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Abstract
Design—The origin and evolution of HIV-1 in breast milk is unclear, despite the continuing
significance of this tissue as a transmitting compartment. To elucidate the evolutionary trajectory
of viral populations in a transient mucosal compartment, longitudinal sequences of the envelope
gp120 region from plasma and breast milk spanning the first year after delivery were analyzed in
six women infected by HIV-1 subtype C.

Methods—Multiple phylogenetic algorithms were used to elucidate the evolutionary history and
spatial structure of virus populations between tissues.

Results—Overall persistent mixing of viral sequences between plasma and breast milk indicated
that breast milk is not a distinct genetic viral compartment. Unexpectedly, longitudinal
phylogenies showed multiple lineages defined by long branches that included virus from both the
breast milk and the plasma. Plasma was unlikely the anatomical origin of the most recent common
ancestor (MRCA) in at least three of the subjects, while in other women, the temporal origin of the
MRCA of the viral populations following delivery occurred well before the onset of breast milk
production.
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Conclusions—These findings suggest that during pregnancy/lactation, a viral variant distinct
from the plasma virus initially seeds the breast milk, followed by subsequent gene flow between
the plasma and breast milk tissues. This study indicates the potential for reactivation or re-
introduction of distinct lineages during major immunological disruptions during the course of
natural infection.
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INTRODUCTION
HIV-1 rapidly evolves as a quasispecies, targeting CD4+ cells, primarily macrophages and
T-lymphocytes [1]. Because CD4+ cells are distributed throughout the body, viral variants
may replicate and evolve independently in anatomical tissues or compartments without
contributing to systemic flow of viral genes [2]. Tissues and cells may also act as viral
reservoirs if viral variants circulating earlier in infection are archived and replication is
restricted [2-4].

Breast milk is a transient mucosal tissue considered a potential compartment for virus based
on physiology of mammary tissue and development of lactation. Breastfeeding remains a
major route of maternal transmission of HIV-1 to infants in the developing world, infecting
about 14% of infants born to antiretroviral therapy naïve mothers [5]. Breast tissue is not
only an important transmitting tissue, but also provides a distinct biological site for milk
production. Lactating mammary tissue is part of a common mucosal immune system and
provides a source of cells, antibodies and diverse immune factors distinct from those in the
circulation [6]. Mammary tissue remodeling begins during the second trimester of
pregnancy when cells from the gut lymphoid system home to breast tissue (lactogenesis I).
Initially, tight junctions between epithelial cells are permeable, allowing immune cells and
plasma proteins from the blood to enter the breast milk directly via the paracellular pathway
[7]. The paracellular pathway closes at the time of delivery, and remains blocked until
weaning is initiated or inflammation occurs [8], which often corresponds with a concomitant
rise in breast milk sodium levels. If HIV-1 infected cells were also blocked from passing
between breast milk and plasma during exclusive breast feeding, the viral population in the
breast milk may diverge from virus in the plasma, leading to the evolution of “breast milk
variant[s]” of virus. The breast milk may also present a unique environment that could select
for specific viral variants. Breast milk is an immunologically distinct tissue comprised
mainly of lymphocytes and macrophages that likely derive from the gut lymphoid tissue
[9-13] and appear at the highest concentration during early lactation [14,15]. Although T
lymphocytes comprise less than 10% of the total cell population in breast milk, the
magnitude and breadth of the breast milk T-cell repertoire are higher than in peripheral
blood and include specificities distinct from circulating plasma T-cells [16].

Despite the biological plausibility of a breast milk compartment for virus, only a small
number of studies have investigated HIV-1 compartmentalization in breast milk with
conflicting results, perhaps reflecting complexities of interpretation of cross-sectional
studies, analysis of several different subtypes (HIV-1A, G, B/D), a range of sampling times
post-partum (1 to 12 wks or 1 year), and/or various analytical methods applied to different
regions of the env gene [17-19]. A recent analysis, which was the most comprehensive to
date, of cross-sectional breast milk and plasma samples found no evidence for virus
compartmentalization immediately post-partum [20]. We designed a novel longitudinal
study to examine the evolution of HIV-1 subtype C env gp120 gene in breast milk and
plasma from six women who transmitted virus to their infants either perinatally or through
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breastfeeding. The goal was to define the relationship of the circulating virus with that in
milk and determine how viral populations changed over time.

METHODS
Subjects

Samples were from participants in the Zambia Exclusive Breastfeeding Study (ZEBS) who
were therapy naïve except for a single dose of nevirapine at the time of labor [21]. Three
right and left breast milk and plasma samples from the first year post-partum from six
women (1-6) were analyzed. Three subjects presumably transmitted in utero, as their infants
were PCR positive at birth (denoted as “IUT”), while three transmitted through breast milk
(infants negative prior to PCR positive at 40 days, denoted as “BM”) [22]. Five women had
low CD4 T cells (<200 per ml) and all had 4->5 log10 plasma viral levels at the time of
delivery (Table 1). All women reported exclusively breastfeeding for four months with no
mastitis, elevated sodium levels, or other clinical problems during the study.

Sequence generation and analysis
Breast milk samples were processed at the site within 4 hrs of collection. Aliquots of whole
breast milk (1 ml) were centrifuged twice at 1,600 × g for 15 min to remove the cell fraction.
Overall, breast milk samples had only <10 to 1000 cells per ml. Roche Amplicor
Ultrasensitive HIV-1 Monitor assay was used as previously described, with an additional
third spin performed to remove any remaining cells [23]. RNA was extracted from plasma
and breast milk (including a DNase step), reverse transcribed to cDNA, and used as template
for amplification of the V1-V5 region of the envelope gp120 gene as previously described
[24]. This protocol ensured that no proviral DNA was present in the final template. Two
independent amplifications were performed for most samples. Products were cloned and
sequenced in the Genome Sequence Service Laboratory at the University of Florida.
Sequences have been submitted to Genbank (accession numbers pending). Sequences
[~1,000] were classified as subtype C using the Rega subtyping tool
(www.bioafrica.net/subtypetool/html). Alignments of V1-V5 sequences were performed
manually using BioEdit v7.0 and Mega v4.0 [25], gap-stripped, and analyzed to identify
recombinant sequences [26] that were removed to reduce distortion of phylogenetic
relationships. Co-receptor use was inferred using the PSSM algorithm specific for HIV-1
subtype C [27].

Phylogenetic analysis
Coalescent theory provides a solid theoretical framework to study the ancestral relationships
of individuals sampled from a population [28], including gene flow patterns and time to
most recent common ancestor (TMRCA). Bayesian methodology allows use of prior
information in analyses, as well as estimation of probability distributions for each parameter
of interest. In this study, the TMRCA (median and 95% high posterior density intervals,
[HPDs]) were estimated in a Bayesian coalescent framework implemented using the BEAST
software package 1.5 [29] with a relaxed molecular clock and a general time reversible with
gamma distributed rate variation across sites (GTR+G) model of nucleotide substitution. A
particular advantage of the BEAST algorithm is the use of heterogeneous samples to
estimate evolutionary parameters under both a strict and relaxed molecular clock [30-32].
For each dataset, the maximum clade credibility (MCC) tree was selected from the posterior
tree distribution using the program TreeAnnotator version 1.5. The programs are thoroughly
described and available for download at: http://tree.bio.ed.ac.uk. Maximum likelihood trees
were inferred using the GTR+G model, without the assumption of the molecular clock,
using PhyML [33]. Genetic diversity and divergence calculations were performed with a
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ML-correction model implemented in Mega v4.0 [25] and compared using a random block
ANOVA in GraphPad.

Population structure among viruses from different tissues at different time points was
assessed by a modified Hudson test [34] (implemented at
http://wwwabi.snv.jussieu.fr/achaz/hudsontest.html) with a Bonferroni-corrected alpha-
value of 0.001. A parsimony analysis was used to infer the most likely tissue for each
internal node of the MCC trees, and compartmentalization was tested by the Slatkin and
Maddison test for gene flow [35] using the MacClade version 4 program [36].

Structure Index
A tree Structure Index (SI) was developed to quantify how close the observed tree topology
is to a theoretical topology displaying perfect compartmentalization. Under complete
structure: 1) sequences sampled from tissue ti are not intermixed with sequences sampled
from tissue tj (i≠j), and 2) all sequences sampled from ti share the same common ancestor.
Given n tissues, each sequence was assigned a state corresponding to the anatomical origin
(i) (i =1, 2, … n). A matrix with equal weights between n tissues was then constructed.
Using the maximum clade credibility tree, the ancestral state of each internal node was
estimated using maximum parsimony, and the number of steps (changed from one tissue to
another) on the tree was counted (Sobs). Then, a set of 10,000 random trees was generated
using the random-joining method, and for each random tree the number of steps was
counted. The lower 95% count from this distribution was used as the upper limit of the
expected number of steps on a non-random tree (Smax). The minimum number of steps
(Smin) on a perfectly structured tree is simply n−1. The SI is: (Smax − Sobs)/(Smax − Smin)
and scaled from 0 (random structure) to 1 (complete structure) [manuscript in preparation].

RESULTS
Phylogenetic reconstruction of virus populations over time

Reconstruction of evolution by phylogenetic trees was performed to determine the
population structure of virus in breast milk with respect to virus in peripheral blood. A total
of 769 non-recombinant sequences from plasma, right and left breast milk sampled at three
time points during the first year post-partum was analyzed for six women, three who
transmitted in utero [IUT] (Fig. 1, A-C) and three by breast milk [BM] (Fig. 1, D-F). In all
individuals, virus populations were organized into multiple major lineages with posterior
branch probabilities >0.7 (branches are scaled in time). Moreover, major lineages in each
tree were comprised of viral sequences from plasma and right and/or left breast milk (Fig. 1,
A-F). To confirm the trends observed in the Bayesian MCC trees, maximum likelihood trees
inferred under a non-clock model also revealed similar major phylogenetic patterns with
deep lineages and clustering of sequences from different tissues within lineages (data not
shown).

Even though shallow lineages comprised of sequences from only one type of tissue were
identified occasionally in every subject, overall tree structures indicated that viruses in
breast milk and plasma displayed little temporal structure, but were generally mixed over the
course of time. No persistent independent evolution of breast milk virus, as predicted by a
compartmentalization scenario, was apparent. Virus populations displayed no phylogenetic,
structure between breast milk and plasma, which is most consistent with a model of
panmixia (complete gene flow).
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Estimated time and tissue of origin of the Most Recent Common Ancestor (MRCA)
A particular strength of the Bayesian analysis used in this study is the ability to estimate the
timing of internal nodes in the phylogeny, which by definition are ancestral and existed prior
to the sampled sequences. This methodology therefore does not require the actual ancestral
sequences to be included. A reasonable expectation for the origin of virus in breast milk was
that virus(es) were introduced no earlier than lactogenesis, 4 to 5 months prepartum. The
time of the MRCA (i.e. the root of the tree indicated by a circle in Fig. 1), estimated by
using a relaxed molecular clock with the Bayesian framework, ranged from 9 months to 111
months before delivery (Fig. 1, A-F). The lower confidence limit was about 4 to 6 months,
close to the onset of breast milk production for three patients (6IUT, 4BM, and 3BM). In
contrast, the lower confidence limit in the other three subjects was between 17 to 45 months
before delivery.

The anatomical origin for the MRCA of the divergent lineages within each individual was
inferred. Among women who transmitted during labor and delivery, the anatomical origin of
the divergent lineages was ambiguous for two women (1IUT and 6IUT), while plasma virus
was the source in one case (2IUT). In contrast, among the three women who transmitted by
BM, the most parsimonious tissue of origin for the MRCA was breast milk. Since the breast
milk was not an anatomical site until a few months before birth, results suggest that the
origin of the divergent viral lineages must have been in an unsampled tissue.

Spatial Structure
HIV-1 compartmentalization is defined by viral variants that replicate and evolve
independently in anatomical tissues or compartments without contributing to systemic flow
of viral genes [2]. Compartmentalization would be evident in the phylogeny as several
distinct clades, each containing most (or all) the sequences from a specific tissue. Although
trees failed to indicate that breast milk was a virus compartment, a suite of analytical tools to
more rigorously test the hypothesis was applied [20]. A traditional phylogenetic measure of
compartmentalization, the modified Slatkin-Maddison test, was applied to viruses in two
tissues (breast milk vs. plasma) or three tissues (right breast milk, left breast milk, and
plasma) (Table 2). In all subjects, the number of changes was less than the lower 5% value
of expected changes under the random distribution model. Although a traditional
interpretation of the result is that the sequences demonstrate significant
compartmentalization, this statistic fails to provide any quantification on the extent of
compartmentalization.

To quantify compartmentalization, a novel statistic, the tree Structure Index (SI), was
developed. The SI quantifies how close the observed tree topology is to a theoretical
topology displaying perfect compartmentalization. The SI is scaled from 0 (complete
absence of compartmentalization) to 1 (perfect compartmentalization). When breast milk
and plasma virus were compared, SI ranged from 14% to 50% among the subjects,
indicating little evidence for compartmentalization (Table 2). When three tissues (left and
right breast) were considered, no additional information was revealed. Overall, spatial
structuring of sequences between different tissues that might indicate viral
compartmentalization was weak and observed sporadically and stochastically, consistent
with a largely panmictic population.

Population structure was subsequently evaluated by a non-phylogenetic method that
considered both time and tissue of sampling. Even though significant population structure
between breast milk and plasma viruses was identified occasionally in all subjects, no trend
persisted over time (Table 2). Results suggest that a restricted virus population may develop
transiently in one or the other breast milk sample, although viruses from each breast milk
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sample are largely shared with contemporaneous plasma, similar to results from tree
phylogenies.

Diversity and divergence of virus populations
Nucleotide diversity for all sequences in each tissue was similar in 1IUT, 6IUT, 4BM, but
significantly different between plasma and breast milk in 2IUT, 5BM, and 3BM (Fig. 2A).
Divergence from the MRCA was also different between plasma and breast milk for 2IUT
and 5BM (Fig. 2B), reflecting deep lineages of multiple viral populations. Analysis of
diversity/divergence for each timepoint uncovered no additional information (data not
shown). Overall, using a simple measure of mean diversity/divergence failed to capture the
complexity of the underlying population structure.

Population expansion
The number of lineages inferred to be present during the entire pre-partum period based on
the MCC tree was calculated for each subject and reported as the proportion of the total
number of lineages present at delivery (Fig. 3A). In five subjects, the number of lineages
expanded exponentially during the six months immediately pre-partum, a time frame
corresponding with the onset of lactogenesis I. In one subject (5BM), the period of
expansion appears much earlier, although the confidence interval associated with the
estimated time to the MRCA for this individual spanned 184 months; therefore, increase in
the number of lineages could have occurred much closer to the time of pregnancy/lactation.

To assess the possibility that the population expansion resulted from a change in co-receptor
usage, the PSSM algorithm was used to infer R5 or X4 coreceptor preference for each
sequence. Envelopes predicted to use the X4 coreceptor were found in all subjects (Fig. 3B).
In four subjects, viruses predicted to use X4 comprised <10% of viruses from only one time
point. In contrast, 100% of viruses in both tissues from subject 4BM were classified as X4 at
all time points, while in subject 2IUT, predicted X4 envelopes represented 90% of plasma
sequences and 70% of breast milk sequences across time (p<0.05). Overall the expansion of
viral populations was independent of changes in coreceptor genotype.

DISCUSSION
Although numerous tissues, including semen [37,38], brain and cerebrospinal fluid [39-42],
and genital tract [43-47], have been proposed to serve as viral compartments, cross-sectional
study designs and low viral diversity in many tissues [48] confound interpretation and make
conclusive assignment of viral population structure problematic. Novel aspects of our study
of viral compartmentalization include longitudinal and simultaneously sampled populations
of high levels of virus, which provide significant advantages to establishing the persistence
of evolutionary trends. Results clearly show that any compartmentalization between breast
milk and plasma is evident only sporadically and stochastically. Overall, the evolutionary
pattern of viral populations in the breast milk fails to meet criteria for a virologic
compartment. A model of panmixia (complete gene flow) between the breast milk and
plasma over the first year post-partum best explains the results. The exchange of virus
between tissues, which begins immediately after birth [20], thus persists throughout the first
year. As none of the women in our study showed elevated sodium levels or evidence of
epithelial barrier breakdown, on-going migration of the virus between the breast milk and
the plasma by the paracrine pathway is unlikely, indicating that other intra-cellular pathways
are involved.

Unexpected results from this longitudinal study include the persistence of strong population
structure (multiple deep lineages) in both plasma and breast milk virus; the time of the
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MRCA preceding the onset of lactogenesis I; and the origin of the MRCA in the breast milk
for all of the BM transmitters. Because breast milk becomes an actual site for viral
replication only during lactogenesis, the original infecting virus cannot have derived from
this tissue; yet, results are inconsistent with a recent origin from the plasma virus. Taken
together the findings implicate virus[es] from a different tissue (not sampled in this study)
that migrate to the breast milk and establish an infection at this site.

One potential anatomical origin of the initial breast milk viral lineage is infected epithelial
cells in the mammary gland [49], as in the case of mouse mammary tumor virus [50];
however, epithelial cells lack the CD4 receptor and probably do not comprise a significant
portion of HIV-1 infected cells. A more likely origin of HIV-1 in breast milk is infected
cells from gut-associated lymphoid tissue (GALT) [16,51,52]. Cellular markers indicate that
T cells in human breast milk migrate from tissues other than the PBMC [53-55], while both
rodent and human studies show that some lymphocytes in breast milk originate from the gut
[9-13]. The predominant lymphocytes in the breast milk are CCR5-expressing memory CD4
T-cells [55], although macrophages are also a major cell type in breast milk [56], and a
likely source in breast milk of HTLV-1 infection [57]. Even though a majority of infected
lymphocytes turn over within days [58,59], macrophages survive HIV-1 infection for weeks
to months [60], express CXCR4 and CCR5 co-receptors [61], and play a prominent role as a
HIV-1 reservoir in the gastrointestinal mucosa [62]. Significantly, viruses predicted to use
the CXCR4 coreceptor were found in breast milk tissue in five of the six subjects. Therefore,
GALT-derived macrophages or T cells infected with an early HIV variant may migrate to
the breast during lactogenesis and establish an infection. Subsequently, these newly
introduced variants migrate to the periphery, in which a distinct set of viral variants is also
circulating. The exchange of distinct viral variants between the breast milk and the plasma
would result in the mixture of multiple divergent lineages with no compartmentalization.

Under this hypothesis, proviral DNA in breast milk cells, recently introduced from a
different tissue, would be expected to show a high divergence with respect to the plasma
virus. Unfortunately, the cellular fraction of breast milk was not available for the samples in
this study. However, in a recent cross-sectional study of plasma, breast milk RNA and DNA
population sequences of the reverse transcriptase and protease genes, median genetic
distances between cell-free and cell-associated viruses in breast milk were greater than
between plasma and cell-free virus [63]. These results are consistent with the hypothesis that
distinct viral lineages in breast milk are introduced from unsampled anatomical sites via
cellular migration.

The only difference between subjects who had transmitted through labor and delivery versus
breastfeeding was the inferred tissue origin of the MRCA: breast milk for all three BM
transmitters, and either plasma or undetermined for the IUT transmitters. However,
distinctions between transmitting groups should be interpreted with caution due to the small
number of individuals. Although a natural comparison population would be women who
breastfed for a substantial period and failed to transmit during either IUT or breastfeeding,
breast milk viral load [64] and viral DNA [65] are strongly correlated with transmission;
therefore a lack of detectable virus limits the possibility to study viral evolution.
Unfortunately, limited samples from the infants rendered the analysis of transmitted viral
variants impractical. All women were at an advanced stage of disease, as evidenced by the
detection of putative X4 viruses and low CD4 counts. The observation of predicted X4
viruses in all six women might reflect that the subjects were at an advanced stage of disease,
as evidenced by low CD4 counts and high plasma viral levels. Although the reported
frequency of infection by HIV-1 subtype C X4 variants varies from 0 to 30% depending on
geographic location, the frequency appears to be higher in Africa in more recent studies,
possibly suggesting an evolving epidemic on this continent [66-69].
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Results from our study demonstrate that breast milk, similar to other transmitting tissues,
does not provide a compartment for virus during the relatively short time of lactation. In
general, evidence that any transmitting tissue provides a restricted source of viral genes/
compartment is weak [48,70]. In fact, the brain is the only anatomical site clearly shown to
act as a viral compartment/reservoir [39-42,71], although as a non-transmitting tissue the
impact of this viral population on new infections is probably limited. While there is no doubt
that long-lived cellular sources of virus must exist by virtue of the emergence of an early
variant after cessation of antiretroviral therapy [72-74], conclusive identification of the
source is unclear. The diverse lineages that emerge during lactation/pregnancy could arise
from the same long-lived cellular population involved in post-therapy viral dynamics, or an
entirely different anatomical site. Future studies including more individuals/anatomical sites
are necessary to investigate the possibility that divergent virus populations emerge during
immunological perturbations during the course of natural infection.
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Figure 1. Phylogenetic history of plasma and breast milk virus
Six patients are designated based on mode of transmission to infants: IUT, in utero; BM,
breast milk (panels A-F). A total of 769 non-recombinant sequences (1IUT: 163 sequences;
2IUT: 102; 3BM: 199; 4BM: 102; 5BM: 81; 6IUT: 122) were analyzed. Bayesian maximum
clade credibility (MCC) phylogenies were inferred using the GTR+G model of nucleotide
substitution, constant population size, and relaxed clock in BEASTv.1.4.7. Branches are
scaled in time with the tips of branches sampled from the same date aligned according to the
scale in months at the bottom of each panel. Vertical dashed lines indicate 0, 4, and 12
months after delivery. Terminal branches are colored according to the tissue of sampling
(green = plasma, pink = right breast milk, blue = left breast milk). Internal branches are
colored according to the same scheme when the tissue assignment was unambiguous;
otherwise colored black. Asterisks designate posterior branch probabilities >0.7 for major
internal branches. Circles indicate the internal node (root node) that is the most recent
common ancestor (MRCA) of the entire population. The tissue of origin for the MRCA was
determined by parsimony analysis (open = undetermined, green = plasma, purple = breast
milk). The time of origin for the MRCA (the median number of months prior to delivery and
95% high posterior density intervals) are noted in italics in the lower left corner for each
subject.
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Figure 2. Diversity and divergence of plasma and breast milk virus are similar
A. Pairwise diversity and B. pairwise divergence from the inferred MRCA for plasma, left
and right breast milk samples were calculated in MEGAv4.0 with the maximum likelihood +
G correction. The median for each group of sequences is indicated with a horizontal red line.
The y-axis is scaled in substitutions/site, defined as the number of nucleotide differences
between two sequences divided by the sequence length. Asterisks indicate significantly
different medians between tissues in the same patient (p<0.0019).
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Figure 3. Exponential growth of viral lineages and predicted X4 usage
A. The proportion of lineages (based on the total number of lineages present at delivery, on
y-axis) inferred from the MCC trees (Fig. 1) is plotted for each three month period pre-
partum (x-axis) for six subjects. The timescale is the same as for the MCC trees in Figure 1.
The dotted line corresponds with the onset of Lactogenesis I at -6 months pre-partum. B.
The percentages of the total number of sequences for either plasma or breast milk sequences
predicted to use the CXCR4 co-receptor based on the subtype C specific PSSM algorithm
are shown as bars. Green bars indicates plasma, red bars indicates breast milk.
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