Methods

Model overview

For each sampled pair of cases 7 and j, EpiLink evaluates whether the observed testing-time difference
and consensus-level genetic distance are compatible with a finite set of recent latent transmission histories.
Let

tij = ttest,j - ttest,i (1)

denote the observed difference in testing times, and let g;; denote the observed consensus-level genetic

distance. Candidate latent histories are drawn from
Sy ={Hap(m):m=0,..., M} U{Hca(m;, m;) : mj,m; >0, my +m; < M}. (2)

Here, Hap(m) is an ancestor—-descendant history with m unsampled intermediates, and Hca (m;, m;) is
a common-ancestor history in which the two sampled cases descend from a shared unsampled source with
branch depths m; and m;. Direct transmission and co-primary infection are recovered as the special cases
Hap(0) and Hca(0,0), respectively (Fig. 1).
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Figure 1: Latent transmission histories considered by EpiLink. Schematic representation of the
two families of latent transmission histories linking a sampled pair of cases 7 and j. In the ancestor—
descendant history Hap(m), case j descends from case i through m unsampled intermediates; the special
case m = 0 corresponds to direct transmission. In the common-ancestor history Hca (m;, m;), both
sampled cases descend from a shared unsampled source, with branch depths m; and m;; the special case
(m;, m;) = (0,0) corresponds to co-primary infection. Open circles denote sampled cases and shaded
circles denote unsampled latent cases. These latent histories define the scenario set over which temporal
and genetic compatibility scores are evaluated.

The temporal component is based on an E/P/I infection-process model with Gamma-distributed
latent, presymptomatic infectious, and symptomatic infectious stages [Hart et al., 2021], together with
a Gamma-distributed delay from symptom onset to testing. Writing 7, = yg + yp for the incubation

period and Tgen = Tinc + Ytoit for the generation interval, the model-implied testing-time difference under



scenario s is
TS = Aj (S) — AZ(S) + Tinc,j + Ttest,j — Tinc,i — Ltest,is (3)

where Ag(s) is the elapsed time from the latent reference point to infection of sampled case k. Under an

ancestor—descendant history,

Ai(Hap(m)) =0, (4)
A HAD Z Tgen,r> (5)
so that
Crij(HAD (m)) = Z Tgen,r + Tinc,j + Ttest,j — Tinc,i — Ltest,i- (6)
r=0
Under a common-ancestor history,
mi+1
Ai(Hoa(mi,my) = > 7, . (7)
r=1
mj+1
Aj(Hea(mi,mg)) = > 789, (8)
s=1
giving
m;+1 m;+1
Ej (HCA(mia m])) = Z g(;ér)l s Z Tg(ez'l r + Tinc,j + Ttest,j — Tinc,i — Ltest,i- (9)
s=1 =

For each scenario, Monte Carlo simulation yields draws from the induced temporal distribution.
The genetic component assumes that within-host divergence is negligible on the timescales of interest
and that consensus divergence accumulates along transmission-linked lineages. Let B, denote the effective

transmission-related branch length under scenario s. For ancestor—descendant histories,
Bz_] (HAD E Tgen,r + Tinc,j + Ltest,j — (Tinc,i + xtest,i)a (10)
r=0
whereas for common-ancestor histories,
m;+1 mJ—i-l

BU (HCA mg, m] E gen r § Tg(én s + 7-inc,i + mtest,i + 7-inc,j + xtest,j . (11)

If r is the median substitution rate per site per year and L is genome length, then the corresponding

per-genome daily rate is

rL

365 (12)
Given branch-length draw B§”>, the expected genetic draw is
G = \B™, (13)



or, under a stochastic mutational process,
G| BM™M A~ Poisson()\Bgn)) . (14)

A relaxed uncorrelated log-normal clock can be used by drawing 7™ and replacing A with \(") =
(" L/365.

Observed temporal and genetic distances are scored against the simulated scenario-specific distributions
using percentile-based compatibility measures. For any observed quantity z.ns and scenario-specific

Monte Carlo draws xgs), . ,xﬁf& define

# {z : :1:1(-5) < xobs}
ps(xobs) = n ) Cs (xobs) =1-2 |ps(xobs) - 05| . (15)
s

Applying this separately to the temporal and genetic components yields Cr (4, j) and Cg (i, j), and the

overall compatibility for scenario s is
09(17]) = CT,s(iaj) CG,s(ivj)' (16)

To represent broader hypotheses, scores may then be summed across any user-defined target subset
S, CSu:

scoreg, (i,7) = Z Cs(iy5). (17)

SES,

Because scenario-specific temporal and genetic draws are precomputed and cached, pairwise evaluation
requires only percentile lookups against stored Monte Carlo samples, making the method scalable to large

datasets.
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