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Statistical Analysis of Viral Sequences : Bridging
sampling design, molecular phylogenetics and
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The high pace of viral sequence change means that variation in the times at which sequences
are sampled can have a profound effect both on the ability to detect trends over time in evo-
lutionary rates and on the power to reject the molecular clock hypothesis. Trends in viral
evolutionary rates are of particular interest because their detection may allow connections
to be established between a patient’s treatment or condition and the process of evolution.
Variation in sequence isolation times also impacts the uncertainty associated with estimates
of divergence times and evolutionary rates. Variation in isolation times can be intentionally
adjusted to increase the power of hypothesis tests and to reduce the uncertainty of evolu-
tionary parameter estimates, but this fact has received little previous attention. I provide
approximations for the power to reject the molecular clock hypothesis when the alternative
is that rates change in a linear fashion over time and when the alternative is that rates differ
randomly among branches.

When the evolutionary rate changes linearly, it can be shown as r(t) = a(t — ;) +r
where ¢ is current time, ¢; is the time of origin and a is the amount of increase or decrease
per unit time. For given a, we can calculate the power to reject the null hypothesis(Hj :
a = 0) using the fact that the statistic 2Alog L = 2log LXI7a0)

L(X|#,0,t)
distribution under alternative hypothesis (H; : a # 0) where the single circumflex (") and

tends to a non-central x?

double circumflex (*) respectively denote maximum likelihood estimators (m.l.e.’s) under
Hj and H,.

When the rates differ randomly among branches, we can consider the gamma distribu-
tion as a model of rate variation. If we further assume the number of substitution in each
branch follows Poisson distribution, the probability density function of the number of substi-
tutions is that of negative binomial distribution. The power to reject the null hypothesis(Ho:
Evolutionary rate does not vary) can be calculated using non-central x? distribution.

When the evolutionary rate is constant, the standard deviation of estimated evolutionary
rates and divergence times can be approximated using Fisher information matrix. I illus-
trate how these approximations can be exploited to determine which viral sample should be
sequenced when samples representing different dates are available.

Using pseudo-maximum likelihood approaches to phylogenetic inference and coalescent
theory, I develop a computationally tractable method of estimating effective population
size from serially sampled viral data. In this method, a two stage estimation procedure is
adopted. The vector of times of internal nodes (t) is estimated from sequence data and then
these estimated node times serve as the basis for inferring effective population size (Z/V\e(f)).

Because the main interest is effective population size and not times of internal nodes, the
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internal node times are nuisance parameters in my analysis and the number of these nuisance
parameters increases as the number of sequences increases.
The variance of the maximum likelihood estimator of effective population size is approx-

imated as

. 2 2 _
Varg x(Ne(t)) =~ n]\—r—el + 22(n1— 72 E; {Varx (Zz(z - 1)E; t)}

i=n

where n is the number of sequences.

I show that the variance of the maximum likelihood estimator of effective population
size depends on the serial sampling design only because internal node times on a coalescent
genealogy can be better estimated with some designs than with others. Given the internal
node times and the number of sequences sampled, the variance of the maximum likelihood
estimator is independent of the serial sampling design.

I estimate the effective size of the HIV-1 population within nine hosts. If I assume
that the mutation rate is 2.5 x 10™° substitutions per generation and is the same in all
patients, estimated generation lengths vary from 0.73 to 2.43 days per generation and the
mean (1.47) is similar to the generation lengths estimated by other researchers. If I assume
that generation length is 1.47 days and is the same in all patients, mutation rate estimates
vary from 1.52 x 1075 to0 5.02 x 1075, The results indicate that effective viral population size

and evolutionary rate per year are negatively correlated among HIV-1 patients.
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Figure 1: A negative correlation between the evolutionary rate per year # and the effective
population size N,(t). (a) assuming a generation length of 1.47 days, (b) assuming a mutation
rate of 2.5 x 1075 substitutions per generation.
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BXDEEHEREUTOATHS,

(M FrEHRER S EE —EIZRERGRELTNEZNTIREITH VT, LRI
{EEENBENICE IS LUTEIEEENS VA LIZELINO2DDIGERICOVTENRTR
DOBEHOELNXZEEELIC, BILEEPHIERE O EEORELTMET HaMUKL
R&HF-, ISHIT, BEMAME - EEY TN EHEAETIERIC. ThoZEDKSITY
TG LTERIF—2EBNENLOHRE LY ERICITZDON., WS EERGE
EREtE ORIREIC DLW TERL .

Q) BEEEKICEDITIO—FEREHB OHERECoalescentIBIRIZHEAL . BEMNLEST—4
MoV RAERDEDGRES(Ne) BLUTDONRDHEEEEEZHELUXETE =, &
SITIRELFFHEE. BENOHEEICE>TRESNEAA AN T IO—FIZEI<HEE
EeELCTEERL =

(3) 9ADIARXBEDHV-1ZDNTELSN T SenviBIEFNDC2-V5FEE DR MIELSIT—
AEANT. FEEHRRTOHIV-1ERAO BT RESEHIV-1DELEELHEEL. £ED
AL RESEELEENEERN CEORBBRICHILEHLM LT, ELIC, COA
RE£EMBERFNTHEANLERL .

KR Tl EIEEHIED TEL B OREHLAELI BRI EEEL A/ ILADE L
FIHSBSEBEL. BENESTF—2ho0 FE LN - SRR EENHERETITOROFE
BHEIZDOVTHRL . WO FEFREL TV, EFEOHERUMARD LI,
B A TOEF]F—4 (contemporaneous data) DD AEEELI=HDTH>T=DIZxiL. L
FOYAILRAERHT—2OREEISEREL. HFLOLWREOLETHGHEEMHE L R ILFHME
ahd, £ RELEFZZERNEEREOMBISERT 202, U3alb—al iRk
F1Fo1=Y . BELEARICEICET 20BN H oA REB/LIELFFMiEND, EIZTA
XYL ADFRIZELTIE, $8. R THIIN A ERICE I(SESELBITBR.
HOEKM - REMFEDT—2EI &N, DAL AOBEEBEGOBEOHERBRICKECER
L32BDERHENHTEIND,

LLEDSM LY. KBHXONBEIE L (M ICHDICETH2EDOTHAIEHFEL, BB, FF
RIBREEMXONBIZET 2R DOREB R XA, EIRZEHTES T B Bioinformatics& Geneticsl|Z
BEFELLEO>TND,

FEHEHERICETIRERTOBRSICROIHXBEFICHTHIRECEDE, 26D
ANREREREL FRABE MY B<EEHLN ., BEGELEY GO TH> 1=, €
DBRBEEZBICKDOBERAMEToT-. TORR. PHEE L. MEHT SR O AROR
FRIRBELTOS RIS, EANGEMFHMEEHETTHRANIBLFTTLSLRDHLN
fzo EBIC, BFELVERFHZRUBEET I AFICBLTHALREEETHLLRBHLN
Fzo Tz XD OBRERHS LUMXDIEREBICREBIBHRTH S EMNBHIITL T, H5E
DBHREEENEFTHELEOLNT, L EDBERNMHRICERLI-EHELT=,
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