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Although the use of phylogenetic trees in epidemiological investi-
gations has become commonplace, their epidemiological interpreta-
tion has not been systematically evaluated. Here, we use an HIV-1
within-host coalescent model to probabilistically evaluate transmission
histories of two epidemiologically linked hosts. Previous critique of
phylogenetic reconstruction has claimed that direction of transmission
is difficult to infer, and that the existence of unsampled intermediary
links or common sources can never be excluded. The phylogenetic
relationship between the HIV populations of epidemiologically linked
hosts can be classified into six types of trees, based on cladistic rela-
tionships and whether the reconstruction is consistent with the true
transmission history or not. We show that the direction of transmis-
sion and whether unsampled intermediary links or common sources
existed make very different predictions about expected phylogenetic
relationships: (i) Direction of transmission can often be established
when paraphyly exists, (ii) intermediary links can be excluded when
multiple lineages were transmitted, and (iii) when the sampled indi-
viduals’ HIV populations both are monophyletic a common source was
likely the origin. Inconsistent results, suggesting the wrong transmis-
sion direction, were generally rare. In addition, the expected tree to-
pology also depends on the number of transmitted lineages, the
sample size, the time of the sample relative to transmission, and
how fast the diversity increases after infection. Typically, 20 or more
sequences per subject give robust results. We confirm our theoretical
evaluations with analyses of real transmission histories and discuss
how our findings should aid in interpreting phylogenetic results.
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Phylogenetic inference of pathogen transmission chains, out-
breaks, and epidemics is a popular method to gain insight into

otherwise hidden information about the epidemiologic dynamics
of transmission. Many viruses, such as HIV-1, evolve faster than
transmissions typically occur, making phylogenetic reconstruction an
ideal and objective tool for reconstruction of transmission events.
For example, an early case where phylogenetic reconstruction was
used involved a Florida dentist and several of his patients (1). Be-
cause this was the first criminal investigation of HIV-1 transmission
it instigated a series of comments and controversy (2–4) and was
eventually settled out of court (5). Another criminal investigation
involving a Swedish rapist was investigated and became the first case
settled in court (6). Subsequently, many other similar criminal cases
occurred around the world (7–19). In all of these cases, phylogenetic
reconstruction of transmission events was central to the evidence of
guilt. However, the interpretation of phylogenetic trees has broader
importance beyond criminal investigations. Phylogenetics now plays
an increasingly central role in public health investigations and
practices (20–24).
Three critical questions have been raised in response to phylo-

genetic reconstruction of transmission events: (i) In which direction
did the transmission occur?, (ii) Can intermediary links be ex-
cluded?, and (iii) Can common sources be excluded? In response,
it has been claimed that direction of transmission could not be
established with most data and the existence of intermediary or
common transmission links could never be excluded (7, 25–27).
Thus, phylogenetic reconstruction seemed to only be able to reveal
whether two persons were “epidemiologically linked” in some
way (28). Formally, epidemiologic linkage between two persons
(labeled A and B) can occur in one of three ways (Fig. 1): direct

transmission (A or B transmits to the other), indirect transmission
(transmission from A or B to the other with at least one inter-
vening transmission), or common source (both A and B infected
by an unsampled person).
One common method of excluding direct transmission is to

look for insertion of local control sequences splitting donor and
recipient sequences into separate clades (1, 7). However, because one
can never be sure all relevant controls have been sampled, the absence
of control sequence(s) inside the A + B monophyletic clade cannot
exclude possible intermediary links or common sources. This broad
linking of cases, however useful, ignores much of the potential phy-
logenetic information about the putative transmission history. For
example, donor paraphyly was suggested to indicate the source in a
transmission chain (18, 19, 29). Several studies have shown that
transmission of >1 phylogenetic lineage occurs in 20–40% of trans-
missions, depending on transmission route and other factors (30–33).
This implies that transmission histories may generate more compli-
cated phylogenies than previously considered (i.e., involving combi-
nations of monophyletic, paraphyletic, and polyphyletic relationships).
Being able to determine the probability of the phylogenetic topology
as a function of epidemiologic relationship, sampling time, and
number of samples places the phylogenetic resolution of epide-
miologic linkage on a firm theoretical grounding.

Results
Different Transmission Histories Predict Different Expected Phylogenetic
Relationships. We used coalescent theory to study the topological
signal of a phylogeny of HIV-1 clonal sequences sampled from two
putatively linked hosts, labeled A and B, and their true epidemi-
ological relationship (Fig. 2). The six different classes of topologies
that are possible are determined by the cladistic relationship be-
tween the A and B lineages, which can be dually monophyletic
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(MM), paraphyletic–monophyletic (PM), or a combination of
paraphyletic and polyphyletic (PP), that in turn assign the root
label (A, B, or equivocal). In our framework two forces determine
the topological signal: (i) the differential and stochastic loss of A
and B lineages going backward in time in each host and (ii) the
coalescence of A and B lineages with one another when they are
in a common host (Fig. S1). In all epidemiologic relationships we
define the source population as the within-host population from
which transmission occurs, generating two derived populations in
hosts A and B. The source population may exist in hosts A, B, or
some other unsampled host.
We evaluated the topological signal and consistency with the

actual transmission events under three possible scenarios (Fig.
1): direct transmission (A transmits to B), indirect transmission
(A transmits to an intermediary who transmits to B), and com-
mon source (A and B infected by same source). In the case of
direct or indirect transmission we call the root label consistent if
it agrees with the label of the donor.
The expected phylogenetic relationship of A and B lineages

strongly depends on the transmission scenario (Fig. 3):

MM/equivocal, the HIV populations in the hosts’ are both
monophyletic, that is, no paraphyly exists, and thus there is
no indication of the direction of transmission. Typically, com-
mon source transmissions result in MM phylogenies. Indirect
transmissions, and to a lesser degree direct transmission, may
also result in MM trees, especially when β is small (<2 d−1).
However, at βs that give normal diversification levels [3–5 d−1

(34)], direct and indirect transmissions typically result in PM/
consistent trees and common source transmissions typically
result in MM trees. Note that MM is consistent with a com-
mon source because neither subject infected the other.

PM/consistent, donor’s population is paraphyletic and recipi-
ent’s is monophyletic. PM topologies are only possible in com-
mon source transmissions when both a large number of lineages
are transmitted (α) and within-host diversification (β) is rapid.
In general, however, the PM topology most often results from
direct or indirect transmission.

PM/inconsistent, donor’s population is monophyletic and re-
cipient’s is paraphyletic, which would mislead transmission di-
rection reconstruction. This topology is highly improbable
under realistic scenarios.

PP/equivocal, neither donor nor recipient HIV populations are
monophyletic and the root cannot be assigned to either. This
topology is very rare but may result from direct transmissions
where many lineages are transmitted and within-host diversifi-
cation is high. Interestingly, with this topology direct transmis-
sion is highly probable, but we cannot say who the donor was.

PP/consistent, the donor’s HIV population is paraphyletic with
root label A (and the recipient is polyphyletic), supporting

direct transmission from donor to recipient. This topology
virtually excludes intermediary links and common sources.

PP/inconsistent, where recipient’s HIV population is paraphy-
letic, and thus transmission appears as recipient to donor. This
topology is rare (<1% in common source cases with high β).

Importantly, qualitative aspects of the distribution of the
topological signal are robust to times between transmissions [Fig.
3, Right, (t)] and sample size (Fig. S2); 20 clones from each pop-
ulation give robust inference of the topology.

Paraphyletic Signal Predicts Direction of Transmission but Decays with
Time and Decreasing Sample Size. The inference of the direction of
transmission is theoretically possible in PM and PP topologies
(Fig. 2). Moving along the reverse time axis in the derived pop-
ulations, lineages are probabilistically lost to coalescence in each
host. The number of lineages with A or B labels that merge in the
source population is therefore a random variable determined
by the sample size, sampling time, and within-host dynamics. In
general, this quantity will be smaller than the HIV-1 within-host
population size (35–37), or effective population size (38–40), and
consequently sampling plays an important role in the ability of
genetic data to resolve an epidemiologic linkage. Furthermore, first
principles predict that as the time between transmission and sam-
pling increases, eventually old lineages will be lost in the derived
populations, leading to loss of the paraphyletic signal (Fig. S3).
Correct reconstruction of the transmission direction when the

donor transmits one lineage is highly probable (>95%), even 3–4 y
after transmission and with only 20 sampled sequence clones, when
the donor has been infected for several years (Fig. 4). However, this
probability decreases substantially when the number of sampled
clones becomes small or the donor has only been infected for a short
time. Our simulations show that with only five clones there is only a
50% chance to see the correct reconstruction after about 5 y. If the
donor had been infected for only 6 mo at time of transmission, the
probability of correct transmission direction reconstruction quickly
decreases; even with 100 clones from the donor the correct re-
construction drops to 50% chance at about 5 y after transmission.
Again, the probability of inconsistent reconstruction, that is, when it
would seem as if the recipient infected the donor, was <1% overall.
Interestingly, the more complicated case when 10 lineages were

transmitted had roughly the same probabilities (Fig. 4). This is due

U1 BA {AB}

U1 A U2 B {AB}

U1 BA {AB}

Fig. 1. Epidemiological links between two hosts. Two sampled hosts, A and B,
may be linked through transmission in three prototypical transmission histo-
ries: (Top) by having directly infected the other, (Middle) by an unsampled
intermediary link (U2), or (Bottom) by a common source (U1). In our simulations
t indicates a single unit of time such that the infection times of A and B and
the sampling time are always equidistant from one another. In the indirect
transmission case, the unsampled intermediary link (U2) is infected at time 1.5t.

MM

PM

PP

Consistent Inconsistent

Equivocal

Consistent InconsistentEquivocal

Fig. 2. Classes of topological signal. When one host (red) is epidemiologically
linked to another host (blue), the resulting virus populations upon sampling
may relate to each other such that both populations are monophyletic (MM),
or one is paraphyletic and the other monophyletic (PM), or one is paraphyletic
and the other polyphyletic relative to the other (PP). If the red host was in-
fected first, the deduced root label of the phylogeny may be equivocal (the
root node could be assigned to either host), consistent (correct root assign-
ment in direct or indirect transmission cases), or inconsistent (incorrect root
assignment in direct or indirect transmission cases).
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to the fact that in the direct transmission case the number of
lineages in the source population with the label of the donor will
almost always be larger than the number of lineages with the label
of the recipient due to the transmission bottleneck. However, in
extreme cases such as a very large number of transmitted lineages
or a very small sample size in the donor, this may not be true.

PP Trees Indicate Direct Transmission.When a PP tree is observed it
is almost certain that no intervening transmission occurred (Fig. 5).
Observing a PP topology when in fact an intermediary link existed
(A–U2–B chain in Fig. 1) is highly unlikely because more than one
lineage sampled in A must survive not only the transmission bot-
tleneck from U2 to B but also from A to U2 (Fig. 1). This may only
happen (>1%) when the number of transmitted lineages is very
high (α >24). Thus, the only time when a PP relationship is reliably
observed is under direct transmission from A to B.

Analysis of Real Cases. We investigated the consistency of our results
with three real transmission cases where the transmission history was
known (Fig. 6): a common source case where two men had been
infected by the same male donor resulted in an MM topology, a case
from a gay couple where the recipient was recently infected by the
chronically infected partner resulted in a PM topology, and a case
where a known HIV-1–positive donor injured a victim in a robbery
that resulted in a PP topology. Thus, the topological signal in each
case was consistent with the known transmission history (33, 41, 42).
To evaluate whether the inferred trees were consistent with

our theoretical analysis, we modeled each case using published
epidemiologic data to inform infection and sampling times. Be-
cause we could not directly estimate α and β, we tested the range
1–10 (heat maps below each tree in Fig. 6). In the common
source case an MM topology was most likely to be observed at
low α at any β, or at β = 1 it would be consistent with any α. Note
that β = 1 is generally unlikely (34); we show it here only to be
fully inclusive. Likewise, the PM/consistent tree was most likely if
transmission involved one or two lineages at any β >1. In the
robber–victim case we observed a PP/consistent topology, which
was to be expected at high α and β. Interestingly, the probability
to observe the PP tree was virtually zero at any α <4, suggesting
that although only two transmitting lineages were sampled many
lineages were likely transmitted in this case. In all three cases
inconsistent results, where we would get the transmission di-
rection wrong, were expected to occur <1%.
Furthermore, reanalyzing other published transmission pairs

with known or assumed direction showed mostly PM/consistent,

some PP, and a few MM phylogenies (18, 33, 43, 44). Likewise, in
known transmission chains, involving several persons with multiple
sampled clones per patient, again most transmissions seemed to be
PM/consistent with a few MM topologies among patients that had
infected each other, whereas among patients that had not directly
infected each other the topology always was MM (19, 45). Hence,
overall, many real cases where the true transmission history was
known supported our theoretical results.

Discussion
Our simulations demonstrate that different transmission sce-
narios make very different predictions about expected phylogenetic
relationships, validating the use of viral phylogenies to investigate
the existence of a transmission event as well as its direction
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Fig. 3. The distribution of topological signal as a function of within- and between-host dynamics. Color indicates the expected topological signal as a function of
number of transmitted lineages (α), population linear growth rate (β), and time between transmissions and samplings (t). In each column the top panel shows the
distribution of topological signal in direct transmission, the middle panel in indirect transmission, and the bottom panel in common source transmission. To-
pological classes are as in Fig. 2; /c, consistent; /e, equivocal; /i, inconsistent. When not indicated the default parameters are α = 5, β = 5 d−1, and t = 1 y (Fig. 1).
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Fig. 4. Paraphyletic reconstruction of direction of transmission. The proba-
bility of consistent (dashed lines) and equivocal (solid lines) inference of di-
rection of transmission depends on sample size (green = 100 sequences, red =
20 sequences, blue = 5 sequences) and time from transmission (x axis). Rows
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and directness. Because different transmission histories (direct,
indirect, and common source transmissions) impose very different
population size dynamics (Fig. 7), mainly determined by the
transmission bottleneck(s), the phylogeny in each case has a dif-
ferent expected distribution of topologies (Fig. 3).
The bottleneck(s) has a strong effect on how many lineages can

survive through the transmission event back to the source pop-
ulation (Fig. 7). Furthermore, the time that defines the beginning of
the source population is different in each transmission history even
when the transmission times and sampling times are the same.
Together these effects determine the distribution of expected to-
pologies resulting from a transmission scenario. In addition, we show
that the resulting inference of the transmission history also depends
on the system parameters (i.e., the number of transmitted lineages,
the sample size, the time of the sample relative to transmission, and
how fast the diversity increases after infection/transmission).
Contrary to claims in the literature asserting that monophyletic

reconstruction gives the assurance of proper inference, PP phy-
logenies provide the most information about who infected whom,
because it can virtually exclude intermediary links or common
sources. Interestingly, pairs previously judged to be indeterminate
show clear transmission direction as PP/consistent trees (see figure
5 in ref. 46 for an example). Note also that with proper rooting
many MM phylogenies render PM/consistent, which has in-
formation about direction of transmission that MM does not. In
fact, the MM phylogeny has the least information about who
infected whom because it cannot indicate direction or exclude
intermediary links or common sources (7, 25, 26). With proper
rooting, the MM phylogeny is typically suggestive of a common
source but may also be the result of an intermediary unsampled
link, especially when HIV diversification is slow in a host (Fig. 3).
In this study we evaluated the fundamental powers and limita-

tions that can be expected from phylogenetic reconstruction of
(potential) transmission pairs. Thus, we evaluated trees as if they
were fully resolved, perfectly sampled, and generated by the neu-
tral coalescence processes described by our within-host model. In
reality, short branches may not be resolved due to lack of muta-
tions, all relevant lineages may not be sampled, and phylogenetic
uncertainty can also occur with large amounts of homoplasy in-
duced by convergent selection or recombination (47–51). In gen-
eral, fast-evolving genomic regions, such as env, have been shown
to accumulate enough mutations to robustly recover branches (28).
Slower-evolving genomic regions, such as pol, have also been used
for epidemiological investigations because data are conveniently
available from clinical databases due to drug resistance evaluations,
and it has been shown to reliably reconstruct known transmission
histories (52). When using pol sequences, where convergent selection

for drug resistance may operate, it is important to strip drug resis-
tance sites before phylogenetic reconstruction (6, 34, 52).
Our framework uses a within-host population growth co-

alescent model that (i) restarts the population growth in each
host upon infection (Fig. 7), (ii) allows multiple lineages to be
transmitted, (iii) disallows coalescence of lineages between hosts
except at transmission, and (iv) is independent of a molecular
clock. Although no current Bayesian phylogenetic implementa-
tion includes all these features, our approach can easily be used
to analyze multiple trees, which can come from Bayesian pos-
terior samples, bootstrap samples, or multiple genomic regions.
As we have shown previously (34), besides α, β, and time between

transmissions, which we evaluate here, the maximum population
size in our two-phase within-host coalescent model is dominating
the impact on the topological outcome. Thus, selective sweeps (due
to drug selection or immune escape) may reduce the effective
population size and increase the rate of coalescence, possibly al-
tering the expected topological outcome. In the work presented
here, we have simplified the two-phase model to a one-phase linear
increase because we focus on transmission from a source that has
been infected for less than the time it takes to reach the second
phase, which may happen 2–8 y after infection, if at all (53).
The inference of donor–recipient relationships we describe

here is not restricted to HIV transmissions; it applies to all sit-
uations when an original population seeds a new population with
a restricted random draw (a bottleneck) of individuals. We use
HIV transmission to illustrate the effects because it may aid in
contact tracing and untangle outbreak investigations, and the
need of statistical guidelines for the interpretation of phyloge-
netic results in court has been called for (27). Thus, the co-
alescent model we used is based on HIV diversification (34, 53),
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but with model and parameter adjustments this framework could
be used for any diversifying population of organisms.

Materials and Methods
Real Cases and Phylogenetic Reconstruction.We investigated in detail three real
HIV-1 transmission cases that display an MM phylogeny (41), a PM phylogeny
(33), and a PP phylogeny (42). The MM case consisted of two male recipients (P1
and P2) that had been infected by a common male donor on the same evening.
The samples were taken 63 d after transmission. The donor could not be found.
Based on relaxed-clock estimates, the donor had been infected at least 2.82
[95% highest posterior density (HPD) 1.28, 4.54] y before the dual transmission
event (41). The PM case consisted of a chronically infected donor who recently
had infected a recipient (LACU9000 and HOBR0961). It was unknown how long
the donor had been infected, and based on sequence and clinical data analyses it
was estimated the recipient was sampled 17 d after transmission (33). The PP case
consisted of a robber who injured a victim with a knife and transmitted at least
two phylogenetic lineages. Based on previous positive HIV-1 status, the donor
(robber) had been infected for at least 1,010 d at time of transmission. The donor
and recipient were sampled 225 and 244 d after transmission, respectively (42).

HIV-1 sequences were aligned usingMAFFTwith the L-INS-i algorithm (54).
The MM case had 67 HIV-1 subtype B gag sequences (alignment length 788
nt), the PM case 72 subtype B env sequences (2,620 nt), and the PP case 42
CRF 07_BC env sequences (481 nt). Phylogenetic trees were inferred using
PhyML (55) under a GTR+I+G substitution model, four categories of Gamma
optimization, with a Bio-NJ starting tree and best of NNI and SPR search.

Within-Host Linear GrowthModel. In a single infected hostwe assume linear growth
in the theoretical population size from the timeof infection such thatNðtÞ= α+ βt,
where α is the number of transmitted lineages and β is the rate of growth. The
population size at any point in time depends of the specific epidemiologic re-
lationship. For example, in the case of direct transmission, the population size in
the source and derived donor population (the same population in this case) is
NðtÞ= αd + βdt. The population size in the derived recipient population is
NðtÞ= αr + βrðt − ttransÞ, where ttrans is the time of transmission and d and r sub-
scripts represent parameters of themodel in the donor and recipient, respectively.
Additional details on the model are given in Supporting Information.

Simulation of Topological Signal. Simulation of topological signal as a function
of within- and between-host parameters has two components, stochastic
simulation of the loss of lineages in the derived populations and deterministic
simulation of the topological signal given the number of A and B labeled
lineages in the source population.

The root label is determined by propagating the host tip labels to the root.
Coalescence between two of the same labels propagates the same label to the
parent node, between A and B labels propagates an equivocal label (indicated
by *), and between * and A or B propagates an A or B label, respectively. In the
neutral case all tree topologies are equally probable in the source population,
and thus the probability of root labels A, B, or * is determined by the number
of A and B lineages that survive into the source population (Fig. S1).

The number of lineages that survive into the source population can be
described by a sequence of random variables giving the time to the next
coalescent event as a function of the population size and number of extant
lineages. Unfortunately these variables are convoluted and cannot be di-
rectly evaluated without evaluating a high-dimensional and unwieldy in-
tegral. To simulate the number of lineages that survive into the source
population we use the previously derived density of the time to the next
coalescent event under the linear growth model that we call Z (34). In-
tegrating and inverting with respect to Z gives the inverse cumulative
distribution function

F−1Z ðuÞ=
 
1− ð1−uÞ

β

ðk2Þ
!
ðα+ βt1Þβ−1,

where k is the number of extant lineages and t1 is the index time. If u is a
unit uniform random variate, then F−1

Z ðuÞ is a random draw from the dis-
tribution of the time to the next coalescent event under the linear growth
model. To simulate the number of lineages that survive into the source
population we draw a sequence of random variates from Z updating the
values of k and t1 along the sequence (Fig. S4).

Once in the source population we can use aMarkov chain and an indicator
variable to simulate the topological signal conditional on the number of
extant lineageswith labels A or B. The initial state of the chain is [NA,   NB,  N*�,
where NA and NB are the number of lineages with label A and B, re-
spectively, and N* is 0; an aggregator variable, I, is also initialized to 0. Steps
of the chain represent coalescent events where the number of extant line-
ages is reduced until a single lineage remains.

There are six possible events (coalescences) that can occur: AA, AB, A*, BB,
B*, and **. If the labels are the same, then the probability of coalescence is
PrðxxÞ=CðNxÞ, and if the labels are different, then the probability of co-
alescence is PrðxyÞ= ðCðNx +NyÞ−CðNxÞ−CðNyÞÞ, where CðxÞ= xðx −1Þ

NðN−1Þ and
N=NA +NB +N*. If a coalescence occurs between two lineages with the
same label, then the number of lineages of that label is decremented by
one. If a coalescence occurs with an A and B lineage, the aggregator variable
is incremented by one, both NA and NB are decremented by one, and N* is
incremented by one. Finally, if a coalescence occurs between a * and either
an A or B lineage, N* is decremented by one. The one exception is that I is
not incremented if the final coalescence is between an A and B lineage. The
value of I at the final coalescence gives the following topology: If I= 0 the
topology is MM, if I= 1 the topology is PM, and if I> 1 the topology is PP. In
the PM and PP topology case, I is also the apparent number of transmitted
lineages. The label of the single remaining lineage is the root label. Addi-
tional details on the simulations are given in Supporting Information.

In Fig. 3 we assumed that the samples were “perfect” (i.e., that every
extant variant was sampled). In reality this would correspond to sampling
all of the unique genetic variants of the pathogen in an infected host
(not necessarily sampling every single pathogen). However, we found that
our results were robust as long as more than about 20 clones were
sampled (Fig. S2).
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Fig. 7. Population growth profiles in three prototypical transmission histories. The top three panels show the population growth in host A, and the bottom three panels in
host B, respectively, for direct transmission, indirect transmission, and transmissions from a common source (Fig. 1). The gray shaded area indicates the times when lineages
in A and B can coalesce with one another in the source population. In the common source transmission the source population occurs before time t in an unsampled host.
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