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Abstract
Deep pyrosequencing of a CD8+TL epitope from the Tat protein of simian immunodeficiency virus
(SIV) from four infected rhesus macaques carrying the restricting MHC allele (Mamu-A*01) for that
epitope, revealed that natural selection favoring escape mutations led to an increase in the frequency
of haplotypes in the epitope region that differed from the inoculum. After 20 weeks of infection, a
new sequence haplotype in the epitope region had increased to a frequency greater than 50% in each
of the four monkeys (range 57.9%–98.9%); but the predominant haplotype was not the same in all
four monkeys. Thus, even under strong selection favoring escape from CD8+TL recognition, the
random nature of mutation itself is the primary factor affecting which escape mutation is likely to
become predominant within an individual host. The relationship between the frequency of the
inoculum haplotype in the epitope region and time post infection approximated a simple hyperbola.
On this assumption, the expected ratio of the frequencies at the inoculum at two times t1 and t2, fi
(t2)/fi (t1), will be given by t1 / t2. Because standard phylogenetic methods for reconstructing ancestral
sequences failed to predict the inoculum sequence correctly, we used this relationship to predict the
inoculum sequence with 100% accuracy, given data on haplotype frequencies at different time
periods.
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Introduction
Both human immunodeficiency virus 1 (HIV-1), the primary worldwide cause of AIDS and
the related simian immunodeficiency virus (SIV), are known to have very high mutation rates,
on the order of 10−2 per site per year (Li et al. 1988). Some nonsynonymous (amino acid-
altering) mutations may be positively selected because they confer escape from the host’s
immune recognition (Evans et al. 1999; Allen et al. 2000; Hughes et al. 2001). Indeed,
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positively selected nonsynonymous mutations in genomic regions encoding epitopes bound
by host class I major histocompatibility complex (MHC) molecules and recognized by CD8+
T-cells (CD8+TL) have been shown to represent a substantial fraction of the variation observed
during infection of rhesus macaques (Macaca mulatta) with SIVmac239 (O’Connor et al.
2002, 2004; Hughes et al. 2005). Conventional sequencing studies have revealed substantial
nucleotide sequence polymorphism within the population of SIV inhabiting a single host,
including both apparently selected and presumably neutral polymorphism (Hughes et al.
2005). However, such techniques were limited in the number of sequences that could be
examined; as a consequence, the evolutionary dynamics of escape from CD8+TL recognition
could not be examined in detail.

Deep pyrosequencing technology has the potential to provide a much more detailed
understanding of the sequence diversity of immunodeficiency virus genomes subject to
selection favoring CD8+TL escape mutants (Bimber et al. 2009). Here we use results from this
technology to examine the dynamics of sequence evolution in a region of the Tat gene including
a well-characterized CD8+TL epitope (SL8) presented by the Mamu-A*01 positive rhesus
macaques (Allen et al. 2000). This epitope is subject to strong positive selection favoring escape
mutations early in infection (Allen et al. 2000; Hughes et al. 2001). However, this epitope is
also subject to constraint on viable escape mutations because it is encoded by a portion of the
tat reading frame that overlaps a region of the vpr reading frame, and the latter is subject to
purifying selection (Hughes et al. 2001). Comparing the trajectories taken by the evolution of
escape in different infected monkeys provides evidence regarding the extent to which such
constraints shape the evolution of escape strategies in SIV populations infecting different
monkeys.

In natural infections, it may be difficult to reconstruct ancestral sequences in genomic regions
where escape mutations occur. In the present case, because all monkeys were infected with an
identical known inoculum, we test whether knowledge of the dynamics of allele frequency
change can be used to identify the ancestral sequence, even when that sequence is at low
frequency in the viral population infecting a given host. We apply a simple method for
reconstructing the ancestral sequence that depends on the dynamics of haplotype frequency
change rather than on phylogenetic reconstruction. Phylogenetic reconstruction of transmitted/
founder virus has been used in HIV-1 infections for sequences of the complete env gene (Keele
et al. 2008) or the complete genome (Salazar-Gonzalez et al. 2009). However, phylogenetic
analysis is unlikely to be able to provide adequate resolution in the case of the short sequences
provided by pyrosequencing technology, especially under positive selection which promotes
parallel amino acid changes (Hughes et al. 2001). Thus, our method may be useful in the
analysis of pyrosequencing data from SIV and other viruses in which escape from CD8+TL
recognition occurs regularly.

Methods
Sequencing Methods

Deep pyrosequencing (Bimber et al. 2009) was applied to a region from the tat gene of SIV
from seven infected rhesus macaques (rh2122, rh2124, rh2126, rh2127, r01008, r00014, and
r97113). The inoculum sequence of this region encoded the Mamu-A*01-encoded epitope SL8
(STPESANL), and all seven monkeys were A*01-positive. Sequencing was applied to samples
taken 1, 2, 3, 4, 8, and 20 weeks post-infection from four animals (rh2122, rh2124, rh2126,
and rh2127) and at 88 weeks (r00014), 201 weeks (r91113), and 221 weeks post-infection from
individual animals. In sequence analyses a region of 144 nucleotides was analyzed; a small
proportion of sequence reads that did not cover this entire region, and were excluded from
statistical analyses.
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Statistical Methods
We used Nei and Gojobori’s (1986) method to estimate dN and the number of synonymous
substitutions per synonymous site (dS). In preliminary analyses, the methods of Li (1993) and
Yang and Nielsen (2000) yielded essentially identical results, as expected because the number
of substitutions per site was low in this case (Nei and Kumar 2000). We use the term
“haplotype” to designate a specific combination of amino acid residues at the eight amino acid
positions corresponding to the SL8 epitope. The distance between two populations of
sequences with respect to the distribution of haplotype frequencies at the SL8 epitope was
computed by the formula:

where n is the number of haplotypes and x1 and y1 are the frequencies of the ith haplotype in
the two populations, respectively (Nei 1987, p. 216).

We used allometric regression to construct a model predicting the frequency of the inoculum
sequence fi(t) as a function of time in weeks (t) post infection. This method, long a standard
technique in biostatistics, involves linear regression the natural logarithm of a dependent
variable (Y) on the natural logarithm of the independent variable (X). The resulting linear
regression equation has the form ln(Y) = a + b ln(X). This same equation can then be re-
expressed in exponential form as Y = eaXb, where e is the base of the natural logarithms (Sokal
and Rohlf 1981).

Results
Amino Acid Changes

Deep pyrosequencing was used to monitor sequence evolution in the region of the SL8 epitope
in four infected rhesus macaques at 1, 2, 3, 4, 8, and 20 weeks post-infection. Viral load data
were collected from each animal at each of these times. The overall mean viral load was 1.55
× 106 copies/ml ± 0.45 × 106 S.E., with a range from 2.25 × 103 to 3.39 × 106 copies/ml; and
the median was 3.71 × 105 copies/ml. There was not a significant difference in mean (ANOVA)
or median (Kruskal-Wallis test) viral load among time points.

Few nucleotide sequence differences from the inoculum sequence, whether synonymous or
nonsynonymous, were observed in the remainder of the region analyzed, exclusive of the SL8
epitope. And within the SL8 epitope, no synonymous differences from the inoculum were
observed before week 20; and these occurred in only two of the monkeys (rh2126 and rh2127).
On the other hand, in the codons encoding the SL8 epitope itself, there was a steady increase
in the mean number of nonsynonymous substitutions per nonsynonymous site (dN) in
comparison to the inoculum sequence (Figure 1A). The most dramatic increase in mean dN
occurred between weeks 2 (0.0015) and 3 (0.0377), a 25-fold increase (Figure 1A).

As a consequence of nonsynonymous substitutions in the SL8 epitope region, the population
frequency of the original inoculum sequence (STPESANL) decreased rapidly over the same
period, dropping from an initial frequency of 100% in all four monkeys to a mean frequency
of 5.88 % (± 1.64 % S.E.; Figure 1B). Numerous alternative haplotypes were present by the
second week in one monkey (rh2122) and by the third week in all other monkeys (Table 1).
Eventually, a new predominant haplotype replaced the inoculum haplotype as the most
frequent, reaching over 50% frequency in each monkey by week 20; but this new predominant
haplotype was not the same in all four monkeys (Table 1). The pattern of increase in frequency
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of the new predominant haplotype differed markedly between monkeys. In rh2126, for
example, the PTPSANL haplotype was already present at 60% frequency by week 3 and had
reached almost 99% frequency by week 20 (Table 1). By contrast, in rh2127, the STPESAKP
haplotype did not appear in detectable frequency until week 8 but had reached 72% frequency
by week 20 (Table 1).

In order to examine the rate of decline in frequency of the inoculum haplotype, we fitted a
allometric (logarithmic) regression to the relationship between the frequency of the inoculum
sequence at time t, fi (t), and time (t) in weeks. We obtained the following relationship: fi (t) =
1.20 t −1.14 (R2 = 71.7%; t-test of the hypothesis that the exponent equals zero: t = −7.79; 22
d.f.; P < 0.001). The exponent (−1.14) was not significantly different from −1.0 (t = −0.95; 22
d.f.; N.S.); thus, the fitted function is close to a simple hyperbola.

As a qualitative test of the predictive value of this relationship, we examined sequences from
three additional A*01-positive monkeys at 88, 201, and 221 weeks post-infection, respectively.
In the monkey examined at 88 weeks, no inoculum sequences were observed (predicted
0.0073). In the monkey examined at 201 weeks, the observed frequency of the inoculum
sequence was 0.0303 (predicted 0.0028); and at 221 weeks, the observed frequency was 0.0407
(predicted 0.0026). Thus, even outside the range of the original observations on which the
regression was based, the observed values were not very far from the predicted values.

Differences among Monkeys
We computed the pairwise genetic distance (dA) with respect to the haplotype frequencies in
the SL8 region among monkeys for each week of collection. The mean dA was positively
correlated with weeks post-infection (Figure 2A; r = 0.872; P = 0.024). Thus, although the
sequences of SL8 region in the SIV population within each monkey were diverging from that
of the inoculum, they were also diverging from the sequence populations in the other monkeys.

An important factor in the divergence among monkeys was related to the portion of the SL8
epitope where the amino acid changes occurred. Within each monkey from weeks 3 through
20, there was a strong negative correlation between the frequency of haplotypes with amino
acid changes at position 1 of the epitope and the frequency of haplotypes with amino acid
changes in positions 2–8 of the epitope (Figure 2B; r = −0.780; P < 0.001). This relationship
implied that in any sample in which the frequency of haplotypes with changes at position 1 of
the epitope was high, the frequency of haplotypes with changes in positions 2–8 was low; and
vice versa. There was one point, corresponding to week 3 from monkey rh2124, with low
frequencies of both haplotypes with a change in position 1 (3.3%) and haplotypes with changes
in positions 2–8 (9.1%; Figure 2B). This outlier evidently occurred because the frequency of
the inoculum sequence was still high (87.6%) in monkey rh2124 at week 3. When only data
from weeks 4 through 20 were included, the negative correlation between the frequency of
haplotypes with amino acid changes at position 1 of the epitope and the frequency of haplotypes
with amino acid changes in positions 2–8 of the epitope became even stronger (r = −0.971; P
< 0.001).

By week 20, there was a predominant haplotype in each monkey which differed from the
inoculum at one or two amino acid positions (Table 1). In both rh2122 and rh2126, the
predominant haplotype was PTPESANL (Table 1). In rh2124, SIPESANL was the
predominant haplotype, while in rh2127 STPESAKP was the predominant haplotype (Table
1). Interestingly, the PTPESANL haplotype, which became the predominant haplotype
independently in two monkeys, requires a nonsynonymous mutation in the vpr reading frame
(leading to I → T replacement), whereas the other two predominant involved only synonymous
changes in the vpr reading frame. As a consequence of increase in frequency of these
synonymous mutations, in rh2124 and rh2127, there was a strong positive correlation between
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dS vs. the inoculum in the vpr reading frame and week post-infection (r = 0.840; P < 0.001).
By contrast, in rh2122 and rh2126, there was no correlation between dS vs. the inoculum in
the vpr reading frame and week post-infection (r = −0.092; n.s.).

Inferring the Ancestral Epitope Sequence
We used standard phylogeny-based methods, using both parsimony and maximum likelihood,
to infer the ancestral sequence of the sequenced region based on the sequences available from
deep sequencing. None of these methods were able to reconstruct the true ancestral sequence
accurately (not shown). Therefore, we implemented a method based on the relationship
between time and the frequency of the inoculum sequence that might be used to infer that
sequence if it were unknown. First, we note that in the fitted relationship, fi (t) = 1.20 t −1.14,
the exponent was not significantly different from −1.0. Assuming an exponent of −1.0, the
expected ratio of the frequencies at the inoculum at two times t1 and t2, fi (t2)/fi (t1), will be
given by t1 / t2.

In order to infer the inoculum sequence, we searched for a haplotype that was decreasing
monotonically over time. Suppose we are given only the samples from weeks 4, 8, and 20. In
the case of monkeys rh2126 and rh2127, there was only one haplotype that showed a decrease
in frequency from week 4 to 8 and from week 8 to 20; namely the inoculum haplotype
(STPESANL). Therefore, in these cases, it was easy to infer the inoculum haplotype, since it
was the only one to show a decrease over the three time points examined.

In the case of monkey rh2122, there were three haplotypes that showed a decrease in frequency
from week 4 to week 8 and from week 8 to week 20: SIPESAL, STPELANL, and STPESANL
(Figure 3A). In order to decide which of these was the inoculum, we computed the sum of the
squared deviations of observed frequency ratios from expected frequency ratios (Figure 3A).
The sum of squared deviations was much lower for STPESANL (0.788) than for STPELANL
(1167.600) or for SIPESANL (6.398; Figure 3A), identifying STPESANL as the inoculum. In
the case of monkey rh2124, there were again three haplotypes that showed a decrease in
frequency from week 4 to 8 and from week 8 to week 20: PTPESANL, STPESANL, and
STPESANR (Figure 3B). The sum of squared deviations of observed frequency ratios from
expected frequency ratios was lower for STPESANL (1.973) than for STPESANR (3.669) or
PTPESANL (13.195; Figure 3B), again identifying STPESANL as the inoculum. Therefore,
this simple method was able to identify the inoculum sequence with perfect accuracy.

Discussion
Deep pyrosequencing of a CD8+TL epitope from the Tat protein of simian immunodeficiency
virus (SIV) from four infected monkeys, each of which carried Mamu-A*01, revealed that
natural selection favoring escape mutations led to an increase in the frequency of haplotypes
in the epitope region that differed from the inoculum. After 20 weeks of infection, a new
sequence haplotype in the epitope region had increased to a frequency greater than 50% in each
of the four monkeys (range 57.9%–98.9%); but the predominant haplotype was not the same
in all four monkeys. In fact, three different predominant epitopes were seen in the four
monkeys; thus the same haplotype (PTPESANL) became predominant in two of the monkeys
but not in the others.

The epitope studied is subject to particular functional constraint because it is in a region of the
tat reading frame that overlaps the vpr reading frame, and this constraint may limit the number
of escape mutations that are viable and thus likely to increase in frequency (Hughes et al.
2001). In the present case, the haplotype that became predominant independently in two
monkeys (PTPESANL) involved a nonsynonymous change in the vpr reading frame, while the
other two only involved synonymous changes in the vpr reading frame. Thus, although the
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presence of overlapping reading frames may have to some extent limited the range of viable
escape mutations, such constraints did not lead to occurrence of a unique escape response in
all four monkeys. Rather, the results seem most consistent with the hypothesis that, even under
strong selection favoring escape from CD8+TL recognition, the random nature of mutation
itself is the primary factor affecting which escape mutation is likely to become predominant
within an individual host. This result is consistent with results of artificial selection experiments
with viruses such as the bacteriophage ϕX174, in which different replicate lineages showed
distinct mutational patterns in response to selection for growth at high temperature (Wichman
et al. 1999).

Because the inoculum sequence was known in the present case, we used our data to test the
feasibility of reconstructing the inoculum sequence from the sequence samples uncovered by
deep pyrosequencing. We found that phylogenetic methods of reconstructing ancestral
sequences were of no use in this case, probably because the sequences analyzed were short
(144 nucleotides) and because parallel amino acid substitutions often occur in response to
selection on this epitope (Hughes et al. 2001). However, we found that a method based on the
dynamics of haplotype frequency changes was able to reconstruct the ancestral sequence with
perfect accuracy.

An empirically derived formula for the frequency of the inoculum haplotype at time t in weeks,
fi (t), was the following: fi (t) = 1.20 t −1.14. Because the exponent (−1.14) was not significantly
different from −1.0, this relationship approximated a simple hyperbola. On this assumption,
the expected ratio of the frequencies at the inoculum at two times t1 and t2, fi (t2)/fi (t1), will
be given by t1 / t2. This relationship can be used to predict the inoculum haplotype given data
on haplotype frequencies at different time periods in a CD8+TL epitope subject to natural
selection favoring escape mutations.

First, the inoculum haplotype should be expected to be decreasing monotonically over time.
In two of the four monkeys, there was only one haplotype decreasing monotonically over the
data from weeks 4, 8, and 20; and this haplotype was the inoculum haplotype. In the other two
monkeys, we compared the ratios fi (t2)/fi (t1) with the expected ratio t1 / t2, computing the sum
of squared deviations of observed from expected values. In each case, the haplotype with the
lowest sum of squared deviations was the inoculum sequence. As in the present case, this
method may work best with data from at least three time points, but in many cases it may
provide the correct answer with only two time points.

The Tat SL8 epitope is highly immunodominant and subject to strong selection favoring
escape; as a result it is very rapidly evolving in Mamu-A*01 positive hosts (Allen et al.
2000). Other CD8+TL epitopes of SIV are not so rapidly evolving (O’Connor et al. 2002). One
factor that can slow the evolution of escape in CD8+TL epitopes may be the requirement for
compensatory mutations in cases where the escape mutation is deleterious to the virus
(Friedrich et al. 2004; Peyerl et al. 2004; Yeh et al. 2006). In HIV-1 infection in humans,
Goonetilleke et al. (2009) identified three different patterns of escape from CD8+TL
recognition: simple escape (where a single haplotype quickly replaces the transmitted
haplotype); rapid complex escape (where numerous mutated haplotypes appear quickly, with
a dominant haplotype eventually emerging); and delayed complex escape (characterized by
slow increase of a dominant haplotype without the rapid appearance of numerous mutated
haplotypes).

The evolution of the Tat SL8 epitope fit complex escape category, at least in three of the four
monkeys (Table 1). However, in rh2126, a predominant escape mutant was already present at
60% frequency by week 3, although pyrosequencing revealed numerous other escape mutants
at low frequencies (Table 1). Thus, the pattern of evolution in rh2126 seemed was more like
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that of simple escape (Goonetilleke et al. 2009). The occurrence of very different trajectories
of escape at the same epitope in four different Mamu-A*01-positive hosts (Table 1) suggests
that the pattern of escape is not a property of a given epitope alone but may vary from host to
host. In addition, since we did not have data for the four monkeys past 28 weeks, we could not
rule out the possibility that the haplotype predominant at 28 weeks might in some cases be
replaced later by yet another haplotype, adding further complexity to the process.

While the current method was efficacious in identifying the inoculum in the case of the SL8
epitope, it may be also possible to adapt the same approach to other epitopes that evolve more
slowly than Tat SL8. Note that, as long as the exponent (−b) of the relationship between fi(t)
= a t −b is approximately equal to −1.0, the ratio fi (t2)/fi (t1) is expected to be approximately
t1 / t2 no matter what the value of a. Moreover, the case where the exponent is equal to −1.0
constitutes a special case of a more general relationship. In general, fi (t2)/fi (t1) will be equal
to t2b/t1b. Different rates of elimination of the inoculum haplotype will be reflected by different
values of the coefficient a and/or of the exponent (−b). In cases where one does not know the
exponent, a number of different values of −b, ranging from about −0.5 to −1.0, might be tried,
on the assumption that, if another epitope differs in rate from Tat SL8, it is likely to evolve
more slowly that Tat SL8 rather than more rapidly (O’Connor et al. 2002). Application of
exponents in the range −0.5 to −1.0 to the present yielded correct identification of the inoculum
haplotype (not shown), suggesting that the correct epitope is likely to be identified even if the
exponent is only approximately known.

In the case of human infection with HIV-1, the sequence of the initially infecting virus is not
generally known; yet a knowledge of this sequence may be useful both for epidemiological
and therapeutic purposes (Bull and Wichman 2001; Kaye et al. 2008; Pistello et al. 2004; Yerly
et al. 2004). The pyrosequencing technique used here showed advantages in its ability to
provide a picture of viral diversity within a host, but involves such short sequences that
phylogenetic methods (Keele et al. 2008; Salazar-Gonzalez et al. 2009) may not provide
sufficient resolution to determine the ancestral sequence. Unlike experimental SIV infections,
data as early as the first few weeks after infection are rarely available in the case of HIV-1.
However, as the results of Goonetilleke et al. (2009) show, haplotype frequencies at CD8+TL
epitopes of HIV-1 may continue to evolve over the first several years after infection. Given
pyrosequencing data on epitopes in the process of escape, the present results suggest that the
dynamics of sequence haplotype frequency change may yield insights regarding the source of
infection.
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Figure 1.
(A) Mean number of nonsynonymous substitutions per nonsynonymous site (dN) versus
inoculum sequence in the Tat SL8 epitope of SIV samples from four rhesus macaques as a
function of weeks post-infection. (B) Frequency of the inoculum sequence, fi (t),as a function
of weeks post-infection. The curve is the exponential regression fi (t) = 1.20 t −1.14 (R2 = 71.7%;
P < 0.001).
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Figure 2.
(A) Average genetic distance (dA) based on haplotype frequencies of amino acid sequence in
the Tat SL8 epitope as a function of weeks post-infection (r = 0.872; P = 0.024). (B) In samples
from weeks 3–20, frequency of haplotypes with amino acid changes at position 1 of the epitope
versus frequency of haplotypes with amino acid changes in positions 2–8 of the epitope (r =
−0.780; P < 0.001).
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Figure 3.
Observed versus expected ratios of haplotype frequencies at weeks 4, 8, and 20 post-infection
in monkeys (A) rh2122 and (B) rh2124.
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