence divergence is shown for this and each
of the other phylogenetic reconstructions in subsequent figures.

present in the infant in case 6 were found to be abundant in the
PBMC-derived isolates from the second trimester through de-
livery, along with the plasma isolate from the third trimester.
Thus, DNA sequences were determined for the two maternal
isolates from the third trimester to both confirm inferences
from the HTA data and determine whether DNA sequence
analysis would distinguish genetic relationships not readily de-
termined by HTA.

DNA sequences of mother- and infant-derived viruses from
case 6 formed a closely related monophyletic group within env
clade B (Fig. 1 and 2), consistent with the homogeneity in-
ferred by HTA. The ranges of variation within the maternal
virus populations were 0.3 to 1.8% (plasma isolate, n = 5) and
2.2 to 3.4% (PBMC isolate, n = 4). Compared to the infant
viral sequence, the average divergences of the maternal viral
sequences were 2.8 and 2.0% for PBMC and plasma isolates,
respectively. These ranges are at or near the lower limits of
discrimination that have been reported for the HTA (10).
Despite the limited variation within this set of sequences, phyl-
etic distinctions were observed for both the PBMC- and plas-
ma-derived sequences, although upon repetitive bootstrap re-
sampling, the infant virus did not group preferentially with
either (Fig. 2). While DNA sequence analysis did not reveal
consistent relationships that were not evident by HTA, viruses
sampled from this plasma isolate were on average slightly more
closely related than PBMC-derived virus from the same time
point.

Viruses from case 2 also belonged to a monophyletic group
within env clade B; however, in contrast to case 6, each ma-
ternal virus isolate and uncultured PBMC sample demon-
strated significant diversity as well as divergence from the in-
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fant probe (Fig. 2). Nearly all of the maternal-infant
heteroduplexes migrated more slowly than homoduplexes, in-
dicating a relatively distant genetic relationship to the infant
viruses. This child was virus isolation and PCR negative at birth
and when next tested at age 6 months (Table 2). PCR re-
mained negative but virus isolation was positive from both
plasma and cells at 9 months but only infrequently thereafter.
PCR was first positive at 10.5 months (data not shown) and
thereafter. However, only the age 24-month sample was posi-
tive with the env PCR primers used in the present study. Thus,
in this child, the initial level of HIV was low and/or potentially
divergent from the primers used here and appeared unusually
late. Nonetheless, breast-feeding was denied by this mother
and all mothers evaluated in this study, and hence postpartum
transmission appears unlikely.

The case 2 maternal PBMC sample from the first trimester
was found by HTA to have some sequences closely related to
the infant probe. Sequences were therefore determined from
PBMC taken from the mother during the first and second
trimesters and from the infant at 24 months of age (Fig. 2).
Sequence variation among five clones derived from the infant
was minimal (0.15 to 1.4%), whereas the mean sequence dis-
tance between mother and infant sequences was 6.6% (range,
4.7 to 8.9%), only slightly greater than the distances between
sequences within a given maternal specimen (mean, 5.8%;
range, 1.8 to 8.3%). No reproducible phyletic distinctions were
drawn between the two sets of maternal sequences, and the
infant sequences were equidistant from the two maternal se-
quence sets. Thus, a maternal variant closely matching the
infant sequence was not identified by HTA or DNA sequence
analysis. Since we have only a limited sample of the maternal
virus diversity, it is possible that we missed maternal sequences
more closely related to infant sequences. The closest sequence
from this pair to those found in the AIDS sequence database
(28) was 6.7% divergent (a typical value for most closely re-
lated epidemiologically unlinked sequences in the database); it
is therefore highly unlikely that any of the divergent sequences
represent contamination from a known source (22, 24).
Rather, if, as expected, transmission occurred at or before
birth, then the 2 years of virus evolution in the child before
sampling could explain the large degree of divergence between
maternal and infant virus populations. That the infant virus
population appeared relatively homogeneous might suggest
that the child was infected for less than the 2 years between
birth and sampling. However, a low viral template input in the
PCR used to generate the infant probe could also have ac-
counted for the lack of evident diversity (25), with Taq poly-
merase error then potentially accounting for some of the dis-
tinctions between sequences within the two infant virus
clusters.

Transmission involving other HIV-1 envelope sequence
clades. Sequences from case 3 belonged to env clade D (Fig. 1).
The infant in this case was virus negative by PCR and by virus
isolation at birth and at 3 and 6 months of age. Viral sequence
from the first infant isolate obtained at 9 months of age was
used to probe the maternal isolates, and only the plasma iso-
late from delivery formed heteroduplexes that migrated close
to the homoduplex position (Fig. 3). The plasma and PBMC
isolates generated at delivery were therefore selected for se-
quence analysis. As predicted by HTA, phylogenetic analysis
had the infant sequence grouped more closely with the plasma
than with the PBMC isolate sequences (in 97% of bootstrap
repetitions). The average sequence diversities between the in-
fant sequences, derived from the consensus sequence of bulk
PCR products from a viral isolate, were 3.3% compared to the
maternal PBMC-derived isolate and 2.3% compared to the
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FIG. 2. Heteroduplex tracking and phylogenetic analyses of maternal and infant variants for cases in env clade B, as well as two reference sequences from env
sequence subtype B. See the legend to Fig. 1 for explanations of the nomenclature and phylogenetic analysis. The numbers at branch points are the percentages of 1,000
bootstrap resamplings in which isolates in the group to the right were clustered together (all clusters with frequencies >70% are shown). The probe lane in each panel
contains the labeled infant viral probe; the arrow indicates the position of homoduplex migration. The pNL4-3 lane in the upper panel corresponds to the comparison
of the infant probe sequence to an epidemiologically unlinked clade B env gene used as positive control in the PCR experiments reported in this study. HTA for case
6 includes analysis of 0.7-kb (V3 to V5) and 1.1-kb (V1 to V5) fragments. HTA using the 0.7-kb fragment is shown for case 2. The infant probe in case 6 was an isolate
obtained at birth, and the infant probe for case 2 was from PBMC taken at 24 months of age. Outgroup sequences taken from the HIV sequence database are shown
in italics. C*, PBMC; P, plasma; §, trimester of pregnancy; 4, samples chosen for sequencing.
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FIG. 3. Heteroduplex tracking and phylogenetic analyses of case 3 variants
from env clade D. See the legends to Fig. 1 and 2 for explanations of the
nomenclature, markers, and phylogenetic analysis. The infant was positive at 8
months of age, and the plasma virus isolate from this time was used as the probe.

plasma-derived isolate. Thus, the distinctions apparent among
these sequences by HTA were also apparent in phylogenetic
reconstructions of DNA sequence relationships.

The infant in case 4, involving transmission of a clade A virus
(Fig. 1), was virus positive by all criteria 4 days after birth
(Table 2), possibly indicating in utero infection. Similar to what
was found for case 2, none of the maternal virus populations
from case 4 matched closely with the PBMC-derived virus from
3 months of age used as the infant probe in HTA experiments
(Fig. 4). Maternal viruses within the PBMC from the distinctly
different second and third trimesters were selected for se-
quence analysis. Alignment of these sequences indicated that
nucleotide substitutions and length changes in V4 largely ac-
counted for the differences observed by HTA; length variations
were not found in the other regions analyzed (data not shown).
The infant sequence had a unique 9-nucleotide deletion not
found in the maternal sequences; moreover, relative to the
maternal second trimester sequences, the infant variant had a
second, 12-nucleotide deletion and an 18-nucleotide deletion
compared to the maternal variant population at the third tri-
mester. The infant sequence was 3.9 to 5.9% divergent from
the second-trimester clones and 4.3 to 5.7% divergent from the
third-trimester clones. Thus, the size of the deletion correlated
more closely with the HTA results than did the minor differ-
ences in nucleotide sequence divergence, but neither tech-
nique could identify a close relative to that infecting the infant.

Case 7 involved infection and transmission with HIV of



VoL. 71, 1997

env Subtype A

100

MOTHER-TO-INFANT TRANSMISSION OF HIV-1 1297

Case 4
4MD22
4MD27
—-»>
4MD?36

HIVIUGO6

0.10

FIG. 4. Heteroduplex tracking and phylogenetic analyses of case 4 sequences from env clade A. See the legends to Fig. 1 and 2 for explanations of the nomenclature,
markers, and phylogenetic analysis. The infant was HIV-1 positive by culture at birth, and the probe was from PBMC at 3 months of age.

envelope sequence clade C. HIV was detected in the infant by
virus isolation from PBMC and PCR 3 days after birth, and
comparison of this isolate to maternal isolates from the third
trimester and delivery indicated that the infant sequence was
closely related only to the plasma isolate from delivery (Fig. 5).
Viral DNA from delivery cell- and plasma-derived isolates
were sequenced, and as expected from HTA, the infant variant
grouped with the sequences from this plasma virus population
(Fig. 5). The infant-derived sequence diverged by 2.7 to 4.5%
from six maternal plasma sequences and by 8.9 to 11.3% from
six PBMC-derived sequences. A seventh PBMC-derived se-
quence (7MCD5) grouped with the plasma and was 2.9% di-
vergent from the infant sequence.

Case 5 also involved clade C. This infant was first positive by
PCR 4 days after birth but first positive by virus isolation at 3
months of age. In contrast to the other infant virus isolates
examined, HTA analysis of the PBMC-derived virus isolate
from 3 months of age revealed heterogeneity, individual vari-
ants of which were then cloned. Comparison of six infant-
derived clones to the two available maternal isolates by HTA
(Fig. 5 and data not shown) revealed that each was more
closely related to the maternal PBMC-derived isolate at deliv-
ery than the plasma-derived isolate from the same time, with
the exception of clone 5B.4, which was equidistant from the
maternal isolates. Genetic relationships among the six infant
clones were determined in a pairwise fashion using HTA,
which indicated that three (5B.2, 5B.3, and 5B.8) were closely
related to each other and distinct from the other three (5B.4,
5B.7, and 5B.9) (data not shown).

The genetic differences between infant and maternal se-
quences observed by HTA for case 5 were also evident in
phylogenetic analyses of these sequences (Fig. 5), with a mean
distance between all infant and maternal PBMC-derived virus
sequences of 3.9%, compared with 5.7% between infant and
maternal plasma-derived sequences. Sequence alignments also
revealed significant length variability in the V4 and V5 regions
that accounted for much of the reduced mobility of the moth-
er-infant heteroduplexes (data not shown).

Viruses from case 1 belonged to env clade E (Fig. 1); this
infant was negative by virus isolation at birth and positive by
PCR and virus isolation from plasma starting at the next avail-
able specimen at 6 months. Only a single maternal sample was
available and analyzed for this case. The virus sequence from

the maternal plasma-derived isolate taken from the time of
delivery was distinct but related to the infant virus sequence by
both HTA and DNA sequence analysis (3.86% sequence di-
vergence).

Patterns of potential N-linked glycosylation sites. Loss of
the N-linked glycosylation consensus sequence (N-X-T/S)
overlapping the first cysteine of the V3 loop of gp120 (usually
NCT) has been correlated as a rare variant transmitted to
infants in some studies of env clade B env sequences (1, 37, 38).
Despite the prevalence of the potential N-linked glycosylation
site at this position (amino acid 259) in clade B viruses, the
infant and all but one maternal sequence from case 6 lacked
this site but had another site six amino acid residues upstream
(underlined in Fig. 6A).

Infant and maternal sequences from case 7 also lacked the
glycosylation site at position 259, with an apparent shift to the
upstream position found in the clade B viruses in both infant
and maternal plasma-derived sequences. However, as shown in
Fig. 6B, the glycosylation pattern of case 7 sequences is com-
mon among other env clade C viruses; therefore, the absence
of an N-linked glycosylation site at position 253 appears char-
acteristic of this clade and not of transmission in case 7. Thus,
for all seven transmission cases under study, the pattern of
N-linked glycosylation sites near the V3 loop reflected either
the clade or that which was present in maternal sequences and
did not seem to correlate with mother-to-infant transmission.
A transmission-linked pattern of N-linked glycosylation sites at
other locations in the env region analyzed was also not appar-
ent in this study.

DISCUSSION

In the seven transmission cases evaluated, viral genetic vari-
ation found within the PBMC and virus isolates from the
plasma and PBMC of HIV-1 infected women was usually suf-
ficient to distinguish viral populations throughout pregnancy
by the HTA technique. Moreover, the genetic relationships
between infant-derived and mother-derived HIV-1 sequences
predicted by HTA were substantiated by analysis of DNA
sequences. Therefore, we have validated the use of the HTA as
a rapid assay for distinguishing viral genomes present in serial
samples taken at short time intervals, as well as for identifying
viruses that are epidemiologically linked in cases of mother-
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FIG. 5. Heteroduplex tracking and phylogenetic analyses of case 5 and 7 sequences from env clade C. See the legends to Fig. 1 and 2 for explanations of the
nomenclature, markers, and phylogenetic analysis. Infants in cases 5 and 7 were both HIV 1 positive by PCR at birth, and the probes were PBMC isolates from birth
for case 7 and clone 5B3 derived from the PBMC virus isolate from 3 months of age for case 5.

to-infant transmission. The use of this assay for establishing
more temporally distant links between viruses transmitted by
parenteral or sexual contact has also been documented (7).

In a recent large study (11), the frequency of detection of
virus by PCR was found not to change during the first week of
life (staying level at 40%) but rose to 90% by the second week
of life in infants later shown to be infected with HIV. Hence,
infants that are PCR positive during the first several days of life
(as in cases 4, 6, and 7 here) are likely to have been infected in
utero. The data in favor of most HIV transmissions occurring
during the latter part of pregnancy are also substantiated by
the fact that only 2% of fetuses from the second trimester have
been found to be HIV positive (4) and by the reduction of
maternal HIV-1 transmission by zidovudine treatment during
the latter part of pregnancy (3, 5, 18). Nevertheless, it cannot
be excluded in individual cases that HIV genomes can be
detected in blood during the first week after infection. The
infant in case 5 studied here was PCR positive at 4 days of life
but not virus isolation positive until next tested at 3 months.
This result may therefore correspond to early detection of
virus transmitted during delivery or to transmission close to but
prior to delivery.

Recent data suggest that virus in plasma and isolates derived
from PBMC are distinguishable from the bulk of the provi-
ruses integrated in PBMC in that the former correspond to
younger, newly emerging and actively replicating viruses,
whereas the PBMC proviral DNA turns over more slowly and

in part represents an archeologic record of previously replicat-
ing variant populations (9, 36). We examined these popula-
tions in a test of the hypothesis that infants positive at birth
would have been infected in utero whereas infants found to be
infected later would more likely have been infected during
delivery. Our results, however, fail to lend support to this
hypothesis. In the three cases with a late diagnosis of HIV
infection, no maternal virus population (case 2) or maternal
virus populations from the second trimester (case 1) or deliv-
ery (case 3) were, based on the abundance of sequences related
to that found in the infant, implicated as the more likely
sources of transmission. Similarly, among the three cases with
probable virus infection in utero (cases 4, 6, and 7), the most
likely candidates were among viruses from the second and
third trimesters and at birth. Only in the one case in which
transmission seemed to occur at or just prior to delivery (case
5) were linked viruses most abundant in the mother at delivery.
Finally, the fact that two of the seven children had a very late
diagnosis despite repeated earlier testing was also unusual
(11), especially since breast-feeding was denied.

Several factors may have influenced our failure to link the
timing of maternal variant abundance to transmission: the re-
striction to mothers who had positive virus isolations during
pregnancy could have biased the data, and myriad potential
sources of virus were not available for evaluation. For example,
the collections of blood-derived specimens available to this
study were not comprehensive. Furthermore, HIV can poten-
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FIG. 6. N-linked glycosylation sites in the V3 loop region of viruses from cases 6 (A) and 7 (B). The sequences from case 7 are aligned with reference sequences
from env clade C, and sequences from case 6 are aligned with reference sequences from env clade B (28). The V3 loop is indicated above each alignment. Potential

N-linked glycosylation sites are underlined.

tially be transmitted across the placenta in utero, from blood
and cervical-vaginal secretions during delivery, later from
breast milk, and as cell-free as well as cell-associated virus.
Indeed, because of the temporal fluctuations of viral variant
populations that occur in different fluids and tissues within the
body (8, 14, 20, 31), viruses in the peripheral blood may not
adequately represent the transmitting virus population. De-
tailed study of virus populations in the maternal placenta as
well as within the vaginal or uterine compartment and breast
milk, as well as the blood, may yield a closer linkage to the
transmitted forms. An alternative hypothesis for a delayed
appearance of virus in the infant, other than infection during
delivery, that also was not refuted in this study is that replica-
tion could somehow be delayed in the infant following trans-
mission in utero, perhaps due to the status of the maternal
immune response and passive transfer of antibody.

Our results are consistent with those of Mulder-Kampinga et
al. (27), who also failed to support the timing hypothesis
through the analysis of viral sequences from infants and in-
fected mothers. It is possible that viral genetic studies will be
unable to pinpoint the time of transmission with any certainty.
First, as shown here, even though the majority of virus effec-
tively turns over or evolves to unique forms in a short period of
time, small amounts of preceding forms of the virus may reside
in the PBMC as replication-competent provirus for extended

periods of time. Second, because of the possible compartmen-
talization of virus variants in different parts of the body, the
availability of maternal specimens harboring the transmitted
variant populations for testing is not certain.

Any genetic features of env genes that correlate with trans-
mission, throughout virus populations as diverse as five env
sequence clades, would be strong evidence for involvement of
the observed feature in transmission from mothers to their
infants. However, neither signature sequences nor patterns of
potential N-linked glycosylation or charged amino acids were
apparent among the transmitted variants.
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