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A 1980s conundrum in 
evolutionary biology

“Systematists and evolutionary geneticists 
don't often talk to each other”

Joe Felsenstein, 1988, Ann. Rev. Ecol. Syst.

Oct. 2021,
Seattle



Part I: Reticulation and the 
emerging continuum between 
phylogeography and phylogenetics

Part II: PhyloG2P – 
Connecting genomes and 
phenotypic traits using 
phylogenies
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Part III: Pangenomes: the 
future of evolutionary genomics



Phylogeographic case studies
from the wilds of Australia

Paleognaths
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The first ‘gene tree’, 1979

John Avise





Gene tree

Species tree

T/2Ne

2Ne

Stochastic gene tree variation 
during rapid radiations

Hudson RR.1990. Oxford Surv. Evol. Biol. 7: 1-45

“incomplete lineage
sorting”

“deep coalescence”



Multilocus models in phylogeography

equilibrium migration model
MIGRATE: Beerli 2006  Bioinformatics isolation-migration model

IM: Hey and Nielsen 2004 Genetics

pure isolation
(phylogeny)

BEST: Liu and Pearl. 2007. Syst. Biol
BEAST*: Heled and Drummond. 2010. Mol. Biol. Evol.

t2

t1

t3

q1
q2
q3

Population size: q = 4Nµ  Divergence time: t=µt  Gene flow: M=m/µ



Warm welcome in the outback…

Stinking hot



Carpentarian barrier (B) is deepest split 
in area cladograms of Australian biota

Cracraft J (1986) Evolution 40, 977-996. Cracraft 1986. Evolution



Edwards, S. V. (1993) Proc. R. Soc. Lond. B 252, 177-185.

temporalis rubeculus
Mitochondrial gene tree for grey-crowned babblers

Central East Top End Pilbara

Carpentarian barrier

Sampling localities for grey-crowned babblers

New Guinea
Cape YorkSoutheast



Gene flow erodes population monophyly

Migration event
reconstructed by
parsimony



Bayesian approach: Advantages for 
estimating gene flow

• Parsimony approach
– Assumes complete 

certainty of gene tree
– Statistical testing of 

different hypotheses of 
gene flow is 
cumbersome

– Confidence limits 
reflect only uncertainty 
in s

• Bayesian approach 
    (migrate-n)

– Integrates the two sources of 
uncertainty

• Accommodates uncertainty in 
trees by integrating over all trees

• Accommodates the range of Nm 
given these trees

– Hypothesis testing easier



East-west pairs -- grassfinches 
(Poephila)

P. acuticauda P. hecki P. cincta



1 2 3 1 3 2 2 3 1

congruent gene tree incongruent gene tree incongruent gene tree

q
t

Probability of gene trees
in a rooted 3-tip species tree

Pincongruence = (2/3)e-t /q

Liu, et al. 2010. BMC Evolutionary Biology 10:302
Pamilo and Nei 1988. Mol. Biol. Evol. 5: 568-583



30 gene trees from Australian finches

Jennings & Edwards (2005) Evolution 59, 2033-2047.

P. acuticauda P. hecki P. cincta



Probability of discordance between 
gene tree and species tree

T = internode length = 2µt/4Nµ = t/2N generations long

= 12/28



Species tree of Poephila grassfinches

hecki acuticauda cincta

Long-tailed Finch
Black-throated Finch

gah

gahc Posterior probability of 
branch in species tree= 0.88

0.69 MYA

0.75 
MYA

Ne = ~200,000

Ne = ~350,000
Species tree and 
ancestral q estimated
 jointly

qahc

qah

Liu and Pearl. 2007. Syst. Biol. 56, 504-514



A B C A B CAB C
Rooted gene tree triplets (topologies only)

Maximum (pseudo) likelihood method for species trees

Liu, Li & Edwards. 2010. BMC Evol. Biol.
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Treecreepers (Climacteris)
Brown treecreeperBlack-tailed treecreeper

C. melanura

C. picumnus
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(eastern) lineages
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12 gene trees in Australian treecreepers 

Eastern Western



Correspondence between 
PCA and geography
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Edwards, Tonini, McInerney, Welch & Beerli. 2022. Biol. J. Linn. Soc.
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Information, Fig. S12). The two top models involving 
divergence between the two species (models 5 and 
7) both also incorporated gene flow between the two 
species and had roughly equal likelihood (Supporting 
Information, Table S9). However, both of these 
models were outperformed by a simple equilibrium 
migration model between the two species, each 
panmictic, with no divergence component in the 
model (Supporting Information, Table S9). For 
models not including gene flow, and assuming a 
generation time of 2 years, the estimated divergence 
time between C. picumnus and C. melanurus was 
somewhat greater than inferred by bpp (~2.8 Mya 
with migrate-n vs. 1.7 Mya with bpp with among-
locus rate variation; Table 2). The best isolation-
migration model had an unrealistically large 
posterior mode and flat posterior distribution for 
divergence time (Supporting Information, Table S9). 
We therefore ran two additional isolation-migration 
models with an exponential instead of a flat prior 
on divergence time; these returned divergence times 

closer to those models without gene flow and to the 
migration-pulse model of bpp (posterior mode from 
prior mean divergence 0.001: 0.0047, or 4.7–5.5 
Mya; Table 2, see Supporting Information, Table S8, 
for 95% CIs). The post hoc model with prior 0.001 
had higher likelihood than even the equilibrium 
migration model.

SPECIES DISTRIBUTION MODELS AND CHANGES IN 
EFFECTIVE POPULATION SIZE THROUGH TIME

The niche models generated from GBIF records for 
C. picumnus (N = 499) and C. melanurus (N = 243) 
captured the major range blocks for both species (Fig. 7; 
Supporting Information, Figs S13–S14). Additionally, 
as expected, several regions not currently occupied by 
either species were predicted as suitable in the niche 
models. For example, for C. picumnus, a small region 
of south-west Western Australia was predicted to be 
suitable for current distribution with high probability, 
whereas for C. melanurus, the western half of Cape 

A indel 15, AL30

C indel 6, AL14 D indel 20, AL33

B indel 9, AL20

Climacteris melanurus
C. picumnus

AL, anonymous locus

Figure 6. Examples of geographic variation of indels within C. melanurus and C. picumnus. Pie charts indicate the 
frequency of each indel variant for each of four example loci (A-D) that are polymorphic in one or both species. Details of 
indel variation can be found in Supporting Information, Table S5.
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nloaded from
 https://academ

ic.oup.com
/biolinnean/advance-article/doi/10.1093/biolinnean/blac144/7022154 by guest on 20 February 2023

Insertions-deletions provide 
significant phylogeographic signal

Edwards, Tonini, McInerney, Welch & Beerli. 2022. Biol. J. Linn. Soc.



Treecreeper populations are connected but
variable in size (MIGRATE)
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Rotzel, Edwards and Beerli, unpubl. data

10,000
individuals

1-2 migrants
per generation



Using Bayes Factors to evaluate 
phylogeographic models

-98.60

-83.14

-54.98

0.00

2(mL1 – mL2)

mL = marginal likelihood
d

Edwards, Tonini, McInerney, Welch & Beerli. 2022. Biol. J. Linn. Soc.



Higher precision estimates of 
demographic parameters (q) with more loci

Population B Population H



Multilocus estimates of migration rate



Phylogeny and divergence times

CP

CP_We

CM

CM_Ne

2000000 1500000 1000000 500000 0

Divergence time (years), gen = 1 yr, mu = 2.2e−09Divergence time (years), gen = 1 yr., µ = 2.2e-09
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Model selection using Migrate
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Challenges estimating 
isolation-migration parameters

 Climacteris_picumnus and Climacteris_melanura -- 10

Migrate 5.0(git:4.2.3-173-g61def1e-dirty): (http://popgen.sc.fsu.edu) [program run on 10:45:23]

Bayesian Analysis: Posterior distribution over all loci
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D 2 -> 1

 Climacteris_picumnus and Climacteris_melanura -- 10

Migrate 5.0(git:4.2.3-173-g61def1e-dirty): (http://popgen.sc.fsu.edu) [program run on 09:00:44]

Bayesian Analysis: Posterior distribution over all loci
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D 2 -> 1

 Climacteris_picumnus and Climacteris_melanura -- 10

Migrate 5.0(git:4.2.3-173-g61def1e-dirty): (http://popgen.sc.fsu.edu) [program run on 09:00:44]

Bayesian Analysis: Posterior distribution over all loci
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Phylogeny and gene flow with bpp

CP

CP_We

CM

CM_Ne

2000000 1500000 1000000 500000 0

Divergence time (years), gen = 1 yr, mu = 2.2e−09Divergence time (years), gen = 1 yr., µ = 2.2e-09

Gene flow event:
85 – 249 kyr

Probability of gene flow 0.02 - 0.99

(((CP,T[&phi=0.200000])H,CP_We)X, ((CM,H[&phi=0.100000])T,CM_Ne)Y)R;
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Whole-genome phylogeography of a 
widespread Australian honeyeater

Blue-faced honeyeater
Entomyzon cyanotis

• 24 samples

• 2 outgroups

• 64X reference genome

• 7-12X population 
resequencing

• GATK variant calling

• ANGSD (Korneliussen et 
al. 2014. BMC Genomics)

Burley et al. 2022. Molecular Ecology 32, 1248-1270



Effective migration surface
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Burley et al. 2022. Molecular Ecology 32, 1248-1270
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ABBA-BABA: Genome-wide test of introgression

A                      G                   A                     G                              



ABBA-BABA tests reveal signals of past 
introgression 

(Dsuite, Malinsky et al. 2021. Mol. Ecol. Res.)

Burley et al. 2022. Molecular Ecology 32, 1248-1270
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E. cyanotis as the “added Z”, following the terminology of Sigeman 
et al. (2021). The other haplotype would then be called the “added 
W” because it can no longer segregate randomly with respect to 
sex and, regardless of its fusion status, must be inherited with 
the ancestral W to avoid major genomic imbalances (Beukeboom 
& Perrin, 2014). We speculated that this 37.2 Mbp region of 
Chr5 was likely fragmented due to the level of divergence be-
tween the added- W and added- Z –  lower than between ances-
tral sex chromosomes but higher than between typical autosome 
pairs (Figure S2) –  which would lead to fragmentation as the 
haploid assembly algorithm attempted collapse the haplotypes 
(Guiglielmoni et al., 2021). The total length of the 388 fragments 

syntenic to Zebra Finch Chr5 was 70.3 Mbp, only ~8.7 Mbp larger 
than the length of zebra finch Chr5 (61.6 Mbp), indicating that 
the recombination- suppressed (RS) region of the added- Z/W 
(37.2 Mbp) was mostly not assembling into separate haplotypes, 
unlike the highly diverged ancestral- Z and W. We inferred that 
recombination between added- Z and - W had been suppressed in 
this 37.2 Mbp region from the highly elevated SNP density in fe-
males compared to males. Henceforth we will refer to this region 
of the neo- Z as “added- Z- RS”.

To improve the fragmented, collapsed, and likely chimeric assem-
bly of the added- Z, we therefore isolated PromethION reads from 
this region and mapped them to the homogametic (male) short- read 
assembly using Minimap2 (Li, 2018), focusing first on the scaffolds 
determined to be sex- linked and syntenic to zebra finch Chr5 (see 
Figures 4 and S8). Using BLAST- like percent identity (Figure S2) and 
the recombining PAR of the added- Z/W as a control, we were able 
to isolate reads specific to the added- Z, and, after two rounds of 
assembly, mapping, and polishing, generated two refined assemblies 
of the added- Z. We termed these versions of the long- read assem-
bly using an abbreviation for Oxford Nanopore Technology (ONT): 
ONT- addedZ- v1 and ONT- addedZ- v2 (Figure 5). The final assembly 
of the added- Z (ONT- addedZ- v2) was 62.18 Mbp and consisted of 4 
fragments, the largest (contig 4) being 55 Mbp, which we focus on 
here (Figure 5; Supporting Information).

F I G U R E  3  Inference of recent and ancient admixture. (a) ABBA- 
BABA results showing evidence for asymmetric gene flow in four 
topology tests (remaining six topology tests shown in Table S5). 
Patterson's D is statistically significant in all cases (|Z| > 3). (b) 
TreeMix graph with two migration edges coloured by migration 
weight.
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F I G U R E  4  Evidence for a neo- Z chromosome from the short- 
read assembly and population resequencing. The scatterplot shows 
the per- scaffold SNP density sex ratio plotted against the read 
coverage sex ratio for scaffolds >100 kbp (n = 507). High SNP 
density f:m in some scaffolds syntenic to zebra finch Chr5 occurs 
because reads from both added- W and added- Z mapped to the 
male reference genome (demonstrated by equal m:f coverage), 
leading the genotyping algorithm to call heterozygous sites 
wherever the added- W and added- Z differ. Note that the ancestral 
W chromosome is highly degenerated so that those reads tend not 
to map to Z- linked scaffolds. Colours represent scaffold homology 
to zebra finch (Tgut 3.2.4) Chr5 (red), other autosomes (black) and 
Z chromosome (blue). Grey points represent E. cyanotis scaffolds 
that share homology to more than one scaffold of Tgut 3.2.4, even 
if belonging to the same chromosome. [Colour figure can be viewed 
at wileyonlinelibrary.com]
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Pleistocene
Lake Carpentaria

Phylogeographic shadows of 
Lake Carpentaria



• Recent ornithological applications of the 
PhyloG2P approach:
– Beak size in birds

• Yusuf et al. 2020. Genome Res. 2020. 30: 553-565 

– Loss of flight in birds
– Sackton et al. 2019. Science 364: 74-78.
– Egg architecture and genomic adaptations to 

dry habitats
• Gustavo Bravo, Harvard, in prep.

Thamnophilus
bernardi

Thamnophilus
atrinucha

Sakesphorus
canadensis

Sakesphorus
luctuosus

Sakesphoroides
cristatus

TRPC1
TYR
DCT

In-frame deletion
Functionally signi!cant
substitution

19 aa

34 aa

9 aa 15 aa

In-frame insertion

Gustavo Bravo, in prep.
Antbirds, Thamnophilidae

Smith, et al. 2020. TREE 35: P415-525



Using phylogenies to connect 
genotype to phenotype

Smith, et al. 2020. TREE 35: P415



Genomic signatures of trait associations

provide an alternative approach for annotating adaptive cis-
regulatory elements. A conserved genomic region encoding a
particular trait may show clear signs of erosion in species
where the trait has been altered or lost (e.g., due to inactivat-
ing mutations) if sufficient evolutionary time has elapsed to
allow neutral selection to erode the DNA sequences. Trait loss
in independent lineages (i.e., in two or more unrelated taxa)
should result in neutral drift in all trait-related regions (in the
trait-loss lineages), regardless of which element in the inde-
pendent lineages was initially affected by a trait-inactivating
mutation (fig. 1A). Thus, a matching evolutionary pattern
between an independently lost trait and an independently
eroding genomic region violates the expected evolutionary
conservation more than once, and suggests a functional rela-
tionship between the phenotype and the genotype. Based on
this principle, Hiller et al. devised a “forward genomics” ap-
proach—named for its similarity to forward genetics—to
identify protein-coding genes most likely to be responsible
for a given independently lost trait (Hiller, Schaar, Indjeian,
et al. 2012). Given phenotypic evolutionary conservation pat-
terns, they were able to link loss of vitamin C synthesis with
the inactivation of the geneGulo, and low biliary phospholipid
levels in guinea pig and horsewith the inactivation of the gene
ABCB4 (Hiller, Schaar, Indjeian, et al. 2012). Recently, the for-
ward genomics approach has been used in comparative evo-
lutionary analysis of a previously undescribed lncRNA (long
non-coding RNA) in a transcriptional study of neuronal pro-
genitors in the human cortex (Johnson et al. 2015).

CNEs are thought to be less pleiotropic than the genes they
regulate (Carroll 2008). Their inactivation is thus less delete-
rious, and it is anticipated that CNE loss events are more

common than gene loss events (Carroll 2005). In this article,
we hypothesized that some evolutionary phenotypic modifi-
cations could map to CNE losses, and we examined our hy-
pothesis using a large phenotypic data set from a recent study
that scores thousands of diverse anatomical and physiological
traits across 86 extant and extinct mammalian species
(O’Leary et al. 2013). Specifically, we present an inverted phe-
notype–genotype mapping approach called “reverse geno-
mics”—akin to “reverse genetics”—that examines
thousands of human CNEs, one at a time, and tries to
match them against hundreds of possible phenotypic roles
each CNE could play. We first identify thousands of human
CNEs that have been independently lost (IL-CNEs) twice or
more during placental mammal evolution. Next, we trace the
evolutionary histories of human CNEs and mammalian traits
in order to predict phenotype–genotype pairs that are likely
to be functionally related on the basis of shared independent
evolutionary patterns that persist in both (fig. 1B). In this way,
we identify a total of 2,759 candidate trait-CNE associations in
a diverse set of traits. By assigning IL-CNEs to nearby genes, we
demonstrate that this set is enriched for agreement between
the CNE matched traits and the functions of the neighboring
genes. We discuss multiple examples of such associations, and
provide a comprehensive list of predictions.

Results

Identifying Independent CNE Loss Patterns in
Placental Mammal Phylogenies
We analyzed a set of placental mammalian CNEs anchored in
the human genome (assembly GRCh37/hg19) to identify
losses of CNEs in two or more independent lineages. We

A B

FIG. 1. (A) An ancestral mammalian phenotype is encoded by a set of genomic regions (such as CNEs) that are required for that trait. Species or clade-
specific trait inactivation events may occur via inactivating mutations in any of the genomic regions related to the trait (a schematic “phenotree” is
shown, where a phenotype across species is projected on the phylogenetic tree). As a consequence of trait inactivation, all related genomic regions
switch from purifying to neutral selection, resulting in decay of the genomic region over time, and matching evolutionary profiles of the eroding
elements and lost trait. Independent loss patterns are in general far less common than single-clade loss patterns, and are expected to match
independent CNE inactivation events in the mammalian phylogeny with higher specificity. (B) A proposed “reverse genomics” approach to link
human IL-CNEs to a large data set of scored phenotypes by matching the evolutionary patterns for many IL-CNEs (projected onto one-dimensional
vectors) against the evolutionary patterns of many mammalian traits.

1359

Function of Human Conserved Noncoding Elements . doi:10.1093/molbev/msw001 MBE

Marcovitz et al. 2016 
Mol Biol Evol, 33: 1358–1369

Deletion or inactivation of
conserved noncoding elements

Motivation: Molecular Evoluation relates to “flightless”

I Identify regulatory elements loss
function in Ratites

I Phenotype changes relating to
flying

I Estimate the time when conserved
regulatory elements lost
conservation
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Acceleration of clade-wide 
conserved noncoding elements

Target lineages 
in red
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 lineages in red

Genome-wide
neutral tree

Single locus
accelerated tree



Acceleration suggests change, loss or relaxation of 
function in the neutral theory of molecular evolution

Functionally less important molecules or 
parts thereof will have a higher 
substitution rate than functionally 
important ones

Functionally less important parts of 
genomes will have a higher substitution 
rate than functionally important ones

Motoo Kimura
(1924-1994)



Non-coding‘Dark matter’ of the 
genome: a regulatory network?

Karyotype of an Emu



Evolutionary change: 
genes or gene regulation?



CNEEs: evolutionarily conserved 
non-coding enhancer regions

View of a segment of human chromosome 10 using UCSC Genome Browser

Janes et al. (2011) Genome Biol. Evol. 3:102–113

CNEEs = conserved non-exonic elements



The growing PhyloAcc software family connects 
genomic and trait variation via phylogenies

Hu et al. 2019. Mol. Biol. Evol. 36: 1086
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I Phenotype changes relating to
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I Loss conservation in common
ancestors or independently

I Provide timing of phenotype
changes in flightless birds
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I Multiple alignments, gaps
I Not directly associated with
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I Redundancy of regulatory
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Figure 1. Many genes have evolutionary rates correlated with longevity phenotypes as demonstrated by analysis

with RERconverge. (A) A subset of species used for this analysis alongside their maximum longevity values.

Lifespan varies widely across mammals independent of phylogeny. (B) Mammal body size and maximum lifespan

values for 61 species. Lines represent the 3L phenotype and the ELL phenotype (also see Figure 1—figure

supplement 1). (C) RERconverge pipeline to find correlation between relative evolutionary rates of genes and

change in lifespan phenotypes. (D and E) Distribution of p-values from correlations between evolutionary rates of

genes and change in the 3L and ELL phenotypes indicate an enrichment of significant correlations (also see

Figure 1—figure supplement 11).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. 3L phenotype values (A) and ELL phenotype values (B) for 61 mammal species alongside

mammalian phylogenetic tree.

Figure supplement 2. Correlation statistics for genes and enrichment statistics for canonical pathways plotted

with statistics calculated from data with bat and naked mole-rat removed (A, B, C, and D) and with marine species

removed (E, F, G, and H).
Figure supplement 3. Each panel demonstrates the correlation between results using all species and results with

ten to eighty percent of species removed.

Figure supplement 4. Scatterplots for both 3L and ELL phenotype trait change versus relative evolutionary rate.

Figure supplement 5. Diagram of a toy example of permulation calculations.

Figure supplement 6. Quantile-quantile plots demonstrating that permulation p-values are more conservative

than permutation p-values for both 3L and ELL phenotypes (A and B) and permulation p-values are equally as

conservative as simulation p-values for both 3L and ELL phenotypes (C and D).
Figure supplement 7. Phylogenetic tree with all 61 mammal species used for RERconverge analysis.

Figure supplement 8. Phylogenetic tree with 34 placental mammal species used for branch-site tests for positive

selection.

Figure supplement 9. Alternative tree topologies used to test for robustness to phylogeny topology errors and

incomplete lineage sorting.

Figure supplement 10. Correlations between gene correlation and pathway enrichment statistics between

alternative tree topologies and the Meredith+ tree topology used for all other analyses.

Figure supplement 11. Q-Q plots demonstrating the relationship between null gene permulation p-values and a

standard uniform distribution and theoretical gene p-values and a standard uniform distribution for both 3L and

ELL phenotypes.

Kowalczyk et al. eLife 2020;9:e51089. DOI: https://doi.org/10.7554/eLife.51089 3 of 18
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Figure 1. Many genes have evolutionary rates correlated with longevity phenotypes as demonstrated by analysis

with RERconverge. (A) A subset of species used for this analysis alongside their maximum longevity values.

Lifespan varies widely across mammals independent of phylogeny. (B) Mammal body size and maximum lifespan

values for 61 species. Lines represent the 3L phenotype and the ELL phenotype (also see Figure 1—figure

supplement 1). (C) RERconverge pipeline to find correlation between relative evolutionary rates of genes and

change in lifespan phenotypes. (D and E) Distribution of p-values from correlations between evolutionary rates of

genes and change in the 3L and ELL phenotypes indicate an enrichment of significant correlations (also see

Figure 1—figure supplement 11).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. 3L phenotype values (A) and ELL phenotype values (B) for 61 mammal species alongside

mammalian phylogenetic tree.

Figure supplement 2. Correlation statistics for genes and enrichment statistics for canonical pathways plotted

with statistics calculated from data with bat and naked mole-rat removed (A, B, C, and D) and with marine species

removed (E, F, G, and H).
Figure supplement 3. Each panel demonstrates the correlation between results using all species and results with

ten to eighty percent of species removed.

Figure supplement 4. Scatterplots for both 3L and ELL phenotype trait change versus relative evolutionary rate.

Figure supplement 5. Diagram of a toy example of permulation calculations.

Figure supplement 6. Quantile-quantile plots demonstrating that permulation p-values are more conservative

than permutation p-values for both 3L and ELL phenotypes (A and B) and permulation p-values are equally as

conservative as simulation p-values for both 3L and ELL phenotypes (C and D).
Figure supplement 7. Phylogenetic tree with all 61 mammal species used for RERconverge analysis.

Figure supplement 8. Phylogenetic tree with 34 placental mammal species used for branch-site tests for positive
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Figure supplement 9. Alternative tree topologies used to test for robustness to phylogeny topology errors and

incomplete lineage sorting.

Figure supplement 10. Correlations between gene correlation and pathway enrichment statistics between

alternative tree topologies and the Meredith+ tree topology used for all other analyses.

Figure supplement 11. Q-Q plots demonstrating the relationship between null gene permulation p-values and a

standard uniform distribution and theoretical gene p-values and a standard uniform distribution for both 3L and
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Hu, Z., et al. 2019. Mol. Biol. Evol. 36: 1086

Z

a = probability of gain of
conserved state

b = probability of loss of
conserved state

for noncoding element i

PhyloG2P: connecting genomes to phenotypes
using PhyloAcc

https://phyloacc.github.io/



follows a standard continuous-time Markov process. To
model rate variation, we introduce the relative substitution
rate per branch, r, such that the expected number of sub-
stitutions along a given branch for a given element will be r
times the background average. Given many genomic ele-
ments of interest are relatively conserved and short in length,
estimating substitution rates for each branch accurately is
difficult, as the number of substitutions which are informative
will often be very low. To overcome this challenge, we use a
local clock model where the substitution rate of a given
branch is expected to correlate with that of its parent branch,
and hence will be informed by more substitutions.

We assume that, for each element, a limited number of
rate categories occur on the phylogeny. We define Zi ¼ ðZi1;
Zi2; . . . ; ZinÞ to denote the latent conservation state on each
of n branches for element i; the substitution rate for each
element, ri on a branch depends on its latent conservation
state. The transitions in Z are modeled as a Markov chain,
that is, the state of a branch only depends on the state of its
parent branch. The transition probability matrix of Z is
denoted by U. Such a model permits independent gain and
loss of conservation on multiple lineages and also encourages
nearby branches to have the same state and substitution
rate, which is reasonable for closely related species and
branches in a phylogeny and is also a common assump-
tion in phylogenetics (Thorne et al. 1998; Rannala and
Yang 2007). The posterior distribution of Z indicates
where changes of substitution rates occur in the tree,
and the posterior ratio of substitution rates for each la-
tent state indicates the magnitude of change. The proce-
dure is illustrated in figure 1 and supplementary figure S1,
Supplementary Material online.

To test a priori patterns of substitution rate shifts that
might be associated with phenotype changes, we compare
the marginal likelihoods of three nested models by restricting
the transition probability matrix U in some or all lineages: a
null model without the specified shift pattern, a lineage-
specific model satisfying the specific test pattern, and a full
model allowing arbitrary shifts. We then compute two Bayes

factors, BF1 ¼ PðYjM1Þ
PðYjM0Þ and BF2 ¼ PðYjM1Þ

PðYjM2Þ, where PðYjM$Þ is
the marginal likelihood of data set Y under model 0, 1 or 2, as
criteria to identify DNA elements with specific evolutionary
patterns. A larger Bayes factor implies stronger evidence from
the sequence data in support of the specified pattern of rate
shift (M1).

Specific Model for Detecting Multiple Accelerations
We focus on a model of conserved element evolution in
which particular elements initially evolve at some background
rate, become conserved at the root or some other branch on
the phylogeny, and later potentially lose conservation in some
lineages and thus evolve with an accelerated rate. We desig-
nate a conserved state with a lower substitution rate than
sequences used to estimate background branch lengths
(r1 < 1); an accelerated state with a substitution rate higher
than that of the conserved state (r2 > r1); as well as a back-
ground state with the same substitution rate as those used in
the input tree (r0 ¼ 1, by definition). Informally, this model
captures a process bywhich conservation arises as a transition
from background to conserved state and is subsequently lost
as when changing from the conserved to accelerated state,
although the framework of PhyloAcc is flexible enough to
model alternate scenarios. Note that in this model the

FIG. 1. Illustration of the use of PhyloAcc to detectmultiple accelerations and test hypotheses using Bayes factors. The left panel shows the Bayesian
phylogenetic model; right panel shows some examples of acceleration patterns in three nested models: null (M0), lineage-specific (M1), and full
model (M2), respectively. Our method can recover shifts of substitution rate such as the top-left figure and select target-accelerated elements
fitted byM1 (notM0). In the trees, target species are shown as blue; branch lengths represent the background substitution rates and branch colors
indicate the latent states of substitution rate for a given element.
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Two Bayes Factor tests discriminate competing hypotheses



Identifying CNEEs evolving on 
echolocating mammal lineages

For Peer Review
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668 Figure 3

669

670 Figure 3: Relative support for the three PhyloAcc substitution rate estimates (M0, M1, and M2) 
671 on conserved elements predicted from the Zoonomia data from human chromosome 1. log BF1 
672 (x-axis) compares marginal likelihoods between M1 (accelerate allowed only on target lineages) 
673 and M0 (no acceleration allowed) and log BF2 (y-axis) compares marginal likelihoods between 
674 M1 and M2 (acceleration allowed on any lineage). Loci above user defined cutoffs (dashed lines; 
675 in this case 5 for both BFs) are considered to be accelerated among echolocating lineages. This 
676 plot is generated automatically by the PhyloAcc post-processing script and displayed in an HTML 
677 summary file for the user (see Fig. 1B).
678
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661 Figure 2

662

663 Figure 2: The topology of the 241-way Zoonomia mammal alignment with branch lengths re-
664 estimated using 4-fold degenerate sites and branches highlighted based on their classification for 
665 the PhyloAcc runs. Orange branches are target lineages for convergence of echolocation between 
666 toothed whales and bats. This plot is generated automatically by PhyloAcc and displayed in an 
667 HTML summary file for the user (see Fig. 1B). 
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622 accelerated in target lineages



PhyloAcc-GT: Detecting accelerations 
with gene tree variation
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Figure 7: Comparing performance between PhyloAcc (orange) and PhyloAcc-GT (blue)
without specifying target lineages. The top row shows AUPRC for both methods while
varying the ratio of non-accelerated to accelerated loci. The bottom row shows a single
precision-recall curve at a ratio of 50 non-accelerated loci per accelerated locus. A) Loci
simulated with a single, monophyletic acceleration. B) Loci simulated with two independent
accelerations. C) Loci simulated with three independent accelerations.
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Kowalczyk et al. 2020. eLife.

https://github.com/phyloacc/PhyloAcc-C

PhyloAcc-C: Models connecting molecular 
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Figure 1. Many genes have evolutionary rates correlated with longevity phenotypes as demonstrated by analysis

with RERconverge. (A) A subset of species used for this analysis alongside their maximum longevity values.

Lifespan varies widely across mammals independent of phylogeny. (B) Mammal body size and maximum lifespan

values for 61 species. Lines represent the 3L phenotype and the ELL phenotype (also see Figure 1—figure

supplement 1). (C) RERconverge pipeline to find correlation between relative evolutionary rates of genes and

change in lifespan phenotypes. (D and E) Distribution of p-values from correlations between evolutionary rates of

genes and change in the 3L and ELL phenotypes indicate an enrichment of significant correlations (also see

Figure 1—figure supplement 11).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. 3L phenotype values (A) and ELL phenotype values (B) for 61 mammal species alongside

mammalian phylogenetic tree.

Figure supplement 2. Correlation statistics for genes and enrichment statistics for canonical pathways plotted

with statistics calculated from data with bat and naked mole-rat removed (A, B, C, and D) and with marine species

removed (E, F, G, and H).
Figure supplement 3. Each panel demonstrates the correlation between results using all species and results with

ten to eighty percent of species removed.

Figure supplement 4. Scatterplots for both 3L and ELL phenotype trait change versus relative evolutionary rate.

Figure supplement 5. Diagram of a toy example of permulation calculations.

Figure supplement 6. Quantile-quantile plots demonstrating that permulation p-values are more conservative

than permutation p-values for both 3L and ELL phenotypes (A and B) and permulation p-values are equally as

conservative as simulation p-values for both 3L and ELL phenotypes (C and D).
Figure supplement 7. Phylogenetic tree with all 61 mammal species used for RERconverge analysis.

Figure supplement 8. Phylogenetic tree with 34 placental mammal species used for branch-site tests for positive

selection.

Figure supplement 9. Alternative tree topologies used to test for robustness to phylogeny topology errors and

incomplete lineage sorting.

Figure supplement 10. Correlations between gene correlation and pathway enrichment statistics between

alternative tree topologies and the Meredith+ tree topology used for all other analyses.

Figure supplement 11. Q-Q plots demonstrating the relationship between null gene permulation p-values and a

standard uniform distribution and theoretical gene p-values and a standard uniform distribution for both 3L and

ELL phenotypes.
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Figure 1. Many genes have evolutionary rates correlated with longevity phenotypes as demonstrated by analysis

with RERconverge. (A) A subset of species used for this analysis alongside their maximum longevity values.

Lifespan varies widely across mammals independent of phylogeny. (B) Mammal body size and maximum lifespan

values for 61 species. Lines represent the 3L phenotype and the ELL phenotype (also see Figure 1—figure

supplement 1). (C) RERconverge pipeline to find correlation between relative evolutionary rates of genes and

change in lifespan phenotypes. (D and E) Distribution of p-values from correlations between evolutionary rates of

genes and change in the 3L and ELL phenotypes indicate an enrichment of significant correlations (also see

Figure 1—figure supplement 11).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. 3L phenotype values (A) and ELL phenotype values (B) for 61 mammal species alongside

mammalian phylogenetic tree.

Figure supplement 2. Correlation statistics for genes and enrichment statistics for canonical pathways plotted

with statistics calculated from data with bat and naked mole-rat removed (A, B, C, and D) and with marine species

removed (E, F, G, and H).
Figure supplement 3. Each panel demonstrates the correlation between results using all species and results with

ten to eighty percent of species removed.

Figure supplement 4. Scatterplots for both 3L and ELL phenotype trait change versus relative evolutionary rate.

Figure supplement 5. Diagram of a toy example of permulation calculations.

Figure supplement 6. Quantile-quantile plots demonstrating that permulation p-values are more conservative

than permutation p-values for both 3L and ELL phenotypes (A and B) and permulation p-values are equally as

conservative as simulation p-values for both 3L and ELL phenotypes (C and D).
Figure supplement 7. Phylogenetic tree with all 61 mammal species used for RERconverge analysis.

Figure supplement 8. Phylogenetic tree with 34 placental mammal species used for branch-site tests for positive

selection.

Figure supplement 9. Alternative tree topologies used to test for robustness to phylogeny topology errors and

incomplete lineage sorting.

Figure supplement 10. Correlations between gene correlation and pathway enrichment statistics between

alternative tree topologies and the Meredith+ tree topology used for all other analyses.

Figure supplement 11. Q-Q plots demonstrating the relationship between null gene permulation p-values and a

standard uniform distribution and theoretical gene p-values and a standard uniform distribution for both 3L and
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PhyloAcc-C: Rate multipliers for 
CNEEs and traits

𝑟! = 1	 𝑖𝑓	𝑍" = 0 background
𝑟# 	< 1	 𝑖𝑓	𝑍" = 1 conserved
𝑟$ > 1	 𝑖𝑓	𝑍" = 2 accelerated

𝑣 =

σ$𝑖𝑓	𝑍" = 0 background
b$ σ$ 𝑖𝑓	𝑍" = 1 conserved

	 b% σ$ 𝑖𝑓	𝑍" = 2 accelerated

Molecular rates Phenotypic rates

• estimate 𝑙𝑜𝑔 $(b- b. )	
• can reveal both positive and negative 

associations of molecular and 
phenotypic rates

Gemmell et al. 2024. PLoS Comp. Biol. (4): e1011995.



Linking sequence evolution and continuous trait data
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Figure 2: PhyloAcc-C fit to the LLL loci with the highest BF in favour of the full model
(VCE277691). A. the mammalian phylogeny (input data, see S1 Text) is scaled according
to the posterior distribution of rate multipliers r and coloured by the posterior distribution
of conservation state z (black=neutral, blue=conserved, red=accelerated). Next to the tree
the LLL trait and CNE alignment (both are also input data) are shown. The corresponding
posterior distribution of the trait (i.e. an ancestral reconstruction) is shown in Figure 2 of S1
Text. B. the prior (dashed) and posterior (solid) distribution of the rate multipliers r2 (blue,
conserved) and r3 (red, accelerated). C. the prior (dashed) and posterior (solid) distribution
of log(�3/�2). In this case the posterior distribution suggests a positive value so that faster
nucleotide evolution is associated with faster trait evolution, but see S1 Text for VCE351367
where the opposite is true. D. posterior distribution of trait change from tip to immediate
ancestor, normalized by branch length and coloured by posterior conservation state. Again
note that an accelerated conservation state (red) is associated with bigger trait moves and
a conserved conservation state (blue) is associated with smaller ones.
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Informative posterior means for molecular and phenotypic rates:
CNEE VCE277691 as an example

Gemmell et al. 2024. PLoS Comp. Biol. (4): e1011995.
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Figure 2: PhyloAcc-C fit to the LLL loci with the highest BF in favour of the full model
(VCE277691). A. the mammalian phylogeny (input data, see S1 Text) is scaled according
to the posterior distribution of rate multipliers r and coloured by the posterior distribution
of conservation state z (black=neutral, blue=conserved, red=accelerated). Next to the tree
the LLL trait and CNE alignment (both are also input data) are shown. The corresponding
posterior distribution of the trait (i.e. an ancestral reconstruction) is shown in Figure 2 of S1
Text. B. the prior (dashed) and posterior (solid) distribution of the rate multipliers r2 (blue,
conserved) and r3 (red, accelerated). C. the prior (dashed) and posterior (solid) distribution
of log(�3/�2). In this case the posterior distribution suggests a positive value so that faster
nucleotide evolution is associated with faster trait evolution, but see S1 Text for VCE351367
where the opposite is true. D. posterior distribution of trait change from tip to immediate
ancestor, normalized by branch length and coloured by posterior conservation state. Again
note that an accelerated conservation state (red) is associated with bigger trait moves and
a conserved conservation state (blue) is associated with smaller ones.
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Figure 2: PhyloAcc-C fit to the LLL loci with the highest BF in favour of the full model
(VCE277691). A. the mammalian phylogeny (input data, see S1 Text) is scaled according
to the posterior distribution of rate multipliers r and coloured by the posterior distribution
of conservation state z (black=neutral, blue=conserved, red=accelerated). Next to the tree
the LLL trait and CNE alignment (both are also input data) are shown. The corresponding
posterior distribution of the trait (i.e. an ancestral reconstruction) is shown in Figure 2 of S1
Text. B. the prior (dashed) and posterior (solid) distribution of the rate multipliers r2 (blue,
conserved) and r3 (red, accelerated). C. the prior (dashed) and posterior (solid) distribution
of log(�3/�2). In this case the posterior distribution suggests a positive value so that faster
nucleotide evolution is associated with faster trait evolution, but see S1 Text for VCE351367
where the opposite is true. D. posterior distribution of trait change from tip to immediate
ancestor, normalized by branch length and coloured by posterior conservation state. Again
note that an accelerated conservation state (red) is associated with bigger trait moves and
a conserved conservation state (blue) is associated with smaller ones.
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Molecular accelerations are associated with 
bigger changes in longevity

(CNEE VCE277691)
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short            long
Avonet database: Tobias et al. 2022. Ecol. Lett.

Elliot Coues Key to North American Birds 1884

Tarsus length available for all 10,800 species of birds

Subir Shakya

Shakya et al. 2025. BMC Biol.



Four groups of birds exhibit shifts to shorter tarsus 
length

Avonet database: Tobias et al. 2022. Ecol. Lett.
Bayou: Uyeda and Harmon. 2014. Syst. Biol.
Shakya et al. 2025 BMC Biology. 23:52

penguins

kingfishers

swallows

bulbuls

Microtarsus
Brachypodius



A large collection of ~930,000 conserved elements

vocal learning exonic
14.2%

intronic
42.4%

intergenic
26.8%

ATAC
40.4%

153,828

Sackton et al. 2019. Science
Cahill et al. 2021. Genome Res.
UCSC Genome Browser

Four data sets combined

Shakya et al. 2025 BMC Biology. 23:52



PhyloAcc identifies ~14,000 elements accelerated
 in short-tarsus lineages

14,422 out of 726,331 elements accelerated in 
one or more short-tarsus lineages
8244 elements accelerated in all four focal 
short-tarsus linages
52.5% in ATAC peaks

Bayes Factor 1: no acceleration vs. acceleration 
in targeted lineagesBa
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347 elements where the target-lineage model 

is better than the unrestricted model
52.7% in ATAC peaks

Shakya et al. 2025. BMC Biol.



Pathway from Zuniga and Zeller, 2020

Limb Field Pre-patterning

Bulbul

Kingfisher

Penguin

Swallow

Exclusively accelerated in 
target taxa

Accelerated conserved elements near genes involved in 
limb bud development, field positioning, AER formation 

and axis patterning

Shakya et al. 2025. BMC Biol.



Surface scanning comparative phenotypic data 
for avian morphology in the Museum of Comparative Zoology



Genomic basis of skeletal variation in ducks (Anseriformes)

• correlations with foraging ecology
• loss of flight

Shakya et al. 2025. in revision, Evolution



Femur shape in ducks 
correlates with foraging behavior



PhyloAcc-C identifies CNEEs associated with femoral shape

~877 k CNEEs analyzed

cnee 441358, near the gene for INS (insulin)

Shakya et al. 2025. in revision, Evolution



PhyloAcc-C identifies multiple CNEEs 
associated with rates of femoral evolution

INSULIN

MYOSIN HEAVY 
CHAIN 1B

21 CNEEs occur within 10 kb of a gene of 
relevance to femoral development

SRY-BOX 
TRANSCRIPTION
FACTOR 5

SORBIN AND SH3 DOMAIN 
CONTAINING 1

log (b3/b2)

lo
g 

BF
1

Shakya et al. 2025. in revision, Evolution



Convergent loss of flight in birds: a complex 
trait

Hackett et al. 2008, Science

Paleognathae ~60 
species

Galloanserae ~450 
species

Neoaves ~9,500 
species



CNEEs and the convergent evolution 
of flightlessness in Palaeognathae



Skeletal modifications for flightlessness

De Bakker et al. 2013. Nature 500, 445–448.

Emu and ostrich keelless sterna

Little-spotted kiwi sternum



11 new paleognath genomes

Image (all CC): David Cook; Quartl; Jim, the Photographer, Tim Sackton 

Southern
Cassowary

Thicket tinamou

EmuGreater Rhea

Great-spotted Kiwi
Little Spotted Kiwi Rowi Kiwi

Lesser Rhea

Elegant-crested
Tinamou Chilean tinamou

Little bush moa



12,676 CNEEs - 4,794,620 bp
 5,016 introns -  27,890,802 bp
3,158 UCEs - 8,498,759 bp

Total: 20,850 loci; 41,184,181 bp

Coalescent* analyses place tinamous inside flightless radiation, 
suggesting convergent loss of flight

*MP-EST: Liu et al. 2010. BMC Evol. Biol.
Sackton et al. 2019. Science 364: 74-78



Cloutier et al. 2019. Syst. Biol.; Edwards, S. 2016. Zool. Scripta

Phylogenetic subsampling and consistent 
accumulation of phylogenetic signal using MP-EST



Gene tree distribution suggests a 
near polytomy at base of ratites

Rheas
Cassowary/

Emu Kiwis

Rheas
Cassowary/

EmuKiwis

Rheas
Cassowary/

Emu Kiwis

Major topology

Minor topology 1

Minor topology 2

Cloutier et al. 2019. Syst. Biol. 10.1093/sysbio/syz019



Anomaly zone: most common gene 
tree does not match the species tree

Cloutier et al. 2019. Syst. Biol. 10.1093/sysbio/syz019



CNEEs: evolutionarily conserved 
non-coding enhancer regions

View of a segment of human chromosome 10 using UCSC Genome Browser

Janes et al. (2011) Genome Biol. Evol. 3:102–113

CNEEs = conserved non-exonic elements
284,001 long (* > 50 bp) CNEEs in data set



Convergent loss of function of CNEEs in ratite lineages

250 bp
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A convergently accelerated CNEE 
detected with a novel Bayesian method

Branch lengths
relative to conserved rate

accelerated
branch

SNPs

conserved
branch

Finch
FlycatcherGround−titCrow

BudgerigarFalcon
WoodpeckerCourol

EaglePenguin1Penguin2FulmarIbisCraneKilldeer
HummingbirdSwiftCuckoo

PigeonMesiteChicken
TurkeyMallardKiwi1Kiwi2Kiwi3

CassowaryEmu Rhea1Rhea2Tinamou1Tinamou2Tinamou3Tinamou4 MoaOstrich
Alligator1Alligator2CrocodileGharialTurtle1Turtle2Anole

BF1: 72 BF2: 6   r1=0.27, r2=3.08

neutral
branch

Hu, Z., et al. 2019. Mol. Biol. Evol. 36: 1086



Hu, Z., et al. 2019. Mol. Biol. Evol. 36: 1086

2335 CNEEs (~0.8 %) evolve rapidly in ratites



Rapid regulatory evolution near 
developmental genes

Sackton et al. 2019. Science 364: 74-78



Stage HH24-25 chickens and rheas

ATAC-Seq identifies DNA with open 
chromatin, accessible to transcription factors

Buenrostro et al. 2015. Curr Protoc.Biol. 
2015; 109: 21.29.1–21.29.9.

Assay for Transposase-Accessible Chromatin



ATAC-seq: CNEEs in multiple flight-related 
tissues are active in early chick development 

Sackton et al. 2019. Science 364: 74-78



HH16 → HH21

Massively parallel reporter assays 
screen for enhancers active in vivo 

in fore- and hindlimb

MPRA: injected at HH16, mRNA harvested at HH23


