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Figure 3: Primary variables for upper bounded special case. Let u and w be two arbitrary internal nodes
that do not form a cherry. v is an ancestor of u that is a descendent of r = LC'A(u,w). Z represents the
number of mutations that occurred on the path from r to v. X represents the number of mutations that are
shared between u and w due to homoplasy. If Z > X then (u,w) will not be the first incorrect pair to be
merged by the algorithm.

the mutation at that character. By lemma 5, we see that the probability of this occurring is at most 2)\204q]2.
Requiring that in both v and w we have an occurrence of at lease one of these scenarios, we get:
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Let gmax = max; ¢;. Assume E(Z) > E(X) and let A = E(Z) — E(X). Again by the above versions of
Hoeffding’s inequality, we have the following concentration inequalities:

Pr|Z < E[Z] - A/2] < ewp(—SEé(Z))
< ewp(—i)
= 10E(Z)
A2
PriX > B(X) + Af2] < eap(~gpmm—5R)
< A*
< exp(= 8E(X) +2(E(Z) - E(X)))
< exp(*i)
= 10E(Z)
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Suppose A\qg < Let v = 2v/¢f. Then, we have:
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Where the last line follows from the fact that the maximum of the function o + ye=™*®

occurs at o« = 1.

Now, it remains to find a bound on 3 so that A > 0 and ﬁ; is lower bounded. Let C' = ve™* + Ay2¢max. To
ensure that A > 0, we see that the last line from the previous block needs to be > 0. Taking this inequality

and rearranging terms, it suffices to show that:
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In order for this bound to be positive, we need
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Note that this condition satisfies the above condition on 8 and thus would imply E[Z] > E[X]. Thus, if
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both A and ﬁz] are strictly positive.

To bound the probability that Z < E[Z] — A/2 and X > E(X) + A/2) is at most n=2(, we need:
AQ
__ = V< p2
exp( 10E[Z]) <n ¢
This is satisfied if k satisfies the following:

. 20logn + 101log (1/¢)
T A M1 =B+ )1 = B(L+C) = 28(eM + Mmax)?)

In other words, for any pair of vertices u,w that are not children of the same node, there will be a ver-
tex v’ that such that LCA(u,u’) is a descendent of LOA(u,w) and P[s(u,v’) < s(u,w)] < 2n=2¢. If
s(u,u') > s(u,w), then (u,w) cannot be the first pair of incorrectly joined vertices. Taking a union bound
over at most n?/2 pairs of vertices, we see that with with probability at least 1 — ¢, there is no first pair of

incorrectly joined vertices, which means the algorithm is correct.

An empirical demonstration and validation of the tightness of Theorem 3 using simulations w.r.t. A and ¢
is provided in Figure 4, and w.r.t. n in appendix Figure 6. The simulations are described in the appendix.

Proof of Corollaries 4 and 5:

The Bottom-Up Algorithm shows that there exists a polynomial time algorithm that ensures k = O(

characters is sufficient asymptotically for exact recovery of the tree. Asn — oo we get that £ — 0 and C — 0.
With these we get that 3 < 4. With the simpler bound on j3, we also get that k = O(%&™) characters are

[
sufficient asymptotically for exact recovery of the tree.

Simulations for the Bottom-Up Algorithm:

Similar to the simulations for the Threshold Algorithm, we begin by examining the theoretical bounds for
the necessary k. In particular, Figure 4A visualizes the bound for k£ across varying values of A and ¢ for
high probability (0.9) of exact reconstruction. We consider two regimes: one with £ =1/9,¢ =1/9 and one
with ¢ = 0.05,c =~ 3.85. Since ¢ does not explicitly appear in the bound for k, we instead use it to define
a value for 8, using its lower bound: 8 := Aq - max(1,c). Plugging this in provides a lower bound for the
necessary k, which we plot here. Regions where the lower bound on 8 becomes larger than its upper-bound

requirement (per theorem 3) are excluded.

From this figure it can be seen that k& depends on A in the same way as in Theorem 1. That is, k£ in-
creases significantly for both excessively small and large values of A\. However, there is a contrast in the
dependence of k on g. Although in the bound for Theorem 3 &k does increase with g through the dependence

of B, k is not as sensitive to large values of ¢ as in Theorem 1. Further, as the bound is quadratic in
the k increases rapidly with respect to 8 := Aq - maz(1, c).

We tested the Bottom-Up Algorithm in the same simulation regimes (same tree and lineage tracing pa-
rameters) as the Threshold Algorithm (Figure 4B). Concordant with the theoretical results, we observed
that the minimum required k is less sensitive to ¢, compared with the Threshold Algorithm. Furthermore,
in both results we see similar trends in dependence on A\ (Figure 4C, E), and ¢ (Figure 4D, F). The main
discrepancy between the theory and the simulation occurs where 8 := Aq - maz(1, ¢) approaches our upper
bound for 8 (i.e., the values that border the regions that were excluded from Figure 4A). In those cases,we

see that the theoretical bound is looser and overestimates k relative to the simulations.

Again, these simulations validate the relationships observed in the asymptotic trends on k and give tighter
empirical conditions on the necessary k for exact reconstruction. In addition, we observe that the empirical
necessary k in the Bottom-Up Algorithm is overall lower than that of the Threshold Algorithm, except the
cases of non-uniform edge length with high value of ¢ in which the minimal k is comparable (Figure 4A-B
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right, and Figure 4E-F). These results suggest that the Bottom-Up Algorithm can achieve exact reconstruc-
tion with fewer characters empirically than the Threshold Algorithm, but requires that the variance in the
division times of the ground truth phylogeny to be small (corresponding to the assumption on upper bounded
edge lengths).
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Figure 4: Comparing the Bottom-Up Algorithm in theory and simulation. Simulated trees with 256 leaves,
n = 256. (A-B) Entries are logip scaled. (A) Theoretical sufficient lower bound on k required for 0.9
probability of perfect tree reconstruction on varying values of ¢ and A, taking 8 = Agmax(1,c). As the state
distributions are uniform, ¢; = ¢ for each value of ¢. Left: £ =1/9 and ¢ = 1/9 for comparison with the
simulated case where the branch lengths are uniform. Right: ¢ = 0.05 and ¢ =~ 3.85 such that >99.99% of
simulated branch lengths in the realistic simulation regime fall within the upper bound. (B) Minimum k
required for 0.9 probability of perfect tree reconstruction in simulations, with Left: a cell division topology
with uniform branch lengths, ¢ = 1/9 and Right: an asynchronous cell division topology (description in
appendix), ¢ = 0.05. (C-F) Plots comparing the dependence of the minimum % in simulation with the
theoretical lower bound on varying parameters (0.9 probability of perfect reconstruction). We report the
dependence on (C, E) A for fixed values of ¢ and on (D, F) ¢ for fixed values of A, in simulations with uniform
edge lengths (C-D) and with asynchronous topologies (E-F). (C-F) For ease of comparison, the values of k
are rescaled by the median value of k in each line. Point-wise 95% confidence intervals for the minimum &

in simulation are generated from the regression coefficients using the delta method, see appendix.
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Discussion:

In this paper we have established sufficient conditions for high probability of exact reconstruction of the
ground truth phylogeny in the CRISPR-Cas9 lineage tracing setting. These guarantees show that despite
complications with the lineage tracing process such as homoplasy, missing data, and lack of mutation in-
formation, exact reconstruction can still be achieved given sufficient information capacity in the experiment
(as measured by the number of recording sites). In addition to showing the feasibility of exact reconstruc-
tion, these theoretical results relate the difficulty of the reconstruction problem in the number of sufficient
characters to the experimental parameters. We anticipate these results can inform researchers as to how to
reduce the number of necessary characters or best aid downstream reconstruction of the phylogeny given
the available number of characters through careful engineering of CRISPR-Cas9 lineage tracing experiments.

The theoretical results shown here provide insight into how the CRISPR-Cas9 lineage tracing experimental
parameters relate to the reconstruction problem. One key insight is that for exact reconstruction, a mutation
rate that is neither too high or low gives the best results, which is in line with the intuition that a middling
rate balances mutation saturation and mutation-less edges. We also formalize the intuition that having a
state distribution with a low rate of collision ¢ makes the reconstruction problem easier in avoiding homo-
plasy. Additionally we show the difficulty that missing data poses for the problem of exact reconstruction.
Using the presented methods, the number of additional characters needed to overcome missing data is cubic

1

(quadratic in the case of only stochastic missing data) in ———, where p, is the probability of missing data.

1-pq’

A final key result is that the (£*,d*)-oracle in the Top-down Algorithms allows researchers to tailor the
granularity of their reconstruction accuracy to what is achievable given the number of available characters.
Here, substantially fewer characters are required if one is only interested in correctly resolving triplets that
diverged early in the tree (small d*) and well-separated triplets (large £*, regardless of the true minimum

edge length ¢).

Although having more characters is preferable, we recognize that currently there are practical limits on
the number of recording sites that can be incorporated into CRISPR-Cas9 systems. Current methods to
incorporate recording sites into the genome (such as lentiviral transduction [3, 10, 12] or transposition
[5, 6,9, 11, 14]) are limited by the low uptake of these sites into the progenitor cell, only offering on the scale
of tens of recording sites [10, 6, 5, 12, 3, 9, 8, 7]. One alternate technology of particular interest is the base-
editor, which uses a modified Cas9 complex to induce direct base-pair substitutions [39]. Base-editors, while
yet to be explored in lineage tracing contexts, have the potential to offer one hundred or more editable sites
[40], although careful engineering is required as ¢ is high in these regimes owing to the limited state space
of nucleotide outcomes. Ultimately though, we see in our simulations that even this increase in characters
is far insufficient for exact reconstruction in most settings, especially considering the considerable amounts
of missing data and the large number of samples (n) that we see in real CRISPR-Cas9 lineage tracing ex-

periments. We thus challenge the field to develop systems that allow for considerably more characters.

The limitations in adding more characters motivates the optimization of the other experimental parameters
in engineering CRISPR-Cas9 lineage tracing experiments. We discuss here current and potential strategies
for engineering the discussed parameters: the editing rate, the collision probability, and the missing data
probability. There is a large body of literature showing that the editing activity of Cas9 (as in lineage tracing
experiments) can be tuned with relative precision using mismatches between the guide RNA and recording
site [9, 18, 10, 12, 14]. In regards to the collision probability, experimenters are currently unable to dictate
the collision rate in state outcomes due to the random indel outcomes of Cas9 editing. Recent strategies
- such as pairing terminal deoxynucleotidyl transferase (TdT) with Cas9 [16] - have shown potential to in-
crease indel diversity. Further, prime editors offer an avenue to more finely control the state distribution
by dictating a-priori which indel will result in a given edit, though this technology has yet to be adopted
for lineage tracing [41, 42, 43]. Fortunately, current CRISPR-Cas9 lineage tracing systems are capable of
generating “un-problematic indel distributions”. In those cases, the collision probabilities ¢ lie outside of
the range where k explodes with ¢ [9, 10, 12]. Additionally, we see in the bounds and simulations that de-
creasing ¢ has diminishing returns on k. Taken together, in designing CRISPR-Cas9 lineage tracing systems
effort is better put on carefully engineering the Cas-9 cutting rate than optimizing the state distribution.
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Unfortunately, current strategies to control for missing data experimentally are more limited. Experimenters
are at the mercy of the efficacy of single-cell assays in the case of low capture (leading to stochastic missing
data), but can attempt to control the rate of resection and transcriptional silencing (both of which leading
to heritable missing data). Recent designs have mostly relied on distributed designs to reduce the rate of
resection, utilizing many “cassettes” (DNA segments that contain many proximal recording sites) with a
small number of recording sites per cassette [8, 9, 10, 12]. Although not addressed in current designs, tran-
scriptional silencing can be potentially limited by placing recording sites in regions of the genome that are

more robust to silencing (“safe-harbor” regions) using emerging methods for guided transposition [44].

In addition to motivating the design of CRISPR-Cas9 lineage tracing experiments, our model motivates
theoretical and algorithmic development for these systems. The sufficient bounds that we reach in our
asymptotic analyses are not tight, as demonstrated by simulation. We believe that these bounds can likely
be further improved to give a better sense of the necessary k analytically. Future approaches may take
advantage of aspects of the model or engineering designs that are not leveraged in this work. For example,
in our analysis we assume that the mutation rate A is constant throughout the entire phylogeny and across
recording sites. However, using a gradually increasing mutation rate or designing characters with variable
rates, whose affinity is estimated a-priori may lead to better reconstruction results. Such a design can si-
multaneously alleviate issues of mutation saturation near the leaves of the tree as well as lack of sufficient
mutations near the root. We also assume that the characters mutate and acquire missing data independently,
although indels and missing data events can span multiple recording sites. Future approaches could take
advantage of the structure present in these multi-site events. Finally, although our analysis handles missing
data by ignoring missing characters, the structure of heritable data offers additional information that could
be better leveraged (i.e., utilized in the same way as any other mutation). The challenge, naturally, is to

distinguish between the two types of missing data.

Here, we perform a first theoretical analysis of CRISPR-Cas9 phylogenetic reconstruction. In doing so,
we have developed a generative model for this type of data, which we hope will frame future analysis of
CRISPR-Cas9 lineage tracing systems, akin to the Jukes-Cantor model in other molecular phylogenetic
studies. With this theoretical framework and the accompanying algorithms, our work naturally comple-
ments recent efforts to develop and understand algorithms for this lineage tracing data [35]. Ultimately, we
believe that this work will continue to inform and orient both algorithmic and experimental methods as the

technology and field evolve.
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Additional Proofs

Analysis of the 6 Function

Since 6(d) is the only part of the bound that varies according to depth, any universal threshold to the oracle

decision must take it into account. It can be verified that dd—;d (z) > 0 which means ¢ is convex. Setting

§'(z) = 0, we have that the minimum of § occurs at:

0=—-Xe (1 —q)+gre 2
-2z _ 4q
T

l1—gq
In 1
2A (— . )+

€

Let z* be the minimum of §. If ¢ < 1/2, then ln(lfq) > 0, which means that * > 1, so on the interval
[0, 1], the minimum occurs at x = 1, at which point §(x) = e~*. On the other hand, if ¢ > 1/2, then the
minimum will occur at 6(x*) = 2e~*/q(1 — q) if z* € [0,1] and §(0) = 1 — ¢ + ge~2* if * < 0. Note, z*
gets smaller as ¢ — 1, so if ¢ = 1, then the minimum is precisely e~2*. Let d* € [0,1] be an arbitrary depth,

and let 0*(d*, ¢, \) = min,¢jg 4+ 6(z). We then have:

(1_q)+q8_2)‘ lf hl(%)"’l <0
0 =2 ValT— ) 5 n(50) + 1€ 0.0
e (1= q) +qe ) if Lin(1=) 41> dr

Proof of lemma 1:

Let (a,blc) be a triplet with depth(LCA(a,b,c)) = d, and let a = dist(LC' A(a,b,c), LCA(a,b)). Let ¥ =
s(a,b) and X = s(b,c). For a particular character x;, let Y; = 1, (q)=y,») and let X; = 1, 3)=y,(c)- We use

the following results:

lemma 6 If for every character x;, P[Y; — X; = —1] is a decreasing function of & and P[Y; — X; = 1] is an

increasing function of « for all a € [0,1], then for any t, P[Y — X > t] is an increasing function of a.

Proof: For a given character x;, ¥; — Xi = 1, (a)=x,(») — Lyi(b)=x:(c) Das 3 possible outcomes: {1,0, —

Thus, if P[Y; — X; = —1] is a decreasing function of a and P[Y; — X; = 1] is an increasing function of « for
all @ € [0,1], then P[Y; — X; > t] for any ¢ is an increasing function of . Stating that P[Y; — X; > t] is an
increasing function of « is identical to stating that for any o and asy such that a; > as, Py, [V — X; > t] >

P,,[Y; — X; > t]. We use the known result from probability theory that for random variables A; " A and

ud

B; ~ Bsuch P[A>t] > P[B > t|forallt, then P[Y . A; > t| > P[Y ., B; > t]. Thus,asY - X =5 V,—X;
and Y; — X is independent and identically distributed as we assume each character operates independently
and identically, then P,,[Y — X > ] > P,,[Y — X > t]. Thus, P[Y — X > t] is an increasing function of «

for any t.

lemma 7 For every character yx;, P[Y; — X; = —1] is a decreasing function of a and P[Y; — X; = 1] is
an increasing function of a for all « € [0,1]. Additionally, this result holds in both the general case and

stochastic-only missing data cases.

Proof:

Case with no missing data: First, we examine P[Y; — X; = —1]. Y; — X; = —1 for a character x;
corresponds to that character acquiring the same mutation on both the path from LCA(a,b) to b and the
path from LC A(a, b, ¢) to ¢, and not acquiring that mutation on the path from LC A(a,b) to a. Additionally,
no mutation must be acquired at y; on the path from the r to LC'A(a, b, ¢) nor the path from LCA(a,b,c)

to LC A(a,b). Thus we have:

P[Y—Z o Xz — _1] _ Ze—)\de—ka(l _ e—/\(l—d—a))qj(l _ e—/\(l—d))qj(l _ (1 _ e—/\(l—d—a))qj)
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Taking only the terms that depend on «, we have:
e—)\a(l _ e—A(l—d—a)>qj(1 _ (1 _ e—)\(l—d—a))qj)

To show that this value decreases with a, we show that the first derivative is negative with respect to a. We
use the following form of the derivative:

)\(Qj o l)qje2)\f)\(a+2) _ )\qj262A(d+a)fA(a+2)

This value is positive owing to the fact that ¢; € [0,1] for all j. Thus, the function within the summation
is decreasing in terms of a. Using the fact that the summation of decreasing functions is decreasing, the
overall function is thus decreasing in terms of a.

Secondly, we examine P[Y; — X; = 1]. Y; — X; = 1 for x; corresponds to a mutation occurring in both
a and b, but not in ¢. A mutation can occur in a and b if it appears on the path from LCA(a,b,c) to
LCA(b,¢), or if it appears independently in the paths from LCA(a,b) to both a and b. Additionally, this
mutation cannot appear on the path from LC'A(a,b,c) to ¢, and no mutations can occur on the path from
r to LC'A(a,b,c). Thus, we have:

PlY; - X; =1] = Ze_m((l — e+ e (1 - e M) (1 - (1 - e D)gy)

Taking on the terms that depend on «, we have:
(1 . 67)\0() + 67)\&(1 - 67)\(17d7a))2qj

To show that this value is increasing with «, we show that the first derivative is positive with respect to a.
We use the following form of the derivative:

)\qu/\(d+(x)—/\(a+2) _ /\(q _ 1)62/\—)\(a+2)

This value is positive owing to the fact that ¢; € [0,1]. Thus, the function within the summation is decreasing
in terms of «. Using the fact that the summation of decreasing functions is decreasing, the overall function
is thus decreasing in terms of «.

General Missing Data Case: Next, we examine the general case with both stochastic and heritable
missing data. In this case, we define s(a,b) (analogously s(b,c)) as the number of characters shared by a,b
that do not have dropout in either a,b or ¢. As we now simply condition on the fact that a, b, c must all be
present, we add an additional (1 — p4) term to both P[Y; — X; = 1] and P[Y; — X; = —1]. As this term does
not depend on «, both functions depend on « as they do in the case without missing data.

Stochastic-only Missing Data Case: Finally, we examine the case with only stochastic missing data.
Here we define s(a, b) as the number of mutations shared by a and b in characters that did not suffer dropout
in either sample. Thus, in analyzing Y; — X; we must consider additional cases in which dropout in one cell
can hide the fact that two cells inherited the same mutation.

First, we examine P[Y; — X; = —1]. Y¥; — X; = —1 for a character x; corresponds to that character
acquiring the same mutation in b and ¢, not acquiring dropout in neither b nor ¢, and either observing
dropout or not observing that mutation in a. For this to occur, a mutation can occur on the path from r
to LC A(a, b, ¢) while a acquires dropout, or the same mutation can occur on the path from LC'A(a, b, c) to
LCA(a,b) and the path from LC'A(a,b,c) to ¢ while a acquires dropout, or the mutation can occur on the
path from LCA(a,b) to b and the path from LCA(a,b,c) to ¢ while not appearing in a. The probability of
this is:

> (1=pa)*(pa(1—e*)+e (1= D) g; (pa(1—e ) gj+e 2 (1—e X7 g; (1= (1—pa) (1—e 174 )g)
J
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Taking the terms that depend on a:

pa(l —e)g; + e (1 — e A7) g, (1 — (1= pg) (1 — e 797))g;)

To show that this value decreases with a, we show that the first derivative is negative with respect to ae. We

use the following form of the derivative:

Agj(pa — 1)e™F2) (g™ ) — 2% (g; — 1))

This value is positive owing to the fact that ¢; € [0,1] for all j and that pg € [0,1). Thus, the function
within the summation is decreasing in terms of .. Using the fact that the summation of decreasing functions

is decreasing, the overall function is thus decreasing in terms of .

Secondly, we examine P[Y; — X; = 1]. Y; — X; = 1 for x; corresponds to a mutation occurring in both
a and b, not acquiring dropout in neither a nor b, and either observing dropout or not observing that mu-
tation in ¢. For this to occur, a mutation can occur on the path from r to LCA(a,b,c) while ¢ acquires
dropout, on the path from LC'A(a,b,c) to LC'A(a,b) while the mutation is not acquired in ¢ or ¢ acquires
dropout, or the mutation occurs independently on the path from LC A(a,b) to a and b while not appearing

in ¢. The probability of this is:

D (1 =pa)’(pa(l = e )gj + e (1 = (1 —pa) (1 — e 7D))gs (1 — e ) g + e (1 —e M7 D)
J
Taking on the terms that depend on «, we have:

(1 _ e—)\a) + e—)\a(l _ e—A(l—d—a))2qj

Note that this is the same value as above in the case without missing data, and hence the function will have

the same dependence on « as in that case. Hence, the function is overall decreasing with «.

Proof: By lemmas 6 and 7, P[s(a,b) — s(a,c) > t] is an increasing function of . Thus, the minimum
a7

value of « results in the minimum value of P[s(
lemma 1.

Proof of lemma 3:

b) — s(a,c) > t]. This value occurs at o = £*, showing

Given a triplet (a,b|c), with LCA at depth at most d*, we defined € to be the probability that no dropout oc-
curs in a particular character of all three cells. First we will justify the assumption that e > (1 — pg)?,
which is to say the dropout events are positively correlated. Let p, be the probability that heritable
dropout occurs on the path from r to a. Let p, be the probability that a heritable dropout occurs on
the path from LCA(a,b) to b given that no dropout has occurred on the path from r to LC A(a,b) and
define p. similarly. Note that p, < p. < pp since the probability a dropout occurs along a path in-
creases with the length of the path. Let ps be the probability that a stochastic dropout occurs at given
character on a leaf given that no heritable dropout has occurred yet on that character. Then we have
e=1—=pp)1=pp) (1 —pa)(1 —ps)® > ((1—pp)(1 —ps))® = (1 — pa)3. Since at least one of the cells in the
triplet needs to not incur dropout at a character in order for all three of them to have no dropout, we also

have € <1 — pg.

To prove the bounds on k& we will proceed as in the proof of lemma 2 and assume that

dist(LC A(a,b,c), LCA(a,b)) = £*, noting that lemma 7 extends the result of lemma 1 to the general case

with missing data. Let Y = s.(a,b) and X = s,(b,¢). Thus, we have:
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PrlY < E(Y) — keAt*8(d)/4] = Pr[Y < E(Y)(1 — ’w)]
2K2N20725(d)?
< exp(_?)QE—(Y))
Pr(X > E(X) + keAl*5(d)/4] = Pr[X > E(X)(1 + w)}
2K2N20725(d)?

< (S50 + A 3(d))

Since E(Y) < kee ™ \* and E(X) < kee=*¥)\2q, we see that both probabilities are at most n~3¢ when

k(1 —pa)2 A1 — g+ ge=22)6(d)*2 < keA(1 — q + ge=2M)6(d)¢*?

320+ (1 —eH)g) =R+ (1—eN)g) > 3log(n) +log1/¢

If both bad events don’t happen, then we have Y — X > ke\M*0*/2 > k(1 — pg)2\*5* /2 = t. This gives the
necessary bound for condition 4) to hold.

To get guarantees on the second condition, let X = sp(a,c) for any triplet a,b,c¢ whose LCA has depth
at most d* and where c is the outgroup. we have that

k(1 — pa)3\e*6*

4E(X) )
/{:(1 —pd)6£*2(5*2
32¢eq )
k(l —pd)5£*2(5*2
32q )

PriX < B(X) — k(1 — pg)*\M*6* /4] = Pr[X < E(X)(1 —
< exp(—

< exp(—

To ensure that this probability is at most n =3¢, it suffices to take

(96logn + 32log 1/()g

k>
— 6*25*2(1 _pd)5

The rest of the argument is exactly the same as in the proof of lemma 2.

Proof of lemma 4:

For a triplet (a,blc) in the case without dropout, any mutation that occurred on the path from the root to
LCA(a,b,c) is inherited by each member of the triplet, and thus s(a,b) — s(b,c) = s¢(a,b) — s4(b, c). But
in the case of missing data, this is no longer true as mutations that occurred before LC' A(a, b, ¢) may be
obscured by dropout and therefore not present in the character information of a, b, or c. We must now
account for these early mutations in our calculations.

Let ps be the stochastic missing data rate and let s(a,b) be the number of mutations shared between a
and b, ignoring characters that have dropout in either a or b. The number of mutations shared by a, b after
their divergence is now Binomial(k, p) where p is

> (1 _ps)2(1 o e—)\d + e—)\d((l o e—)\é*) + e—)\é*(l _ e—)\(l—f*—d))2q)

Here (1 — p,)? is the probability that this character does not acquire dropout in neither a nor b, 1 — e=*?

is the probability that a given mutation occurred before d, and of the remaining terms the left term is the
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probability the mutation occurred on the path from LCA(a,b,c) to LC A(a,b), and the right term is the
probability a given mutation is shared by a,b due to convergent evolution.

Thus:

E[s(a,b)] > k(1 — ps)2(1 — e M 4 e_’\d((l — e_)‘e*) +e M (1- e_A(l_Z*_d))Qq)

Similarly:

E[s(b,c)] < k(1 —ps)?(1 — e M4 e_’\d(l — e_’\(l_d))Qq)

Thus, we have that:

Els(a,b) — s(b,c)] > (1—ps)?k(1—e M e (1 —e M) g e M (1 — e M-C=dy2g (] —
e M e (1 — e A1=d))20))
= (1-ps)2ke (1 — e g(e™ — 14 e 2U-DFMT _ o =2M(1=d)y)
(L-ps)?he (1 — €™ )(1 — q) + ge= 7D —1))
(1= ps)?he (1= e M) (1 = q) + e DAe)
(1= PR (1 — ) + g C=2¢)
=(1-ps)2 kA" (e (1 — q) + ge A=)

Qv

Again taking 6(d) = e~ *¥(1—q)+qe >4, We then have that for any triplet (a, b|c), where depth(LC A(a, b, c)) =
d and dist(LCA(a,b,c), LCA(a,b)) > £*

E[s(a,b) — s(b,c)] > (1 — ps)2kX*5(d)
First, we will show that condition ¢) will hold with probability 1 — ¢ if:

(1 — ps)2kerN(€*5(d))?

> 31 log 1
20 + (1= e Vgt M) = og(n) +log1/¢

To see this, let (a, blc) be any triplet at depth at most d* and the distance between their LCAs be at least £*.
By lemma 1, we can WLOG assume that dist(LC A(a,b,c), LCA(b,c)) = £* because that is the worst case,
i.e. the case where P[s(a,b) — s(b,c) > t] is minimized. Note that lemma 7 extends the result of lemma 1 to
the case with only stochastic missing data. Any condition sufficient for this case will be sufficient overall. Let
Y = s(a,b) and X = s(b,c). Since E(Y) — E(X) > (1 — ps)?kAl*6* = 2t, in order to ensure that Y — X > ¢,
it suffices to have Y > E(Y) =t/2 and X < E(X) = t/2. To show that both occur with high probability,

we have:
o 2Ly p*
(1= po) ' K2N20*25(d)?
= et 32B(Y) )
< ea?p(— (1 — ps)4k2)\2€*25(d)2 )

32(1 — ps)2kA(e=* + e (1 — e Mg+ d)
(1 —ps)QW"é(d))]
4E(X)
(1 —ps)4k2)\2€*25(d)2
32B(X) +4(1 — ps)%v*a(d))
(1— p5)4k2)\2€*25(d)2
32(1 — ps)2kA (el + e M(1 — e~ + d)

PrX > E(X) — (1 — ps)2kAC*6(d)/4] = Pr[X > B(X)(1 —

< exp(—

)

< exp(—

32


https://doi.org/10.1101/2021.11.21.469464
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.21.469464; this version posted November 22, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

The last line follows from the fact that §(d) < e and E(X) < (1 — pg)%ke (1 — e M)2q 4+ Md <
(1 —ps)?ke (1 —e M Ag+ Ad. Since e*§(d) =1—q+qe =D > 1 —g+ge 2 and any d < d*, in order
to ensure that both bad events have probability at most (n~3, it suffices to take
(1 —ps)?kA(1 — q + ge=2M)5(d)¢*?
32(0* + (1 —e)q + er"d~)

> 3log(n) +log1/¢

Applying the same argument to s(a, b)—s(a, ¢) and combining both results gives P[s(a, b)—max(s(a,c), s(b,c)) <
t] < 4¢n=3. Taking a union bound over all () = O(n®) triplets, we see that the probability of condition i)
failing for any triplet is at most (.

To get guarantees on the second condition, note that condition #) implies that condition i) holds for all
triplets separated by an edge of length at least ¢*. Thus we can focus on the triplets that are not covered
by condition ). Let (a,blc) be an arbitrary triplet such that dist(LC'A(a,b,c), LC'A(a,b)) < £* and again
let Y = s(a,b), X = s(b,c¢) and d be the depth of LC' A(a,b, c) (note that we are focusing WLOG on s(b, ¢)
since it has the same distribution as s(a,c)). We want to show that with high probability, X — Y < t.
Again, it suffices to upper bound P[Y < E(Y) —t/2] and P[X > E(X) > t/2] because E(Y) > E(X). Note
that we have already bounded the second quantity. To bound the first quantity, note that the worst case
scenario is that dist(LC A(a,b,c), LC A(a,b)) is as small as possible, but since this quantity can be arbitrarily
small, we can assume that in the worst case, dist(LC A(a,b,c), LC A(a,b)) = 0, which means Y has the same
distribution as X. Note that this case technically cannot happen as it would imply that 7 has a trifurcating
branch but it is possible to get arbitrarily close to this case with no restrictions on edge lengths. This gives:
2 * Ok
Pr{X < B(X) — (1— p, A6 /4] = Pr{X < B(x)(1 — L2 BATD)
4E(X)
(1 _ ps)4k2)\2£*25*2
32(1 — ps)2kA(d + e (1 — e=)(1 — d)3q)
(1 _ ps)2k)\€*25*2
32(d+ (1—eH)g)

)

< exp(—

< eap(—

Thus, if we take:

(961logn + 321og 1/¢)(£* + A\g + e d*) (96logn + 321log1/¢)(d* + (1 — e’ﬂq))
(1 —ps)2A*25%(1 — q + ge=2*) ’ (1 = ps)2A\+246%2

then we have P[X —Y > t] < (n~3. By symmetry, this means P[s(b,c) — s(a,b) > t|Js(a,c) — s(a,b)

t] < 2¢n~? Since we can union bound over one bad event of probability at most 2(n~3 for each of the (

triplets, we have that conditions ¢) and i¢) both hold with probability at least 1 — (.

kZmax(

>
5)

Proof of lemma 5:

For this proof, we use the following results:

lemma 8 Let p be the mazimum edge length in T. For any character, state pair (i,7), if there exists a
number p > 0 which satisfies ((1 — e~*)q; + p)? < p, then p is an upper bound on P; ;(v) for any node
veT.

Proof: We will proceed by induction on 7. Suppose v is a leaf. Then P; j(v) = 0, since if the it" character
does not mutate, it cannot take on state j. Now let v be an arbitrary non-leaf vertex, with children u and
w. By our inductive hypothesis, P; j(w) < p and P; ;(u) < p. Since the length of the edge from v to either
of it’s children is at most p, the probability that the character mutates to state j on either edge is at most

(1- e”‘p)qj. Thus, if we condition on the fact that x; is not mutated on v, we have:

Pij(v) < (1= e *)gj + e Py j(u)(1 — e *)g; + e P j(w))
< ((L=e)gj + Pij () (1 — e )g; + P j(w))
<((1=eM)g;+p)°
<p
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Where the last inequality follows from our assumption on p. Given the above lemma, we can simply solve
for p to find an upper bound on all P, ;(v) in 7.

lemma 9 Suppose the mazimum edge length satisfies:

3

nf(1 = 16 max;(q;)

Then we have P; j(v) < 2)\2p2q]2 for any node v € T

Proof: Let y = (1 — e_’\”)qj. Note that by our above assumption, y < 3/16. By our above assumption, we
have:

3
16 max;(q;) )
3
16
3
16

3
< 2
Y= 16

p< —% In[(1
(1—e ) max(q;) <
J

(1—e?)g; <

Next, by lemma 8, we know that if there is a p > 0 such that (y + p)? < p, then such a p would be an upper
bound on all P; j(v). We can find such a p by setting the inequality to an equality and finding the smallest
root of the resulting polynomial.

Yy +2yp+p>=p
v+ @2y—1p+p*=0

Our initial assumption of p guarantees that 4y < 1, which means the smallest root of the polynomial above
can be given as

p= 50 —2— /(By— 17— 1)

— oy - Var—yri-a2)

2
1

= 5 (VI—dy+dy? = /(1 - dy)
1 42

T2 T dy a1y

Where the last line follows by multiplying the numerator and denominator by \/ 1— 4y + 492 + \/ (1 —4y.
To upper bound p, we have

Where the last inequality follows from the fact y < 3/16, which means the denominator is at least 1/2.
Finally, we have 2y? = 2(1 — e_’\p)2q]2- < 2)\2p2q]2.

Now simply take p = v cf* and apply lemma 9 to show lemma 5.
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Alternative Analysis of the Bottom-up Algorithm

Theorem 4 The constraint on A and q in Theorem 3 can be replaced with

1—\/2 ~2 1
2 (142 - =
2072 U 2

A < min(

)

Where v = e Ml + 2X2clgmax and Yo = (\/Z+ Ve+ 2)\0\/quax)2. In that case, the Bottom-Up Algorithm

returns the correct tree with probability at least 1 — ( if

e*(20logn + 101log (1/¢))
min(A(1 — M/2 — 2Aqva), (1 —e M) (1 —2(1 —e >+ 27, + i )q))

l—e—A

k>

Note this means that as £ — 0, our constraint on A\ and ¢ becomes Ag < i and our bound on k approaches

e*(20logn + 101og(1/¢))
M(1 —2cAq)

logn)
14

= O(

Proof of Theorem 4:. To upper bound the probabilities of the bad events, it suffices to ensure that
2
E(Z) > E(X) and bound the quantity (E(Z)-BX)” — _A”_ Since this quantity depends on «, we will first

E(2) E(Z)

derive a lower bound on this quantity and determine where the minimum occurs for « € [¢, 1] as follows:

A2
E[Z]

> B[Z] - 2B[X]

> ke M1 — e A =21 — e MV L 9x200g, 12q)

Now let f(a) =1—e 2@ —2(1 — e~ Ma+VeD) 4 2X2¢0g,...)2q). Next we will show that for any interval [a, b],
the minimum of f on [a, b] occurs at either a or b. Let y(a) = e™**, and let g(y) = 1 —y —2(1 — ye”\\ﬂd) +

2)\2clgmax)?q. Then f = goy. Note that ¢’ is linear with negative slope, as

g (y)=—-1+4(1- ye‘Am + 2)\20€q]ﬂﬂax)q6_’\‘/a

Since f'(z) = —¢'(e7*¥)e=*%, f'(z) = 0 only when ¢’(e~**) = 0. Since e~*? is an increasing function, there
can be at most one point where f’ is 0. On the other hand, one can verify that lim,_, ., f'(x) = oo, which
means that if there is any = where f/(z) = 0, then f’ is positive on (oo, x) and negative on (z,cc0), which
means = must be a local maximum. Thus, any minimum of f on an interval [a,b] can only occur on the

boundaries.

a =1 case:

In the case where a = 1, our lower bound can be written as

fl@) = (1 —e =2(1 — e eV L 2X0%clgunay)%q)
(1—e =21 —e M1 = Vel) + 2X2clgumax)2q)
= (1— e =21 — e + el + 222 clgmax)?q)

Y

To make the notation easier to follow, let 41 = e~ Vel + 202¢lgmax. Then we have

EA[Z} >(1—e?=21—-e*+m)%)
=(l—e*=2(1=eM2+2(1—e M)y ++2)q)
=(l-eMA-20 -+ 2+ 5 _Vi_A )q)
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Thus, in order for the bound to be non-trivial, we need 2(1 — e=* + 2v; + %)q < 1, which means

Vi 1

1—e* 2¢

Vi 1)

1—e* 2¢

e A > 142y +

A< —In(1+2y +

Note that as £ — 0, the RHS approaches A < In(1 — 2—1(1) which is at least i, and in general, when )\ satisfies

the constraint above, f(1) is lower bounded by a constant independent of £. Also, note that the bound is
bound is trival if the term inside the In is negative.

o =/ case:

In this case, our lower bound becomes as follows:

fla) = (1—e M =21 — e MEFVeD 4 ox2epq )20

A2€2 2 2
s A Vel + 2Xclgmax)*q)
bV

= M(1 = T = 20q(VI+ Vet 20V Emax)?)

Now let vo = (\/Z—f— e+ 2)\C\/quax)2. Then in order for the bound to be non-trivial, we need ’\% +2Xqy2 < 1,
which means

1—M\/2 1= M2
(VO + /e + 22V max )2 2972

A<
2q

Note that as ¢ — 0, the RHS becomes 2%16. Since ﬁ;l > ke~ f(a), when the constraints:

. 1—=)/2 v? 1
A ——= —In(1+2 - —
<min(=5 2 Sl 29+ s g

)

are satisfied, and if we take

> e*(20logn + 101log (1/¢))
T min(AL(1 — AL/2 — 20q7), (1— e A)(1—2(1 — e + 295 + 1))

the probability that either of the above events occur is at most n~2¢. In other words, for any pair of ver-
tices u, w that are not children of the same node, there will be a vertex v’ that such that LCA(u,v’) is a
descendent of LCA(u,w) and P[s(u,u') < s(u,w)] < 2n=2¢. If s(u,u’) > s(u,w), then (u,w) cannot be the
first pair of incorrectly joined vertices. Taking a union bound over at most n?/2 pairs of vertices, we see
that with with probability at least 1 — (, there is no first pair of incorrectly joined vertices, which means the
algorithm is correct.

Since the bound on f(¢) depends on ¢, it is general much smaller than the bound on f(1), which is lower
bounded by a constant. Thus, asymptotically, the bound on k is

e*(20logn + 101og (1/¢))
M(1 — 2c\q)

logn
)

:O(
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Description of Simulations and Scoring Criteria:

Simulations and algorithms are implemented in Python in Cassiopeia software suite [10]
(https://github.com/YosefLab/Cassiopeia), utilizing the NetworkX package [45].

Implementation of Algorithms:

Threshold Algorithm: Due to ties in the number of shared characters, sometimes the edge-removal pro-
cedure produces more than two connected components on the sample graph G. If this occurs, we enforce a
bifurcation in the tree by merging the components C1,Cs, ..., C), into two groups. We expand the previous
pseudocode as follows:

1: procedure SPLITSAMPLES(V)

2 G + Complete graph over V'

3 while G is connected do

4 (u*,v*) = argmin y, ,)eps(u,v)

5: Delete (u*,v*) from G

6: end while

7 C1,Cy, ...,Cy < connected components of G

8 if length(C4, Cs,...,C,) > 2 then

9: C1,Cy + MergeComponents(Cy,Ca, ..., Cy,)
10: end if

11: Ty, Ty < SplitSamples(Cy), SplitSamples(Cs)
12: Return binary tree with 77 and 7% as children of the root.
13: end procedure

14:

15: procedure MERGECOMPONENTS(CY, Co, ..., Cp,)
16: LCA,,LCA,,...,.LCA, < InferParsimoniousStates(Cy,Csy,...,Cy)
17: m + FindMostFrequent Mutation(LC Ay, LCA,, ..., LCA,)

18: for i in n do

19: if m in LC'A; then
20: Add C; to GroupA
21: else

22: Add C; to GroupB
23: end if

24: end for

25: Return GroupA, GroupB

26: end procedure

Here, we use a naive parsimony approach. We infer the character states of the LCA of each component as
the most parsimonious states given the states of the leaves in that component (a mutation appears in the
LCA of a component only if it shared by all samples in that component, discounting samples with missing
data at that character). Then, the mutation shared by the most LCAs is found. Heuristically, this mutation
occurred early in the phylogeny and thus components sharing this mutation are more closely related. Thus,
we separate components into two groups based on whether or not the LCA has this mutation.

This algorithm is implemented as the “PercolationSolver” class in the “solver” module of the Cassiopeia
codebase. Here, the default arguments are used, with “joining solver” specified as an instance of the “Vanil-
laGreedySolver” class.

Bottom-Up Algorithm: The implementation of the Bottom-Up Algorithm follows the description in
the main text. If a tie occurs in the number of shared mutations between nodes, then an arbitrary pair is

chosen to be merged first.

This algorithm is implemented as the “SharedMutationSolver” class in the “solver” module of the Cas-
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siopeia codebase. Here, the default arguments are used.

Simulating Lineage Tracing Experiments:

In our simulations, we simulated forward-time lineage tracing experiments using our generative model. We

split the simulation into two steps.

Simulating Cell Division Topologies: First, we simulate a continuous-time, binary, symmetric cell
division topology. Then, we simulate CRISPR-Cas9 lineage tracing data over the given topology. The end
result is a phylogenetic tree representing the single-cell lineage tracing experiment. The tree topology also

records the ground truth phylogenetic relationships between the observed cells.

We begin by describing the two simulation schemes used for the tree topology. The first scheme simu-
lates a cell division regime with regular cell division (uniform edge lengths). We start with a complete
binary tree and add an implicit root, attaching this root to the root of the complete binary tree by an edge.
The edge represents the lifetime of the root along which mutations can be acquired. For all figures besides
Figure 6, we generated trees with 256 leaves representing cells observed at the end of the experiment. For
Figure 6, we generated trees of various sizes, exponentially increasing n. Given that the number of edges
in the path from the implicit root to each leaf has log(n) 4+ 1 edges, each edge has uniform length, and the

length of the experiment is normalized to one, each edge has length m.

The second simulation scheme represents an asynchronous cell division regime, with stochastic waiting times
between cell divisions and cell death. We model a forward-time Bellman-Harris model with extinction [46].
This generalizes the birth-death process [47], a commonly used phylogenetic model, such that the distribution
of waiting times between division and death events are arbitrary. In our case, waiting times between division
events are distributed according to an exponential distribution that is shifted by a constant a = 0.05, repre-
senting minimum time between cell division events. The distribution of death waiting times is distributed
exponentially, as we assume that cell death does not have a minimum time. The stopping condition is when
all lineages reach time = 1, meaning that each lineage will have total path length from the root of 1. We

present the pseudocode used for this simulation here:
1: procedure FORWARD SIMULATION(Apirth, Adeath)

2: Lineages < Queue();
3: T < new empty tree;
4: Leaves + {}
5: Lineages.push((root, None, 0))
6: SampleLineage Event(node, parent, time, T, Leaves, Lineages, Apirth, Mdeath)
7 while Lineages is not empty do
8: node, parent, time < Lineages.pop()
9: SampleLineage Event(node, parent, time, T, Leaves, Lineages, Apirth, Adeath)
10: end while
11: Remove all nodes in T that do not have a descendant in Leaves
12: Return T’
13: end procedure
14:
15: procedure SAMPLELINEAGEEVENT(node, parent, time, T, Leaves, Lineages, Apirths Adeath))
16: thirth, tdeath < Exp(Xpiren) + a, Exp(Adeatn);
17: if time + min(tbirth, tdeath) > 1 then
18: T < T U {(parent,node), weight = 1 — time};
19: Leaves + Leaves U {node};
20: else if ty;in < tgearn then
21: T « T U{(parent,node), weight = tpirtn };
22: Lineages.push(Node(), node, time + tpirth);
23: end if
24: end procedure
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To control for the number of leaves in the simulated trees, we take only trees that have between 205 and
307 leaves (if the procedure terminates with no living lineages, then we consider that tree to have 0 leaves).
Note that in the trees generated by this process sister nodes need not have the same edge length and the
root will have a singleton edge as in the binary case along which mutations can occur. We chose rates for
the division and death waiting distributions (23.70 and 2.12, respectively) that gave an average of around
256 leaves over 1000 simulations. These rates were chosen assuming that the rate of division was 10 times
that of the rate of death, and then correcting the death rate to increase the mean waiting time by a = 0.05

to match the shift in mean in the distribution of division times.

Due to the stochastic nature of this division process, we cannot exactly control for ¢ if we stop the ex-
periment at a specified time. This is due to the fact that edges at the leaves of the tree may be very small
if the stopping criterion is reached before the length can reach a, thus making the minimum edge length in
the tree technically potentially smaller than a. We contend that these edges should not impact the analy-
sis though. Small edges make it difficult to discern which neighboring clades are actually closer in relation.
These small edges only occur at the bottom of the tree though and would only affect the edge lengths leading
to single leaves, which are trivially discerned as a cherries with their neighbors, meaning that ¢ would still

effectively be 0.05 in this case.

This topology simulation framework is implemented in the Cassiopeia codebase as the “BirthDeathFitness-
Simulator” class in the “simulator” module. Here, “birth_waiting_distribution” is set to a lambda function
that takes a rate and returns a random waiting time from an exponential distribution with that rate, shifted
by 0.05. “initial_birth_scale” is set to ~ 23.70. “death_waiting_distribution” is set to a lambda function
that takes no arguments and returns a random waiting time from an exponential distribution with that rate

1/~ 23.70 + 0.05. “experiment_time” is set to 1. The other arguments are set to their defaults.

Simulating CRISPR-Cas9 Lineage Tracing Data: Given a tree topology, we simulate a CRISPR-
Cas9 mutagenesis process over it. Along each edge with length ¢, independently for each character, we

simulate the probability that a mutation will occur as 1 — e

. If a character has been chosen to mutate,

we then draw from the state distribution to determine the state the character acquires. In this case, this is

a uniform distribution with m = 1/q states (note that in the uniform case, ¢ = >, 1 2= 1/m). Once a

j=1m

mutation is acquired on an edge, that mutation persists in all downstream nodes. Then the mutations ac-
quired along the path from the implicit root is maintained for each leaf node, which then forms the observed
character information for all observed cells. If the simulation involves missing data, then ps proportion of
characters are uniformly at randomly changed to a state representing missing data (-1). This character

information is the input to the reconstruction algorithm.

This lineage tracing simulation framework is implemented in the Cassiopeia codebase as the

“Cas9LineageTracingDataSimulator” class in the “simulator” module. Here, “number_of_cassettes” is set
to the respective k, “size_of_cassette” is set to 1, “mutation_rate” is set to the respective A\, “state_priors”
is set to a dictionary representing the ¢ distribution, “heritable_silencing rate” is set to 0, and “stochas-
tic_silencing_rate” is set to 0 and 0.1, depending on whether the particular simulation has missing data. All

other arguments are set to default.

Finding the Minimum Necessary k:

Exploring the Space of k: Here we describe the process by which we determined the minimum % necessary
for 90% probability of a given criterion in our simulations, either full reconstruction, partial reconstruction,
or triplets correct. For a given value of k and a given a set of parameters, we verify if it is sufficient for 90%
probability of full reconstruction as follows: we simulate 10 ground truth trees, reconstruct each tree from
its observed cells (leaves) using the relevant algorithm, and comparing the corresponding reconstructed tree
to each ground truth tree. If > 9 out of those 10 trees meet a scoring criterion, then we say that this k
is sufficient. To alleviate the effect of noise, if 7-8 out of 10 trees meet the criterion, then we construct 20

additional trees and say k is sufficient if > 18 of those trees meet the criterion.
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To efficiently explore the space of k, we first exponentially (base 2) increase the value of k until a max
value is reached (4098 in the case of no missing data and 16384 in the case of missing data). Once we find
a sufficient k, we perform a binary search in the bin between that value and the value before it. Finally,
we record the number of trees correctly reconstructed out of 10 for each value of k in the binary search
and perform a logistic regression on these data points. We report the value of k that first reaches 90%
reconstruction probability predicted by the logistic regression. If no k is sufficient up to the max value, then
we deem that the necessary value of k is too large for our simulations to discern and we report a missing
value. To calculate the point-wise confidence intervals used in Figures 2, 4, 6 for each regression on a set
of parameters, we calculate the upper and lower bounds of the 95% confidence interval from the regression
coefficients using the delta method. Then, we take the upper bound on the necessary k as the first k£ where
the lower bound exceeds 90%, and we take the lower bound as the first k¥ where the upper bound exceeds 90%.

Full reconstruction: We say the reconstructed tree achieves perfect reconstruction if it has a Robinson-

Foulds Distance of 0, meaning the trees are isomorphic with regard to their labels.

Robinson-Foulds Distance is implemented in the codebase as the “robinson_foulds” method in the “cri-

tique” module. This method makes use of the the Ete3 package [48].

Partial Reconstruction: To determine the sufficient &£ needed for exact partial reconstruction for triplets
whose LCA is up to depth d, we use the same framework as in the case of full reconstruction but we change
the scoring criterion. We can no longer compare ground truth and reconstructed trees by Robinson-Foulds
Distance, which compares the entire tree. We instead present and show the correctness of an algorithm to
determine if all triplets in a tree up to depth d are resolved correctly in the reconstructed tree. The algorithm

is as follows. Let T be the ground truth tree, 7’ be the reconstructed tree, and d be the depth:

1: procedure CHECKPARTIALRECONSTRUCTION(T, 7", d)
2 CheckSplit(root(T), root(T"))

3 Return TRUE

4: end procedure

5:

6: procedure CHECKSPLIT(n, n’, d)

7 if depth(n) < d then

8 return

9: end if

10: I,r = children(n)

11: I';r" = children(n’)

12: if leaves_beneath(l) == leaves_beneath(l’) and leaves_beneath(r) == leaves_beneath(r’) then
13: CheckSplit(l,l',d), CheckSplit(r,r’,d)

14: else

15: Return FALSE

16: end if

17: end procedure
Next we prove its correctness:

Claim: All triplets whose LCA is at depth < d in T are resolved correctly in 7' iff for every node n < d
in T there exists a node n’ in 7’ whose daughter clades partition the set of leaf descendants of that node in

the same way.

Proof: if: For a triplet (a,blc) whose LCA is node n, a,b must be in the clade of one daughter of n
and c on the other. If there exists a node n’ in 7 that partitions the leaf nodes into the same two clades,
then for each triplet whose LCA is at n, a,b will be grouped together in the same clade with ¢ on other
side, hence every triplet will be resolved correctly. If there exists n’ for each n < d, then all triplets with
LCA < d will be resolved correctly. only if: If there is a node n < d in 7 with no node n’ in 7’ with an
analogous partition, this implies that there is some partition of the leaves in T’ starting from the root at or
above n that does not match the partition in 7, as if all partitions were correct then n’ must exist. If there
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is a non-matching partition, there is some partition {a1, ..., am }|{b1,...,bn} in T where in 7" there is at least
one incorrect member in one of the partitioned sets: {a1,...,a;,,b1,...,b;, }[{ar, 11, -, @m,bpr41, ..., b }. Then

P mo

in 77, WLOG b, is closer to some a; than some b;, and all triplets involving b; and a; are incorrect in 7.
As the partition with the non-analogous partition is at depth < d in 7, then some triplets whose LCA is at

depth < d in are incorrectly resolved in 7.

The algorithm will find n’ for every n < d by matching it to a node in 7’ that has the same partition.
If the algorithm does not find n’ for a certain n < d, then it does not exist as if all partitions checked by the
algorithm match up to and including n in 7’ then it must exist, and the given partition cannot be formed

later as leaf descendant sets cannot add members down the tree.

Triplets Correct: Additionally, we report the necessary k needed for 95% triplets correct in simulation.
The triplets correct score is determined by sampling 500 triplets uniformly from the ground truth tree and

counting the proportion of triplets resolved accurately in the reconstructed tree.
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Additional Simulations:

Visualization of the (¢*,d*)—Oracle:

The (¢*,d*)—Oracle presented above attempts to determine the outgroup of a triplet using the difference
in the number of shared mutations between its members. In Figure 5 we visualize how well the deci-
sion rule holds for correctly and incorrectly resolved triplets. We plot s(a,b) — max(s(a, c), s(b, ¢)) against
dist(LC A(a,b), LCA(a,b,c)) for triplets (a,b,c) on simulated trees. The blue points show the difference
between the mutations shared by the ingroup versus the mutations shared by the outgroup, and the orange
points show the difference between the mutations shared by the outgroup and the ingroup. We see that 10%
of triplets are such that s(a,b) — max(s(a, c), s(b, c)) < t with (a,b) as the ingroup and thus violate condition
i), and that 2.3% are such that s(a,b) — max(s(a,c), s(b,c)) < t with (a,b) as the outgroup. Note that as
s(a,b) — max(s(a,c), s(b,c)) < s(a,b) — s(a,c), requiring that s(a,b) — max(s(a,c), s(b,c)) < t is a slightly
weaker condition than condition i7) and thus at most 2.3% of triplets violate it. For the set of parameters
used here, ¢ is chosen such that the probability that a triplet is indeterminable is low and the probability
that the outgroup is given incorrectly is low, showing that the oracle is relatively accurate on this regime
for the low number of characters (k = 10). For for exact reconstruction of a tree though, we require that all

triplets on that tree be separated by the threshold ¢.

As dist(LC A(a,b), LC A(a,b,c)) increases, this difference in the number of shared mutations between the
ingroup and the non-ingroup pairs grows, making the triplets more separable. This gives us the V-shape in
the figure. As the distance increases, the number of triplets that cross the threshold and thus violate either
condition decreases, and after a certain point no triplets cross the threshold. This illustrates that in the
result in Theorem 2 that, as we are only interested in triplets where dist(LC A(a,b), LC'A(a,b,c)) > ¢* for
larger values of £*, them the bound on the number of characters k needed to separate these triplets decreases.

2000

1000

O (a,b) is the true ingroup
a or b is the outgroup

s(a,b) — max(s(b,c),s(a,c))

1/2(kA25*)

0.2 0.4 0.6 0.8 0 2000

Dist(LCA(a,b|c), LCA(a,b))

Figure 5: Visualizing the (£*,d*)—Oracle decision rule in simulation. We sample 100 triplets uniformly for
each of 100 trees simulated under the Asynchronous simulation framework described in the appendix with
k =10, A = 0.5, ¢ = 0.05 and n =~ 256. For each triplet, we plot s(a,b) — max(s(a,c),s(b,c)) for two
cases: when (a,b) notates the true ingroup of the triplet (blue) and 2) when (a,b) notates one member of
the ingroup and the outgroup (orange). The histograms show the density of each case for each triplet along

the axes.
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Dependence on n:

To compare the asymptotic dependence of k on n in the theoretical bounds with the dependence of the
necessary k in the empirical case, we simulate varying trees of size. In Figure 6 we plot the values of k in
simulation against the bounds for both algorithms, in a regime where ¢ = 0.5, ¢ = 0.05. From this figure
it can be seen that the bounds are tight (within a constant factor) against the empirical values and share
the same shape in the dependence of £ on n. These results offer empirical validation of the asymptotic

dependence of k in the bounds for both algorithms.

£=0.5,q=0.05
Threshold Algorithm Bottom-Up Algorithm
350
00 Uniform Simulation —— Uniform Simulation
—— Theoretical Bounds / 100 3004 Theoretical Bounds / 25
300 250 A
200 A
X
200 150 1
100 4
100 4
504
04 0

o 250 500 750 1000 1250 1500 1750 2000 0 250 500 750 1000 1250 1500 1750 2000

Figure 6: Comparing the dependence of minimum necessary k on n of the Threshold Algorithm (left) and
the Bottom-Up Algorithm (right) with the theoretical bounds for each case (90% of full reconstruction).
Simulations performed with the uniform edge length regime for trees of size 22,23, ...,2!! leaves. For each

value of n, edge lengths were re-scaled to be m

to maintain uniform edge lengths. The bounds are

rescaled by a constant factor, 100 for the Threshold Algorithm and 25 for the Bottom-Up Algorithm. Point-
wise 95% confidence intervals are generated from the regression coefficients using the delta method, see

appendix.

Missing Data:

Here we present simulations for the minimum k to give 0.9 probability of exact reconstruction for the case
of stochastic missing data only (lemma 4). The simulations are performed with uniform edge lengths and
use ps = 0.1 proportion of stochastic missing data. Visualizing the bounds for lemma 4 show that indeed
higher values of k are necessary to overcome the lost information (Figure 7A), consistent with the additional

(1 — pg)? term in the denominator and gap term of e’ d*

when compared to the bounds of Theorem 1.

Notably, the reconstruction now becomes increasingly intractable for high values of A\, due to the gap term
being exponential in A. In simulation (Figure 7B) we see that the necessary k is higher across the board,

especially for values with high A, validating the theoretical trends.

Surprisingly, unlike in lemma 2, the bound on k in lemma 4 has no asymptotic dependence on ¢q. Tak-

logn

ing ¢ to be arbitrarily small (or even ¢ < £/)) causes the bound in lemma 2 to become O(=%

), yet an

arbitrarily small ¢ causes the bound in lemma 4 to remain in O(lozgg"). Examining the difference in the
bounds between lemma 4 and lemma 2 (Figure 7C (Top)), we see that the difference grows larger in regions
where ¢ < ¢/}, indicating that the bound changes asymptotically in these regions. This same pattern is

reflected in the empirical results, validating this change in dependence on ¢ (Figure 7C (Bottom)).
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Figure 7: Comparison of the Threshold Algorithm in simulation and theory in the case of missing data,
using the missing data strategy outlined in lemma 4. Simulated trees with 256 leaves, n = 256. Entries are
logo scaled. (A) Theoretical lower bound on k required for 0.9 probability of perfect tree reconstruction for
varying values of ¢ and A in the case of missing data, with £ = 1/9, d* = 1, and p;, = 0.1. (B) Minimum &
required for 0.9 probability of perfect reconstruction in simulation with a cell division topology with uniform
branch lengths, £ = 1/9, d* = 1, and p; = 0.1. (C) Scalar difference in the values of k in the case with and
without missing data. Top: Difference in theoretical bounds for & for 0.9 probability of perfect reconstruction,
¢=1/9,d* =1, and p; = 0.1. Bottom: Difference in minimum k required for 0.9 probability of perfect
reconstruction in simulation with a cell division topology with uniform branch lengths, £ =1/9, d* =1, and

ps = 0.1.

Triplets Correct:

Previous benchmarking works do not use exact reconstruction as a metric for the accuracy of phylogenetic
reconstructions. A common, more relaxed metric is the triplets correct metric (or the closely related triples
distance), which measures the proportion of sampled leaf triplets that are correctly (incorrectly in the case
of triplets distance) inferred by the reconstructed tree [10, 49, 35]. We present the minimum k necessary
in simulation for high probability of a high (> 95%) triplets correct score on uniformly sampled triplets,
showing the necessary k when exact reconstruction is not required (Figure 8). We see that the empirical
necessary k decreases substantially overall compared to the case of exact reconstruction for both algorithms,
showing that these algorithms can perform well in practice with a low number of characters according to

traditional standards of accuracy.

Regarding the Threshold Algorithm, the reduction in the necessary k is potentially due to the fact that
if triplets are sampled uniformly, most of them will have an LCA close to the root. We saw from the partial
reconstruction results that the necessary k decreases across the board as d* (the depth up to which triplets
must be correct) decreases. We see also that large values of A coincide with lower relative k in the triplets
case than in the case of full reconstruction, just as in the case of d* << 1. Thus, we can treat the case of
uniformly sampling triplets as similar to setting a low d*. We see that both of these effects, the lower overall
necessary k and the lower k for high values of A, also hold true of the Bottom-Up Algorithm in the case of
uniformly sampling triplets. This indicates that perhaps reconstruction of triplets that diverge at the top of
the tree is easier and less affected by mutation saturation in the case of the Bottom-Up Algorithm as well.
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Figure 8: Triplets correct scores for both algorithms. Simulated trees with 256 leaves, n = 256. Entries are
log1g scaled. Minimum k& required for 0.9 probability of < 0.95 proportion of 500 uniformly sampled triplets
correctly reconstructed in simulation. Top row: Results for the Threshold Algorithm in the case of (From
left to right) uniform edge length topology without missing data (¢ = 1/9, ps = 0.1), uniform edge length
topology with missing data (¢ = 1/9, p; = 0.1), asynchronous topology (¢ = 0.05). Bottom row: Results for
the Bottom-Up Algorithm in the case of (From left to right) uniform edge length topology (¢ = 1/9) and
asynchronous topology (¢ = 0.05).
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