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SUMMARY

Quantitative comparison of microbial composition from different populations is a fundamental
task in various microbiome studies. We consider two-sample testing for microbial compositional
data by leveraging the phylogenetic tree information. Motivated by existing phylogenetic dis-
tances, we take a minimum-cost flow perspective to study such testing problems. Our investiga-
tion shows that multivariate analysis of variance with permutation using phylogenetic distances,
one of the most commonly used methods in practice, is essentially a sum-of-squares type test
and has better power for dense alternatives. However, empirical evidence from real data sets sug-
gests that the phylogenetic microbial composition difference between two populations is usually
sparse. Motivated by this observation, we propose a new maximum type test, Detector of Active
Flow on a Tree, and investigate its properties. It is shown that the proposed method is particularly
powerful against sparse phylogenetic composition difference and enjoys certain optimality. The
practical merit of the proposed method is demonstrated by simulation studies and an application
to a human intestinal biopsy microbiome data set for patients with ulcerative colitis.

Some key words: Microbiome and Metagenomics; Phylogenetic tree; Sparse alternative.; Wasserstein distance.

1. INTRODUCTION

High throughput sequencing technologies make it possible to survey the microbiome commu-
nities from multiple samples, resulting in a need for statistical methods to quantitatively compare
samples from different populations/experiments. Testing whether two groups of samples have the
same microbiome composition is a key step to decipher the quantitative difference between pop-
ulations and to identify the dysbiotic components. In this paper, we consider two-sample testing
for the means of relative abundance from two populations. Although the problem is mainly mo-
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tivated by microbiome and metagenomic data analysis, it, as a general problem, also arises in
other high-throughput sequencing data, e.g. single cell RNA sequencing data.

The microbial community from one sample is usually represented by discrete distributions
with the relative abundance of microbe species organized in taxonomy, or operational taxonomic
units in some applications. To assess the quantitative difference between groups of samples,
various methods have been proposed for the taxonomic compositional data, including global
two-sample tests (Zhao et al., 2015; Cao et al., 2017) and differential abundance tests (Robin-
son et al., 2010; Wagner et al., 2011; Love et al., 2014; Mandal et al., 2015). These methods,
however, neglect the degree of similarity between microbe species, due to the fact that the
analysis units in these methods, microbe species, are implicitly assumed to be equally distinct
(Fukuyama, 2017). Furthermore, the classification of microbes by contemporary microbial tax-
onomy is coarse, which results in loss of power to detect subtle difference in a higher resolution
(Washburne et al., 2018). To alleviate these issues, the phylogeny of the bacterial species is
usually incorporated into the analyses of microbiome data (Fukuyama, 2017; Washburne et al.,
2018).

In order to capture the phylogenetic microbial compositional difference between populations,
one of the most widely used two-sample testing methods is multivariate analysis of variance
with permutation (PERMANOVA) equipped with phylogenetic distance (McArdle & Anderson,
2001; Anderson, 2014; Xia & Sun, 2017). In microbiome data analysis, the popular choices
of phylogenetic distances include the unweighted or weighted UniFrac distances (Lozupone &
Knight, 2005; Lozupone et al., 2007) and their L* Zolotarev-type generalized variants (Evans &
Matsen, 2012). Through studying these phylogenetic composition distances, we show that they
are closely related to a minimum-cost flow problem on the underlying phylogenetic tree and the
phylogenetic composition difference between samples can be fully characterized by the optimal
flow at each edge. Motivated by this observation, we consider the optimal flow at each edge as the
analysis unit, instead of each microbe species. The main goal of the present paper is to study the
problem of two-sample testing on a phylogenetic tree from this minimum-cost flow perspective.

We first investigate PERMANOVA equipped with L? Zolotarev-type phylogenetic distance. Due
to its flexibility and ease of computation, PERMANOVA using phylogenetic distance has been ap-
plied in a wide range of microbiome studies (Smith et al., 2015; Wu et al., 2016; Chen et al.,
2016), but it still lacks theoretical justification. Following the minimum-cost flow perspective,
we show that PERMANOVA is essentially a sum-of-squares type test, which has been widely
used to test the difference between the means of two populations in high-dimensional problems
(Bai & Saranadasa, 1996; Srivastava & Du, 2008; Chen & Qin, 2010). We establish its asymp-
totic normality under the null hypothesis and show that its power is indeed determined by the
phylogenetic distance between the group means. It is known that sum-of-squares type tests are
effective in detecting the dense alternatives, but not powerful against sparse alternatives (Cai
et al., 2014; Chen et al., 2019). However, in most microbiome studies, only a small fraction of
taxa may have different mean abundances (Cao et al., 2017), resulting in optimal flows on a small
number of edges that are active, i.e. non-zero. Moreover, PERMANOVA, as a global method, is not
able to identify the specific location of the significant differences even when the null hypothesis
is rejected. Therefore, there is a need for a more powerful and interpretable test to detect sparse
phylogenetic composition difference between two populations.

To fill this need, we introduce a new test, Detector of Active Flow on the Tree (DAFOT), to
detect the sparse phylogenetic composition difference between two populations. To detect sparse
signals, the maximum type statistics are usually adopted in various settings because of their sim-
plicity, effectiveness and optimality (see, e.g. Dumbgen & Spokoiny, 2001; Arias-Castro et al.,
2005; Jeng et al., 2010; Arias-Castro et al., 2011; Cai et al., 2014, and references therein). Mo-
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tivated by this, we construct DAFOT as the maximum of the standardized statistics for optimal
flow at each edge. When the null hypothesis is rejected by DAFOT, it is also able to identify the
edges that the active optimal flows lie on. Thus, different from PERMANOVA, DAFOT can not
only detect the difference, it is also able to identify the branches of the phylogenetic tree that
show difference in relative abundance between the populations. It is shown that DAFOT is the
minimax optimal test against sparse alternatives and the optimal detection boundary of phyloge-
netic composition difference relies on both the structure of phylogenetic tree and heteroskedastic
variance of microbe species. The practical merits of DAFOT are further demonstrated through a
real data example. The method is implemented in the R package DAFOT available from CRAN.

Transformation of compositional data is often employed in order to account for the composi-
tional nature of the data. For example, the centered log-ratio transformation is one of the com-
monly used transformation methods for the analysis of compositional data (Aitchison, 1982).
To account for possible data transformation, we introduce f-generalized optimal flow for any
given strictly increasing transformation function f defined on [0, 1]. The original form of opti-
mal flow corresponds to the special case with f(z) = x. Another special case of f-generalized
optimal flow is the difference of balance between populations (Egozcue & Pawlowsky-Glahn,
2016; Rivera-Pinto et al., 2018), when f(x) = log(x), equivalent to adopting centered log-ratio
transformation. After introducing this new concept, we show that all methodology and theory
discussed previously can be generalized accordingly.

2. A HIERARCHICAL MODEL FOR MICROBIOME COUNT DATA AND PHYLOGENETIC
DISTANCE

Human microbiome can be quantified using 16S rRNA sequencing or shotgun metagenomic
sequencing. Such 16S rRNA gene sequences of the bacterial genomes or the sequencing of evo-
lutionarily conserved universal marker genes can be used to construct the phylogenetic tree of
the bacterial species. The microbe species and their ancestors are usually organized in such a
phylogenetic tree based on their evolutionary relationships. Let 7' = (V, E') be the phylogenetic
tree of microbe species. Here, V' is the collection of microbe species and their ancestors and £
represents the collection of edges of the phylogenetic tree 7. For any e € E, L, is the corre-
sponding branch length. We assume the phylogenetic tree is rooted at p, which can be seen as the
common ancestor of all microbe species. For any pair of nodes v, v2 € V, the unique shortest
path between them is denoted by [v1, v2] and the corresponding distance between them is defined
as

d(vy,vg) := Z L.. (D

e€vi,v2)

The dissimilarity between two microbe species v1 and vo can thus be quantified by d(vy,v2).
The height of tree is then defined as the maximum of distances between the root and other nodes
of the tree d(T') = max,ev d(p,v).

The relative abundance of a microbial community can be represented by a discrete distribution
on the nodes of tree T'. More specifically, write all possible discrete distributions on 7" as

'PZ{P:{pU}UGV:vazl and pUZO}.

veV

Here, p, is the relative abundance of microbial species v and P is a simplex of || dimension,
where | - | is the number of elements. Suppose there are two populations of interest on P, e.g.,
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treated and control groups. These two populations can be represented by two probability distri-
butions on P, 71 (P) and 75 (P), respectively. We are interested in comparing the mean of relative
abundance between these two populations

H() : PLH = PQHM V.S. H1 : PLH ;é Pgnu (2)

where Py, , is the mean of 71,(P)

Pr, = /Pdwk(P), kE=1,2.

The covariance matrix of 7 (P) is defined similarly

DRSS /(P —Prp) (P — Py )" dmg(P), k=1,2.

To test the mean equality hypothesis, m; and ms samples are drawn from each of two popu-
lations

P171, PLQ, e ’P17m1 ~ 7T1(P) and P271, P272, e ,P27m2 ~ 7T2(P).

However, the true relative abundance of each sample, Py ;, 1 < j < my, k = 1,2, is unknown
in practice. Sequencing microbial DNAs are then applied to each sample to assess the relative
abundance of microbe in the sample. In microbiome studies, the sequencing read data can be
modeled by a Poisson distribution. To be specific, the number of sequencing reads Ny, ; ,, that can
be assigned to species v from jth sample of kth group is assumed to follow a Poisson distribution

Ny jo ~ Pois(ng iDk jv); veV, 1<j<mpandk=1,2,

where, ny, ; is the total number of reads in jth sample of kth group and py ;, is the relative
abundance of microbe species v in sample Py, ;. Thus, the reads count is assumed to be drawn
from the following hierarchical model

Pk‘,j ~y ﬂ—k(P) and Nk‘,j,’l} ~ POiS(nk,jpk‘,j,U)

foranyv e V,j=1,...,miand k = 1, 2. The goal of this paper is to test the hypothesis in (2)
based on the count data Ny, j = { Ny, j v fvev-

Following this hierarchical model, the empirical distribution of each Py, ; is written as P kj =
{Prjwtvev = { Nk jv/Nk,j }oev. Due to the hierarchical structure of model, the covariance ma-
trix of empirical distribution p k,j 18

. R T
Ypj:=E { <Pk,j - Pk,u) (P/w‘ - le) }
= B + diag(Prp/mk 5)-

Here, diag represents the diagonal matrix of a vector. It is clear that the covariance matrix of the
empirical distribution depends on both mean and covariance matrix of 7 (P) and the variance of
empirical distribution is inflated because of sequencing steps. The difference between >, ; and
Y, vanishes when ny, ; goes to infinity. For simplicity of analysis, in the rest of paper, we always
assume the total number of reads in each sample is equal, i.e. ny ; = n forany 1 < j < my, and
k =1,2. For brevity, we write Y = ¥y ; when ng ; = n and m = m + mo. In the rest of
paper, we assume that there exits ¢ € (0, 1) such that

m1/(m1 +mz) — L. 3)
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This assumption implies that proportion of samples from either population does not vanish. We
also write $(t) = (1 — )X + tXo.

In microbiome studies, a phylogenetic distance that reflects the evolution relationships among
microbe species is often used in defining the distance between two microbial communities.
Examples include unweighted and weighted UniFrac distance (Lozupone & Knight, 2005;
Lozupone et al., 2007). As shown in Evans & Matsen (2012), the weighted UniFrac distance
is a plugin estimator of Wasserstein distance of probability masses on the tree, which can be gen-
eralized to L™ Zolotarev-type variants (for brevity, we call them L Zolotarev-type phylogenetic
distance). In the present paper, we focus on L? Zolotarev-type phylogenetic distance

1/2
D(Py,Py) = {Z Le(Pre— P27e)2} : )

eceE

where P, . is the total probability of all descendants of edge e

Pre = Z Pk,vs

veT(e)

where k = 1,2 and 7(e) is a subtree below edge e: 7(e) = {v € V : e € [p,v]}. We also use the
following notation in this paper

Prje = Ph.jv-
veT(e)

3. A MINIMUM-COST FLOW PERSPECTIVE FOR TWO SAMPLE TESTING

The phylogenetic distance between two discrete distributions is closely related to optimal
transport theory (Evans & Matsen, 2012). To be specific, the weighted UniFrac/Wasserstein dis-
tance between Py, = {p1 v }vev and Po, = {p2 ;1.0 }vev is equal to the solution of the fol-
lowing optimal transport problem

min Z d(v1,v2)Tv; 0

Ty, v
{ro1,vg Yoy uge v1,02€V

s.t. 5 Tvi,v9 = Plu,vrs E Tvy 09 = P2,u,v9 and Tvy,v2 > 0.
va

U1

)

In this optimal transport problem, the objective function is the total cost of transport
{"v1,v3 }v1,0eev and d(v1, v2) is the cost per unit transported from v; to vs.

Different from the general optimal transport problem, the distance d(v1, v2) in (1) is defined as
the geodesic distance along the path [v1, v2] on tree T'. Therefore, this optimal transport problem
can be naturally cast as a minimum-cost flow problem on a network, as illustrated in Figure 1.
The tree T" can be seen as a special network and there are source with capacity pi ., and sink
with capacity ps , , at each node v € V. Then, the optimization problem in (5) aims to find a
way with the minimum cost of sending an amount of flow from the sources to sinks, through the
network 7. In particular, for any given transport {7y, v, }v, v,cv, define the flows on each edge

as
+ _ - _
Al = E Tv1 09 and A, = E T'v1,v2 -

v1€7(e)waiT(e) v1¢T(e),v2€7(€)
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Fig. 1: An illustration of the minimum-cost flow problem on the tree: blue bars are source and
red bars are sink.

Here, A7 is the flow through edge e € E towards the root p and A7 is the flow through edge e
in opposite direction. Then, the optimization problem in (5) can be reformulated as

min L. (AT + A7
(AT AT Yeer eez; ( ) (6)

st AF+A; <1, AF-A_ =P e— Py and AL AD >0.

Although the optimal transport 7, 4, in (5) might not be unique, the optimal flow in (6) is unique
and has a closed form solution
AT =max (P e — Pope,0) and A,

c =max (Poye— Piye,0).

The optimal net flows on each edge is then defined as A¥ = AT — AZ = P e — P e The
weighted UniFrac distance and corresponding L Zolotarev-type variants can thus be seen as the
weighted L norm of optimal flows. It is clear from the above discussion that the phylogenetic
composition difference between P; and P5 can be fully characterized by the optimal flow A}. If
we write A* = {A?}.cg, the hypothesis in (2) can be rewritten in the following equivalent form

Hy:A"=0 and Hy: A" #£0. (7

This suggests that the basic unit to quantify phylogenetic composition difference shall be the
optimal flow at each edge A*. L? Zolotarev-type phylogenetic distance D(P1,P2) can be seen
as Lo norm of these optimal flows.

4. PERMUTATIONAL MULTIVARIATE ANALYSIS OF VARIANCE
4.1. Introduction of PERMANOVA

To incorporate phylogenetic tree information in comparing two populations, one of the most
commonly used two-sample tests is PERMANOVA equipped with some phylogenetic distance
(McArdle & Anderson, 2001; Anderson, 2014). Specifically, let D(P1, P2) be the phylogenetic
distance defined in (4). The average empirical distance within and between group is defined as

_ 9 . .
Dpw=—r— 3 D*(PryiPry), k=12
MMk = 1) | e,



and

_ 1 ~ ~
Dy = ‘D2(P P -).
b m1m2 Z 1a]1 2»]2

1<j1<my,1<j2<ma

Similar to analysis of variance (ANOVA), PERMANOVA defines the total sum-of-squares as

2
mk(mk — 1) — mimseo =
SSp=Y T p 1= D,
T kzzl 2(7711 + mg) hw + mi1 + mso b

within-group sum-of-squares and between-group sum-of-squares as

2
SSw=>""" 1Dy, and  §54=55r - SSw.
k=1

The pseudo F'-statistic for two-sample testing is then defined as the normalized ratio of S.54 to
S Sw

B SSa

- SSw/(m—2)

To evaluate the significance of the F'-statistic, the P-value is calculated by permutations. To

be more specific, the m samples are permuted randomly B times and F'-statistic is calculated on
these permuted data, denoted by (1) ... F(B)_ Then, the estimated P-value is

1+ |{i: FO > FB)}
B 1+ B '

One implicitly prerequisite assumption of a valid permutation test is the exchangeability of sam-
ples under the null hypothesis. Thus, the hypothesis required by valid permutation test is

Hy : m(P) = m(P) V.S. Hy : m(P) # ma(P).

F

P

Compared with mean equality hypothesis in (2), this is a more restrictive hypothesis. In the next
section, we present another way to estimate P-value of PERMANOVA based on the asymptotic
results.

4.2.  Properties of PERMANOVA

We investigate the properties of pseudo F-statistic under L? Zolotarev-type phylogenetic dis-
tance D(P1,P3). A simple calculation decomposes 5S4 into two parts

m2D1,w + m1D2,w
2(m1 + myg)

mims

SSp=———"-—-""—
A 2(mq + ma)

(Dl,w + Dg,w — 2Db) +

In particular, the second term is asymptotically equal to SSy/(m1 + ma — 2)

D D
Moy + M2y SSiw — 1, mi, Mg —» O0.
2(my1 + ma) my +mp — 2

This shows that F' is a scaled version of difference between average within group distance and
across group distance. In other words, in terms of two—sample testing, F' is asymptotically equiv-
alent to the following energy distance statistic (Székely & Rizzo, 2005; Sejdinovic et al., 2013)

1, _ _ _
L := 5 (2Db — Dl,w — D27w) .
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Due to the fact that the distance in (4) is a negative type, the energy distance statistic can also be
written as a kernel-based test statistic (Sejdinovic et al., 2013)

2 1 mg 2 mi,ma2
P S I S K (P P
; my(me — 1) Z_ k.gis tk,j2 My Z_ Ljio 12,52
= J1#£j2=1 Ji,g2=1

where the kernel of Py and P is defined as K (P1,P2) := Y 5 LeP1 P c. The kernel form
of PERMANOVA suggests

E(L) = D*(P1, Pa).
Therefore, I statistic in PERMANOVA is a reasonable statistic for testing the phylogenetic com-
position difference in hypothesis (2), as the mean of L only depends on Py, and Py ,,.

Clearly, the behavior of L depends on both the covariance matrix of Py ; and tree structure
T. The structure of tree T' can be expressed as a transformation matrix H € RIZIXIVI where
Hey = VL ifv € 7(e) and He,, = 0if v ¢ 7(e). We assume

tr{HY; H'HS, H' HY,, HTHY;,, H"} = o (0*{(HE(t)HT)?}) , 8)

where i1, 19, 73,74 = 1 or 2. Such a moment assumption is a common condition in high dimension
statistics, e.g., condition (3.6) in Chen & Qin (2010). Condition (8) is true when eigenvalues
of both HX1HT and HY9HT are bounded. Besides the assumption on the moment, another
assumption we make is

P (K(fﬁ,fg) > \/a) < o tr{ (HS () HT)2) Jd(T)* )

where Py and P are empirical distribution drawn from the 1st or 2nd population and 7,
is a sequence of number such that r,,, = o(m tr{(HX(t)H")?}). This is a fairly weak con-
dition. For example, this is a trivial assumption when the tree is not too high, i.e. d(T) =
o(mtr{(HZ(t)HT)?})!/2, because K (P1,Ps) = O(d(T)).

The following theorem shows the asymptomatic behavior of PERMANOVA statistic L.

THEOREM 1. Under the null hypothesis, i.e. Py, = P, and assumptions (3), (8) and (9),
L/or — N(0,1), m — 00,
where o, can be written as

tr{(HE(t)H")?}
om2t2(1 — t)2

o} =

Furthermore, if d(T) = o(m) and assumptions (3), (8) and (9) hold, the test is consistent when

Py Py, > VU Z“H iy (10)

This theorem suggests that the PERMANOVA is a consistent test if the phylogenetic distance
between the means of two populations is large enough. As Y:(¢) can be written explicitly as

S 1
Z(t) = (1 — t)ELM + tEQ,“ + E dlag ((1 — t)PLM + tPQv.U‘) ,

the power of PERMANOVA depends on both the number of samples m and the number of reads
per sample n. The power becomes larger if we increase either m or n. However, (10) also sug-
gests that a larger number of samples is a more efficient way to increase power than a larger
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number of reads per sample. This theorem also suggests that P-value can be calculated based
on asymptomatic distribution instead of conducting permutations. For instance, 0’% can be esti-
mated based on a similar U-statistic &% in Chen & Qin (2010). Then, the P-value can be then
calculated by 1 — ®(L /5. It is worth noting that this way to calculate P-value does not require
71(P) = mo(P) under the null hypothesis. In practice, we recommend permutation test when m
is not large and asymptotic critical value if m is large.

4.3. PERMANOVA under sparse setting

As we see in previous sections, PERMANOVA is a sum-of-squares type statistic. However, the
interesting setting in practice, e.g., in microbiome studies, is a sparse case where only a small
number of microbe species may have different relative mean abundance (Cao et al., 2017). This
suggests that only a small fraction of optimal flow A} is active, i.e. A’ # 0. To investigate the
performance of PERMANOVA under this sparse setting, we consider a simple case where there is
active optimal flow on one edge, denoted by e; € E. As suggested by Theorem 1, the condition
for a consistent PERMANOVA test is

Le,|AY P> \/tr{(Hill(t)HT)z}.

On the other hand, we consider an oracle test that has knowledge of active flow location eg. Since
the location of e, is known, we consider a two sample ¢-test for A}

pl es p2 €s
M., = . ’ 2 ; (11)
\/Ul,es/ml + 05, /ma
where
my mp
_ 1 N 1 R _
Poo. =— P and 67 = —— Piio — P, )2
ks = T ; .oes | ;( kges — Phies)

With central limit theorem, we know that M, is a consistent test if

(HE)HT)e, e,

A 2>

A comparison of two detection boundaries indicates that the oracle test is able to detect a much
smaller difference between two group of samples than PERMANOVA. This naturally leads to the
question of whether it is possible to develop a more powerful test under sparse flow setting.

5. ACTIVE OPTIMAL FLOW DETECTION
5.1.  Detector of Active Flow on the Tree

As shown in the last section, the two sample t-test could improve the power to detect the
difference between two populations when location of active optimal flow is known. In practice,
the location information is usually unknown. To address this issue, we consider the maximum of
two sample ¢-test at each edge

M* = max |M,|,
eck

where M, is defined in the same way as (11). The use of this maximum type statistic for detecting
sparse signals is very common in a wide range of applications and it leads to construction of rate-
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optimal test in many problems (Dumbgen & Spokoiny, 2001; Arias-Castro et al., 2005; Jeng
et al., 2010; Arias-Castro et al., 2011; Cai et al., 2014; Cao et al., 2017; Wang et al., 2019).

To evaluate the statistical significance of M ™, one still needs to choose an appropriate critical
value for M*. However, it is difficult to derive the asymptotic distribution of M™* due to the
complex dependency structure among M,. To overcome this problem, one adopts resampling
method to assign appropriate critical value for M *. In particular, a common resampling method
to choose critical value is permutation test as in PERMANOVA (Good, 2013; Anderson, 2014).
Although the permutation test requires 71 (P) = m2(P) under the null hypothesis as we discussed
before, its performance is robust when sample size is small.

We propose another resampling method, bootstrap, to choose critical value for M* in or-
der to avoid the condition 71 (P) = m(P). Let Pk’j’e = P;w,e - P;w + P, for1 < j < my and
k =1,2, where kae is mean of I:’k j,e Within each group and P, is mean of the combined sam-
ples. We randomly draw my, samples with replacement from each group and then calculate M*
with shifted data Pk,j,e- This procedure is repeated B times and the corresponding statistics are
denoted by M, (*1), .Y (*B). Finally, the approximated ¢ is chosen as (1 — «) quantile of em-
pirical distribution of M (*1), e, M (*B) or the P-value is calculated as

1+‘{i:M(*¢) > M*}
N 1+ B ’

We then make decision under the null hypothesis based critical value or P-value.

When the null hypothesis is rejected, M* also provides a natural way to identify the set of
edges that optimal flow on is not zero {e : A} # 0}. To be specific, we consider the following
set of edges {e : |M.| > q.} as the active edges identified. Due to the construction of M*, the
family-wise error rate (FWER) of active edges identification is naturally controlled at «« level. The
identified edge indicates that all microbe species below this edge, as a whole object, are differ-
entially abundant between the two populations. In this way, the active edges can be identified as
a microbial signature associated with the difference of the two populations.

5.2.  Asymptotic Behavior and Optimality of M*

In this section, we investigate the behavior of M™* under the null and alternative hypothesis.
The main difficulty to study the behavior of M* is the strong and complex dependence among
different M.. This complexity of dependency structure mainly comes from two sources: the
high overlapping structure of subtree 7(e) and the unknown heteroskedastic variance/covariance
structure among different microbe species. Our investigation shows that the complexity of de-
pendence structure among M, can be characterized by a single quantity that depends on both the
tree structure and the heteroskedastic variance.

Since each M, is defined on a subtree below edge e, the asymptotic behavior of M* clearly
depends on “effective” number of subtrees. We still assume each group of samples has no vanish-
ing proportion, i.e.(3). Let 02(t) be the element of vth row and vth column of 3(t). To decouple
the complex dependence structure among M., we appeal to the following proposition.

PROPOSITION 1. For any given a > 0, let E(a) be a subset of edges of the tree such that
E(a) :={e:a <3 cr(e 02(t) < 2a}. Then, E(a) can be decomposed into a collection of dis-
Jjoint paths

R
E(a) = U [vr,vr]

r=1
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where v, and v, are nodes of the tree and R is the number of disjoint paths. In addition, any two
edges from different paths in the above decomposition do not share any descendants. 235

Intuitively, for any e; and es from the same path defined above, the subtrees 7(e1) and 7(es2)
are highly overlapped and thus the M, defined on them are expected to behave similarly. On the
other hand, for the edges from different paths, the corresponding subtrees are “distinct” in that
they do not share any descendants. In general, the number of disjoint paths in above proposition
characterizes “effective” number of subtrees. Motivated by this observation, we define S; as the
number of different path in E(277) for j = 0,1,...,00 and S(T, 71, m2) as the sum of S;

S(T, 7T1,7T2) = ZS]
j=0

Clearly, S(T,m,m2) is an integer between 1 and |F| and depends on the structure of tree T'
and the distribution 7; and 72. For example, when the tree 7" is a fully balanced binary tree and
71 and g are Dirichlet distribution with equal parameters for the leaves, S(T', 71, m2) < | E|. If
m1 and 7o are Dirichlet distribution with equal parameters for all nodes of a chain tree 7, i.e.
one dimensional lattice, then S(T, 71, m2) < log |E|. More specific examples can be found in 2
Section S3. We later show that the asymptotic behavior of M* can be fully characterized by this
quantity S(T', 7y, m2).

When two subtrees highly overlap, we expect the correlation between M, on them to be very
strong. We shall assume there exit constants ¢ > 0 and o > 0 such that

(0%
D ver(e) Oa(t)
Z’UGT(QI) 012) (t) ’
(12)
where 1 < j1 <mjq, 1 < jo < mg and e, e’ are a pair of edges such that 7(e) C 7(e’). Here, 2s
Corr represents the correlation between two random variables. This is not a strong condition.
For instance, (12) is satisfied when the relative abundance of different microbe species p,, in
7(e’) are mutually independent or drawn from a Dirichlet distribution. Furthermore, we also
assume Pk j.e 18 sub-Gaussian distribution, i.e there exist constants 7 and K such that

Corr ((1 - t)Pl,jl,e - t]ADg’jQ’e, (1 - t)pl,jl,e’ - th,jg,e’) Z 1—c <1 -

E (exp(n(Prje = Pepe)?/0%,)) < K, (13)

where O']% . 18 variance of ]3;@73-76, the elements of eth row and eth column of HYX, HT. We now 2o
show the asymptotic behavior of M * under the null hypothesis.

THEOREM 2. Suppose log® |E| = o(m). Under the null hypothesis and assumptions (3), (12)
and (13), we have

M* < \/2log S(T, 71, ) + Op(1/loglog S(T, 71, m2)), as m — oo. (14)

Theorem 2 suggests that the amplitude of M™ is \/ 2log S(T, 71, m2) when null hypothesis is
true, where S(T', 71, m2) here plays the same role as the number of variables when each compo-
nent are almost independent (Cai et al., 2014; Cao et al., 2017). In other words, although M* is
constructed from | E| different subtrees, it is equivalent to take maximum of roughly S (7, 71, m2)
independent variables because of high dependency among the statistics M. For the one active
flow example discussed in previous section, Theorem 2 suggests that M ™ is a consistent test
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|AY |2 > log S(T, w1, ) =

A comparison between above and oracle test’s detection boundary suggests that the price we pay
for unknown location of e is log S(7T', 1, w2). With the same argument as for PERMANOVA, we
know that either a larger number of samples m or a larger number of reads per sample n can
increase the power of DAFOT. More detailed discussions are given in Section 6.

We next turn to the power analysis of the test based on M * from a minimax point view (Ingster,
1993; Ingster & Suslina, 2012). The parameter space of the null hypothesis is

Hos = {(T,m1,m2) : AL =0, Ve € E,S(T,m,m) < S}

and the parameter space of the alternative hypothesis is

A*
Hi,s(h) =< (T, m,m2) : sup A
¢ \/(1 - t)a%,e + ta%,e
The worst-case risk of any given test A is then defined as

Rs(A;h) := sup P(A =1|T, 71, m2) + sup P(A = 0|T, 71, 72)
(T77r1 77(2)67-[0,5 (T77r1 77T2)EH1,S(h)

> h7S(Ta7T177T2) < S

We say a test A is consistent for separating Ho g and H; g(h) if Rg(A;h) — 0 and Ho g and
H1,5(h) are separable if there exists a consistent test A for them. On the other hand, a test
A is powerless for separating Ho s and #; g(h) if R(A;h) — 1 and Ho,s and H; g(h) are
inseparable if infy Rg(A;h) — 1. Here h is a parameter to control the distance between H g
and H1 g(h). Clearly, if h is smaller, Ho s and #; s(h) are more difficult to separate. Ay is
defined as test that rejects the null hypothesis if and only if M* > ¢, for some o — 0. The
following theorem characterizes the power of Aj; and separability of Ho g and H1 s(h).

THEOREM 3. Consider testing Ho s and H1 s(h) by Aps. Suppose log® |E| = o(m), 3), (12)
and (13) hold. Then there exist constants C and c such that

1 1
R5<AM;C’ °§15>ﬁo and irAlfRS<A;c OgS)—)l.

m

This theorem shows that the optimal rate of detection boundary between Hg s and #H; g(h) is

log S

m

This optimal rate suggests that the difficulty of this problem is mainly determined by the single
quantity .S, which relies on both the tree structure and heteroskedastic variance structure. This
theorem also suggests that M * is minimax rate optimal.

6. NUMERICAL EXPERIMENTS
6.1. Simulation Studies

We first investigate the properties of PERMANOVA and DAFOT on simulated data sets. We
choose a phylogenetic tree of bacteria species within the class Gammaproteobacteria as the
underlying tree 7', which is extracted from reference tree of Greengenes 16S rRNA database
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version 13.8 clustered at 85% similarity by the R package metagenomeFeatures (DeSantis et al.,
2006). This tree T has a total of 247 leaves, denoted by V7, and 246 internal nodes, denoted by
Vr. Figure 2 shows the structure of the tree with each leaf labeled with a number.

Fig. 2: Phylogenetic tree of bacteria within the class Gamma proteobacteria used in the simula-
tion studies with each leaf node labeled with a number. The edges with active optimal flow in the
numerical examples are colored in red.

To simulate the numbers of the reads on this tree T', we adopt the Dirichlet-multinomial dis-
tribution. More specifically, the true relative abundance Py, ;, where k = 1,2 and 1 < 5 < my,
is drawn from some Dirichlet distribution, i.e. 73, (P) follows a Dirichlet distribution indexed by
ok = {agptvev

F(EUE a 7U) Qe oy —
m,(P) = 41—11)6‘/ I“/(aiz’v) H v '

For each sample, the reads are then drawn from a multinomial distribution with respect to the
true relative abundance. Under this model, the mean of relative abundance for kth group can be
written as

veV

o (6770
pk“u,’u - :
Z'UGV ak7v

Thus, under the null hypothesis, we assume a1, = g, = 1 if v € VL and o1, = g, = 0 if
v € V7. Under alternative hypothesis, we perturb aa and consider two different scenarios: A) the
difference is at node 169 and 170, i.e. a2,169 = 1 4+ ¢ and a 170 = 1 — d; B) the difference is
at clades V.1 = (84, 85,86,87,88) and Vi = (179,180, 181,182,183), i.e. g, =1 + 0.4 %6
ifveVeygandas, =1—0.4x0if v € Veo. The parameter ¢ is specified later. In particular, the
edges with active optimal flow under the scenarios A) and B) are colored in red in Figure 2.

The first set of simulation experiments is designed to compare the performance of DAFOT
and PERMANOVA under scenario A). To be specific, we compare 4 different methods: DAFOT ,
DAFOT after center log-ratio transformation(DAFOT-log), PERMANOVA equipped with weighted
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m=50 m=100 m=200

000=u

Method
DAFOT
DAFOT-log

Power

= PERMANOVA-L1
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00001=U

o'z ol 04 o5 oo o't o2 o' 0.4
Delta

Fig. 3: Power comparisons between DAFOT and PERMANOVA under scenario (A), where the dif-
ference is at nodes 169 and 170. DAFOT: proposed method based on proportions; DAFOT-LOG:
proposed method based on log-proportions; PERMANOVA-L1: PERMANOVA with L; Zolotarev-
type phylogenetic distance; PERMANOVA-L2: PERMANOVA with Ly Zolotarev-type phyloge-
netic distance.

UniFrac distance (PERMANOVA-L1) and PERMANOVA equipped with Ly Zolotarev-type phylo-
genetic distance (PERMANOVA-L2). To make the comparisons fair, the critical values for all tests
are chosen by permutations at significance level 5%. To investigate the effect of the sample size
m1 = mo = m, the sequence depth n and the signal strength J, we chose m = 50, 100 and 200,
n = 1000 and 10000 and §=0,0-1,0-2,0-3,0-4 and 0-5 in the simulation experiments. The exper-
iment is repeated 100 times for each combination of the m, n and §. The performance of the
tests is evaluated by the power of test, i.e. the probability of rejecting the null hypothesis, which
can be estimated by the proportion of the null hypothesis rejections among the 100 simulation
experiments.

The results are summarized in Figure 3. These results show that the type I error is under control
when the null hypothesis is true (6 = 0) and the power of DAFOT is larger than PERMANOVA
when alternative hypothesis is true (6 # 0). Figure 3 implies that the observed effects of m, n
and & on the power of the tests are consistent with the theoretical results. We observe similar
improved power DAFOT over PERMANOVA for scenario B) when the active flows connect two
clades (See Figure S1 in Supplementary Material for details).

The sequence count data in real microbiome studies are usually very sparse, i.e. there are
a lot of zero values. The next set of simulation experiments is designed to assess the perfor-
mance of DAFOT and PERMANOVA when there are a lot of zero values. More concretely, we set
a1,y = ao, = 0 for 1 < v < 160 under scenarios A) and for 1 < v < 80 under scenarios B). In
other words, probability on nearly 2/3 nodes are zeros in scenarios A) and probability on nearly
1/3 nodes are zeros in scenarios B). In order to avoid undefined value of log 0, zero counts are
replaced by 0.5 in DAFOT-log (Aitchison, 2003; Lin et al., 2014). The sequence depth of each
sample is drawn uniformly between 1000 and 10000 instead of being fixed as in previous exper-
iments. The sample size m and the difference between populations § are varied in the same way
as in previous simulation experiments. Figure S2 in Supplementary Material summarizes the re-
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sults based on 100 runs for each combination of m and J. A comparison between Figure 3, S1
and Figure S2 suggests that DAFOT, PERMANOVA-L1 and PERMANOVA-L2 are relatively robust
against a lot of zero values, however, the power of DAFOT-log is affected by these zero values.

We further compare the performance of DAFOT and PERMANOVA under a wide range of
sparseness. Specifically, we adopt a similar setting as in scenario A) and choose m = 100,
n = 10000 and 6 = 0.3. To assess the effect of sparsity, we randomly choose 2k leaves at each
simulation experiment and set ap ,, = 1 + 0 for the first k leaves and g, = 1 — 6 for the last &
leaves. k is chosen equal to 1, 5, 10, 15, 20, 25 and 30. The results based on 100 times simulation
experiments are summarized in Figure 4. These results show that the DAFOT outperforms PER-
MANOVA when fewer leaves are perturbed. When the signal becomes denser, the PERMANOVA-
L1 can gain more power than DAFOT.

Method
DAFOT
4+ DAFOT-log

Power

= PERMANOVA-L1
PERMANOVA-L2

Number of Active Leaves

Fig. 4: The power comparisons between DAFOT and PERMANOVA for different sparsity levels.

Table 1: The performance of edge identification by DAFOT and DAFOT-log. AFP is the average
number of false positive edges, FWER is the probability of making at least one type I error and
ATP is number of true positive edges.

m = 50 m = 100 m = 200

n=10% n=10* n=10° n=10% n=10% n=10*
AFP 0-09 0-06 0-08 0-13 0-10 0-08
DAFOT FWER 0-04 0-06 0-06 0-09 0-10 0-06
ATP 0-11 0-15 0-56 0-78 1-49 1-66
AFP 0-08 0-05 0-08 0-13 0-13 0-36
DAFOT-log FWER 0-04 0-05 0-07 0-11 0-05 0-21
ATP 0-35 0-50 0-90 1-35 1-81 1-94

The final set of simulation experiments aims to evaluate the performance of edge identification
by DAFOT and DAFOT-log. In particular, we consider scenario A) with § =0 -5 and vary m
and n as in previous simulation experiments. For each combination of m and n, we repeat the
experiment 100 times and the active edges detected by two methods are recorded. The results
of average number of false positive edges, the probability of making at least one type I error
and true positive edges are summarized in Table 1, showing that the FWER is under control
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regardless of signal strength and the two active edges can be identified successfully when signal
is strong enough. In Figure 3 and Table 1, DAFOT-log performs better than DAFOT, as the log
transformation is suitable for non-zero data.

330 6.2.  Analysis of Ulcerative Colitis Disease Microbiome Data

To further demonstrate the performance of DAFOT, we apply the method to a 16S rRNA data
set of 47 human intestinal biopsy samples collected at the University of Pennsylvania. These
samples are divided into 3 groups:

A) 18 control samples (control),
ws B) 14 samples with ulcerative colitis who did not receive treatment (unexposed),
C) 15 samples with ulcerative colitis who received treatment (exposed).

To compare microbiome communities of these groups, the raw sequence reads of each sample
are placed into a reference phylogenic tree from Greengenes 16S rRNA database version 13.8
with a 99% similarity by using SEPP (Mirarab et al., 2012; Janssen et al., 2018). The reference

xo  phylogenetic tree is then trimmed by keeping all nodes related to the operational taxonomic units
observed in the samples. The trimmed phylogenetic tree is shown in Figure 5a, including 7980
edges. Figure 5b shows the empirical optimal flow between group A and B on each edge, i.e.
difference of probability on subtree indexed by edges ]5176 — ]5276. The order of edge is ranked
automatically by R class ‘phylo’. It is clear from Figure 5b that most of empirical active flows

ws are small, indicating sparse flow on the tree is a reasonable assumption. In addition, we estimate
the “effective” number of subtrees S(T', 71, m2) for pair-wise comparison: S(T', w1, m2) = 2687
for group A and B; S(7T', 7, m2) = 3172 for group A and C; S(7T', 71, m2) = 2676 for group B
and C. The estimation of S(7T', 1, m2) is based on the reference phylogenetic tree structure and
estimated variance 62(t) at each node v € V.

Table 2: The P-values of comparing different groups using DAFOT and PERMANOVA based on
1000 permutations.

DAFOT DAFOT-log PERMANOVA-L1 PERMANOVA-L2

Group Avs B 0-007 0-256 0-378 0-460
Group Avs C  0-147 0-495 0-305 0-270
GroupBvs C  0-648 0-832 0-639 0-677

350 To test the phylogenetic composition difference between the groups, we apply the same four
two-sample testing methods as in the first simulation experiment. The resulting P-values es-
timated by permutation test with 1000 permutations are summarized in Table 2. No methods
identify any significant phylogenetic composition difference between group C and A or group C
and B (P-value>0-05). However, only DAFOT indicates an overall difference in intestinal biopsy

5 microbiome composition between group A and B with a P-value=0-007, while other methods
do not detect such a difference.

Besides the overall difference in microbiome compositions between groups A and B, DAFOT
also identifies that the overall difference is due to the active flow on one edge. The subtree in-
dexed by this edge is shown in Figure 5a, colored by red in the original phylogenetic tree and

w0 zoomed in a side figure. There are a total of 31 operational taxonomic units placed on this sub-
tree, 18 of which are annotated as Ruminococcaceae family and Oscillospira genus and 13 of
which are annotated as Ruminococcaceae family and unknown genus. Figure 6a shows the box
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Average Difference
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(a) Reference phylogenetic tree. (b) The empirical optimal flow.

Fig. 5: Left: reference phylogenetic tree used in analysis of intestinal biopsy samples. The
branches in red are those identified as active edge and zoomed in subtree below active edge.
Right: the empirical optimal flow between group A and group B on each edge.

plot of the combined relative abundance on these 31 operational taxonomic units, indicating that
the relative abundance on this subtree decreased in ulcerative colitis patients, but is increased
partially after receiving treatments. This is consistent with previous finding that the proportion
of Oscillospira genus and Ruminococcaceae family in gut microbiota deceases in inflammatory
bowel disease patients (Konikoff & Gophna, 2016; Santoru et al., 2017; Morgan et al., 2012).
For the purpose of comparison, the box plot of the combined relative abundance of all opera-
tional taxonomic units assigned to Oscillospira genus is shown in Figure 6b, showing that the
pattern of relative abundance found in Figure 6a is not that clear any more. This suggests that the
finer species classification by microbial phylogeny can provide more power to detect the subtle
difference between populations than standard taxonomic classification (Washburne et al., 2018).
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SUPPLEMENTARY MATERIAL

Supplementary material available at Biometrika online includes proofs of all theorems, addi-
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is available at https://cran.r-project.org/web/packages/DAFOT/index.html
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