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HIV-1 evolves strongly and undergoes geographic differentiation as it spreads in diverse host
populations around the world. For instance, distinct genomic backgrounds can be observed be-
tween the pandemic subtype B, prevalent in Europe and North-America, and its offspring clade B’ in
East Asia. Here we ask whether this differentiation affects the selection pressure experienced by the
virus. To answer this question we evaluate selection pressure on the HIV-1 envelope protein gp120
at the level of individual codons using a simple and fast estimation method based on the ratio k./ks
of amino acid changes to synonymous changes. To validate the approach we compare results to
those from a state-of-the-art mixed-effect method. The agreement is acceptable, but the analysis
also demonstrates some limitations of the simpler approach. Further, we find similar distributions of
codons under stabilizing and directional selection pressure in gp120 for subtypes B and B’ with
more directional selection pressure in variable loops and more stabilizing selection in the constant
regions. Focusing on codons with increased k./ks values in B’, we show that these codons are
scattered over the whole of gp120, with remarkable clusters of higher density in regions flanking the
variable loops. We identify a significant statistical association of glycosylation sites and codons
with increased k./ks values.
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A defining feature of HIV-1 is its ability to adapt to the
immune systems of its hosts by evolving new variant
viruses. Some of the evolved variations became practi-
cally fixed in certain geographical regions and led to the
emergence of characteristic regional variants, as e.g. in
the case of the East Asian subtype B’ (Graf M, et al.,
1998; Li Z, et al., 2012a), likely an offspring of the pan-
demic subtype B. Variants such as B’ constitute novel
genomic backgrounds of the retrovirus on which natural
selection and neutral evolution will then operate anew.
The effect of the different backgrounds on the further
course of retroviral evolution is unknown. It can be envi-
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sioned that for different genomic backgrounds the evolu-
tion of resistance to anti-retroviral drugs is different, or
that for the same HLA type immune escape paths depend
on genomic background. A case in point is the observa-
tion of novel mutation patterns associated with drug re-
sistance in East Asian clade B’ (Deng X, et al., 2008).
In the present study we test the hypothesis that selec-
tion pressure depends on the retroviral genomic back-
ground. Similar studies have demonstrated that this is the
case for the env gene and the reverse transcriptase in
various subtypes and host populations (Choisy M, et al.,
2004; Travers S A, et al., 2005; Pond S L, et al., 2006).
Here, we specifically analyze selection pressure on the
viral envelope protein gp120 of pandemic subtype B and
the related East Asian subtype B’. We have chosen gp120
as this protein is exposed to a particularly strong selec-
tion pressure by the host immune system, and this might
lead also to strong differences in selection pressure be-
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tween B and B’. Further, we analyzed B and B’ as these
clades can, on one hand, be distinguished clearly (Wang
Y, et al., 2013b), while on the other hand they are quite
closely related, so that differences could be traced back
to specific genomic patterns.

One way to quantify selection pressure is to evaluate
for the codons of a protein coding gene the ratio of
non-synonymous nucleotide mutations (leading to a dif-
ferent amino acid) to synonymous mutations of codons
(not leading to a different amino acid), often termed
d,/d; or k,/k; (Nei M, et al., 1986; Li W H, 1993). We
distinguish directional selection, pushing a population
away from an established state, and stabilizing selection,
tying a population to an established state. When no se-
lection pressure is present, we observe neutral evolution
(Kimura M, 1968). For directional selection, the k,/k
ratio should take a higher value (amino acid mutations
favored), for stabilizing selection a lower value (syn-
onymous mutations favored). Often the methods for es-
timating k,/k; were applied on a per gene basis, implying
averaging over the codons of the studied gene. However,
it is possible that within a gene there are positions ex-
periencing directional selection and other positions under
stabilizing selection, so that averaging over all codons of
a gene may lead to canceling of contributions from dif-
ferent codons, and hence to an underestimation of selec-
tion pressure. Therefore, other methods have been de-
veloped that allow estimation of selection pressure on a
per codon basis. Often these methods employ complex
probabilistic models to explain the observed mutations in
a gene on the background of a phylogenetic tree (Nielsen
R, et al., 1998; Huelsenbeck J P, et al., 2006; Murrell B,
et al., 2012). While these methods promise accurate re-
sults, they usually require relatively costly calculations.
A fast and simple approximation was developed by Chen
L (2004). This method counts synonymous and non-
synonymous mutations with respect to a reference se-
quence, and corrects k,/k; ratios by a null model de-
rived from the data. The use of a single reference corre-
sponds to the assumption of a star-like phylogeny, as
discussed by Chen L (2006).

In the present work we first compare results for selec-
tion pressure in the HIV-1 gp120 of the East Asian sub-
type B’ from the MEME method (Murrell B, et al., 2012)
with results from the much simpler approach by Chen L
(2004). MEME uses a complex mixed-effect model that
can account for variation of selection over time and be-
tween branches of a phylogenetic tree. If results agree,
this would justify using the simpler method, especially
for larger data sets where computational demands for the
complex model may exceed the resources.

The original method by Chen L (2004) not only esti-
mated directional and stabilizing selection pressure in a
codon-wise fashion, but also included a significance cri-
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terion for directional selection. Here we slightly extend
the method to also allow for significance assessment for
stabilizing selection. The extended method is then ap-
plied to gp120 of subtype B and of the East Asian variant
B’, and results discussed in terms of the structure of
gp120. Finally, we analyze codons that have a increased
values of k,/k; in B’ compared to B. These patterns show
an interesting distribution in the structure of gp120, and
we find a statistical association of glycosylation sites
with these codons.

MATERIALS AND METHODS

Sequence data

All gp120 sequences were retrieved from the HIV
database (http://hiv.lanl.gov) at Los Alamos National
Laboratory (LANL). We included only one sequence per
patient and excluded sequences that were flagged as
“problematic”. A total of 2212 sequences of subtype B
(including B”) were retrieved; we call this sequence set
Bt Following Wang Y (2013b), sequences with an
L/W-pattern in V3 were assigned to clade B’. With this
criterion, the By, set of 2212 sequence was split into
120 B’ sequences and 2092 B sequences (excluding B’).
The latter set of 2092 sequences is used as representative
for subtype B if not explicitly stated otherwise, espe-
cially in our comparisons with B’.

For the computation of k,/k, values, we used two ref-
erence sequences, namely HXB2 (GenBank KO03455)
(Ratner L, et al., 1985), a commonly used reference se-
quence for subtype B, and RL42 (GenBank U71182.1)
(Graf M, et al., 1998), a widely used reference sequence
for the East Asian variant B’. Throughout the paper, all
codon numbers refer to gp120 in HXB2.

For the comparison between the two methods for the
identification of codons under selection, the smaller B’
set of sequences was first translated into amino acids
with transeq (Rice P, et al., 2000), the sequences aligned
with MAFFT (Katoh K, et al., 2002), and reversely tran-
scribed with revtrans (Wernersson R, et al., 2003). In this
way we obtained a codon-wise alignment for 118 B’ se-
quences (two of the 120 original sequences could not be
processed).

Prior to the analysis of differential selection pressure
between B and B’, the B, set of sequences was aligned
with MAFFT (Katoh K, et al., 2002) using default pa-
rameters.

Computation of selection pressure

The reference method MEME was accessed via the server
offered by the MEME authors (http://www.datamonkey.org,
Delport W (2010)). The codon-wise alignment of B’ se-
quences described above was submitted to the MEME
method using default codon substitution bias model and
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significance level (last access October 5, 2013).

We used the kaksCodon method described in Chen L
(2004) and implemented in R-package CorMut (Li Z, et
al., 2012b), with one extension. Chen L (2004) use a
log-odds ratio (LOD) as indicator of whether a value
k./ks > 1 1is significant evidence for directional selection:

. k,
LOD,, =log,, P(i = N, |N,C],(k—)m,,.)=1 (N

s

N N i N—i
ZIOglozf_Ny(iqu(l_Q) (2)

with P the probability of having at the respective codon
the observed number Ny or more mutations to amino acid
residue Y, N the total number of observed mutations at
this site, g the a priori probability of a mutation to Y for
a given null model including average transition and
transversion probabilities estimated from the data, and
(kalks)corr the k,/k ratio, corrected by division by the the
value of k,/k, expected under the null model. The null
model is detailed in Chen L (2004).

Computing the LOD;, according to Eq (1) corre-
sponds to application of a right-tailed binomial test, e.g.
with LOD,;,=3 corresponding to a p-value of 107, This
makes only sense as a significance criterion for direc-
tional selection, where the number of observed mutations
is greater than expected under the null model.

We extended this significance indicator by an analo-
gous quantity LODy,,,,; for stabilizing selection:

. k,
LODstabi/ = 10g10 P(l < NY | N’ q? (k_)cnrr) = 1 (3)

s
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corresponding to the application of a left-tailed binomial
test. In practice, we obtained a combined LOD for both
stabilizing and directional selection as LOD=—logop
with the p-value resulting from a two-tailed binomial test
for given N, Ny, q.

In the following we drop the index corr of k,/k, i.e.
k./ks is meant as symbol for a ratio of the naive ratio of &,
and k; divided by the corresponding ratio under the null
model described in Chen L (2004). This is also the output
of function kaksCodon in R-package CorMut (Li Z, et al.,
2012b), implementing the method proposed by Chen L
(2004). We used version 1.2.0 of CorMut, downloaded
from http://www. bioconductor.org.

In this paper, codons with k,/k; > 1 (or log(k,/ks) > 0)
and LOD > 3 are considered to be under significant di-
rectional selection, codons with k,/k; <1 (or log(k./ks) < 0)
and LOD > 3 are considered to be under significant sta-
bilizing selection.

All statistical analyses were conducted with the R soft-
ware (R Development Core Team, 2006), version 3.
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RESULTS

Comparison of selection pressure estimates for
gp120

We first compared the codon-wise selection pressures
estimated by the MEME method (Murrell B, et al., 2012)
with its more complex and powerful model, with results
obtained by using the faster and simpler method of Chen
L (2004) (in the following called “kaksCodon”), as im-
plemented in the kaksCodon function of R-package
CorMut (Li Z, et al., 2012b).

In the B’ alignment covering 629 codons, we identi-
fied with kaksCodon 38 codons under directional selec-
tion with log-odds ratio LOD > 3, compared to 113
codons under significant directional selection p < 0.05
found with MEME. 25 codons were identified by both
methods. The difference between 113 codons from
MEME and 38 from kaksCodon is likely due to the more
complex statistical model of MEME, which is more sen-
sitive than the simple counting method in kaksCodon.
The latter lacks power when applied to the comparatively
small number of B’ sequences. But as long as we find a
reasonable number of positions, this high false negative
rate may be tolerated if we aim at finding out whether
there is differential selection at all. It is unclear whether
the 13 codons predicted by kaksCodon but not by
MEME are false positives. Irrespective of this question,
the predictions for directional selection by both meth-
ods are highly significantly associated (a Fisher exact
test yields p = 1.6x10""). Moreover, the power of the
simple counting method should increase with the num-
ber of sequences, while the computational effort re-
mains small. Thus we consider kaksCodon an accept-
able method for the fast screening for positions under
selection.

Selection pressure and structure of gp120

Apart from checking agreement of the kaksCodon
method with a reference method such as MEME, it is
also important to test the results of kaksCodon against
independent information. For instance it is plausible that
parts of gp120 with the greatest exposure to the immune
system, e.g. to antibodies, will experience strong direc-
tional selection pressure, while parts of gp120 responsi-
ble for the interior architecture of the protein will be
subject to stabilizing selection pressure. We expect to
find this pattern in the data, irrespective of whether we
evaluate sequences of subtype B or of East Asian variant
B’. Indeed, Figure 1 and 2 show agreement between
structural elements and type of selection pressure. The
N-terminal signal peptide and the variable loops V1 to
V5 are predominantly under directional selection, and it
is also there where the maximum values of k,/k, are
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reached. Conversely, the constant regions C1 to C5 are
predominantly under stabilizing selection, and it is there
where the positions under strongest stabilizing selection
lie. However, the picture is not black-and-white: e.g.
some positions in V2 or V3 are under strong stabilizing
selection, while in C3 there are relatively many positions
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under directional selection.

This overvall picture is the same for the subtype B
data (Figure 1) and for the B’ data (Figure 2), although
the smaller size of the B’ data leads to less statistical
power and thus predicts significant selection for fewer
codons.
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Figure 1. kaksCodon analysis along gp120 of subtype B. The plot gives the value of log(ka/ks) for all codons (black
crosses). Codons under significant directional selection are additionally marked by a red circle, codons under sig-
nificant stabilizing selection by a blue triangle. Vertical dashed lines indicate boundaries of gp120 structural ele-

ments.
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Figure 2. kaksCodon analysis along gp120 of East Asian subtype B’

Wwww.virosin.org

. For explanations see caption of Figure 1.

FEBRUARY 2014 VOLUME 29

ISSUE 1

43



Differential Selection in HIV-1 gp120

Do gp120 B and B’ experience overall different
selection?

While Figure 1 and 2 show that the selection pressure
is distributed similarly over the substructures in B and B,
there may still be a trend towards overall higher or
lower selection pressure in B’. For instance, if B’ is not
yet well adapted to its host population, there could be
overall a higher selection pressure in B’, compared to,
say, B in Europe or North-America.

If we have a global deviation between selection pres-
sure on corresponding codons i in B and in B’, this
should show up in a plot of (k./k,)s,; against (k./ky)s;, OF
the logarithms thereof. Figure 3 indicates that there is no
such systematic global deviation, as explained in the fol-
lowing. All points in the Figure are roughly normally
distributed around the bisecting line (slope 1), which
means that there is no strong global difference between
k./k, in B and B’. However, when we fit a linear model
to the points we find a small but significant deviation
from slope 1. For instance, if we use subtype B refer-
ence sequence HXB2 (GenBank K03455) as reference
in kaksCodon (black circles), the least-square fit
linear model (dashed black line) has a slope of 0.87+0.05
(£ standard error). A naive interpretation of this result is

that the selection pressure in B’ is more extreme, leading
to a larger variation of the k,/k; -values in B’, and thus to
a slope <1 in Figure 3. But we have to keep in mind that
kaksCodon uses a simplified estimation of k,/k; that as-
sumes a star-like phylogeny rooted in a reference se-
quence. Accordingly, if we use the usual B’ reference
sequence RL42 as reference in k,/k; Codon, we have less
variation along the (k,/k,)p axis, and more along the
(ka/ks)p axis, with a slope of the linear model of
1.11 £ 0.06. Hence, we can explain global deviations
between selection pressures in B and B’ obtained with
kaksCodon as an artificial “reference sequence bias” due
to the use of reference sequences in the computation of
ka/ks. Thus we could not find evidence for globally dif-
ferent selection pressure between B and B’.

Codons under increased directional selection in
East Asian B’

The lack of evidence for global differences of selec-
tion pressure between B and B’ does not preclude differ-
ences between the two clades at specific codons. We
therefore proceeded to a codon-wise analysis to identify
codons with differences in selection pressure between B
and B’.

(_0_
ﬂ-_
o —
<
=
D ©
o
o
' o a
o w
ey i
' o~
" gl -1- HXB2ref.
g x% -+ RI42 ref.
T T T T T T
-6 -4 9 0 2 4
log(k./k.)s

Figure 3. Relation between overall selection pressures on B and B'. For all codons common to the two reference
sequences HXB2 and RL42 the log(ki/ks) values for these codons in B’ (x-axis) and B (y-axis) are plotted. Black
symbols: log(ka/ks) values with reference sequence HXB2 in kaksCodon method; red symbols: log(ka/ks) values for
reference sequence RL42. The black dashed and red dotted lines are the least-square fits to the red and black
symbols, respectively. The solid black line corresponds to log(ka/ks)s = log(kalks)s-
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Our initial hypothesis was that the encounter of HIV-1
with a new host population that has a different composi-
tion of HLA-types etc. may exert differential selec-
tion pressure at specific sites of gp120. We therefore
focused in our analysis on a subset of codons i satisfying
the following three conditions: (1) Positions i had to have
non-gap counterparts in both reference sequences HXB2
and RL42; this allowed us to check for reference se-
quence bias. (2) k,/k; for the respective codon i for the B’
sequences had to be higher than the estimate for the cor-
responding codon i in the B sequences:

k k
Ai = (k_a)B',i - (k_a)B,i >0 (5)

We required Eq (5) to hold irrespective of whether
reference sequence HXB2 or RL42 was used in the
kaksCodon calculation. (3) Only positions were considered
with LOD > 3 for the subtype B ensemble of sequences;
in this way we made sure that the k,/k-shift A; was oper-
ating on a position under significant selection pressure.
Figure 4 shows the distribution of the 83 codons i ful-
filling all three conditions (see Appendix for complete
list). At each position, two values of A; are given com-
puted with kaksCodon, one for reference sequence HXB2
(crosses), another for reference sequence RL42 (circles).
The distance between cross and circle is a measure of the
precision of A;. In most cases, this distance is small, i.e.
the precision is good. Interestingly, most of the variable
loops do not carry many positions with A; > 0, with the
exception of V2. However, high-A; positions seem to
cluster at the boundaries of most variable loops, and in
some C-regions between variable loops. This observation
and Figure 1 and 2 are in agreement with the layered
structural model of gp120 proposed by Pancera M
(2010). In this model, gp120 is organized in several lay-
ers, from a conserved layer around the core interface to
the gp41 fusion machinery, over an adapter layer, to a
highly variable outer layer facing the host immune system.
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According to Figure 1 and 2, codons under directional
selection pressure cluster most strongly in the variable
loops. The changes in these regions may be buffered by
the adapter layer, probably including the regions flanking
the variable loops. This buffering could necessitate a sof-
tening of this adapter layer, leading to a decreased stabiliz-
ing selection that may even turn into a directional selection.

Another remarkable feature of Figure 4 is that A; is
small for many of these codons. This is consistent with the
observation that many of these codons lie in C-regions
where stabilizing selection dominates (k,/k; < 1), see also
Figure 1. Since our codon subset contains only positions
with A; > 0 this means that for positions under stabilizing
selection in subtype B, this stabilizing selection could be
weakened in B’, so that k,/k; is shifted towards the neu-
tral value of 1. We discuss this point in the following.

For a codon i fulfilling Eq (5) there are in general
three possibilities: (a) We can have stabilizing selec-
tion in B and a weaker stabilizing selection in B’ if
(ko/ks)p 1 = (ko/ks)gi+A; < 1; (b) A; can shift selection from
stabilizing to directional; (c) A; can turn directional se-
lection in B into a stronger directional selection in B’.
Figure 5 shows which of these possibilities are realized
amongst the 83 positions. The Figure confirms that most
of these codons are under stabilizing selection in subtype
B (log(k,/k;)p;<0), and that therefore most codons fall
into cases (a) or (b), i.e. the stabilizing selection is
weakened or turned into directional selection. However,
one has to be cautious with the interpretation of the
differences, since for the smaller B’ set the power of
kaksCodon is much lower than for the larger B set, and
hence for some of the codons A>0 may due to this smaller
power. Still, some of the codons have log(k,/ky)z;> 0 and
thus fall into category (c) (upper right corner in Figure 5).

A detailed, codon-by-codon discussion of these 83
codons lies beyond the scope of this work. However,
a preliminary analysis gave first insights into possible
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Figure 4. Distribution of codons i with A;> 0 along gp120 sequence. At each codon i, cross and circle gives A; ob-
tained from kaksCodon with reference sequences HXB2 and RL42, respectively. Blue vertical lines indicate

boundaries of variable loops V1 to V5.
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Figure 5. Selection pressure (kai/ks)s,i in subtype B vs. change A; of selection pressure at the same 83 codons i in
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functions of these codons. When comparing the 83 posi-
tions with a high A; with functionally annotated positions
of the HXB2 reference sequence as available from the
HIV database at LANL (http://hiv.lanl.gov/), we discov-
ered that a conspicuously high number of the codons
were situated close to one of the 23 annotated glycosyla-
tion sites in gp120.9 of these sites were a maximum of
one codon away from one of the 83 positions. A Fisher
exact test yields a p-value of 0.006 for an association
between glycosylation and membership in the set of the
83 codons with A;> 0, i.e. glycosylation sites are signifi-
cantly over-represented in this set. This could mean that
tuning of glycosylation sites could be an adaptation
mechanism in the transition from subtype B to its East
Asian variant B’.

DISCUSSION

The importance of glycosylation is underlined by a
very recent systematic study by Wang W (2013a),
showing firstly, a significant effect of specific Env gly-
cosylations on infectivity, and secondly, that this effect
depends strongly on HIV-1 subtype. Our findings are
also consistent with an earlier study (Choisy M, et al.,
2004) that had found with a maximum-likelihood
method a strong association of N-glycosylation sites
with sites under directional selection in env in various
subtypes of HIV-1 and HIV-2. However, at the moment
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we cannot exclude that there are confounding factors,
such as surface exposure. Glycosylation sites are natu-
rally exposed to the solvent, and adapter function may
also be easier to accommodate at the protein surface.
We hope that the ongoing efforts to determine the
structure and thus surface exposure of the functional
Env spike (Liu J, et al., 2008; Mao Y, et al., 2012; Tran
E E, et al., 2012) will hopefully allow to decide this
question. Moreover, we expect that in the future the
increasing availability of sequences will allow for
higher statistical power in the analysis of selection
pressure, and also for more detailed analyses of the
evolutionary dynamics of HIV-1 and its changing selec-
tion patterns over time.
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APPENDIX

This is the list of the 83 codons fulfilling the criteria
1-3 described in the text (numbering refers to gp120 in
reference genome HXB2 as defined in the HIV database
at LANL, http://hiv.lanl.gov):

25,36, 37,38, 43,47,48, 51, 59, 62, 65, 68, 70, 72, 76,
78, 79, 82 83, 91, 93, 94, 102, 109, 110, 111, 115, 116,
117, 120, 121, 122, 125, 130, 155, 156 159, 160, 168,
171, 174, 176, 178, 183, 193, 197, 198, 200, 202, 208,
210, 211, 213, 216 221, 224, 225, 239, 242, 250, 255,
258, 268, 269, 278, 279, 281, 284, 286, 288, 292, 294
296, 298, 299, 300, 301, 302, 307, 321, 325, 327, 330,
332, 334, 339, 340, 342, 344, 349 369, 372, 375, 376,
377, 379, 380, 381, 385, 386, 389, 419, 421, 428, 432,
442, 444, 448 450, 453, 456, 466, 469, 470, 471, 478,
482, 484, 485, 492, 499, 504, 508, 509, 511
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