A functional selection model explains

evolutionary robustness despite
plasticity in regulatory networks
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Background

e Evolutionary rewiring of regulatory networks is an
Important source of diversity among species and it is
often driven by the gain or loss of cis-regulatory
elements in gene promoters bound by sequence-specific
transcription factors or chromatin remodelers.

e Previous evidence suggested substantial divergence of
regulatory networks across species.

e Systematically assessing the extent of this plasticity and
its functional implications has been challenging due to
limited experimental data and the noisy nature of
computational predictions.



ﬁi”ﬂé@r

RS

A Input
Promotare  DNA motifs Phylogany
=
.4
P 7 AL x
Phyloganatic
raconstruction
=
algorithm
Motif ancastral
¢ targat ganas
mrclads
( @& )
/N
Q00000
( @ )
L] AN
| lgsoceoed
Evolution oHuncﬁon/ \Tumover of targats
Cladas
AlB|C]|
7|/ / [Function X
X |/ | X |Function¥

| 14
—

FRI T HE I AR 2

B CladeoScops
For aach motit

For aach gpacias

e
Hitt gL N Secan
Al _Q—’:_,. for Step 1
s putativa
A s targats
Notif discovary algornthm
P
L g
g S n— A Updata
- iﬂk’x%. spaciss-spacific Step 2
motif,
\Sc:n__/ and rescan
L2 [ roasars
ancestral targets Step 3
Lt naach clade
||
28 105
==
Fitar motids and Step 4

Brgsts by
consarvation
nclads




VA W 2t A RS AR 1 B T e i A 2

The model

a computational framework

o CladeoScope--- reconstructing cis-regulatory networks
and their evolution across a phylogeny of species.

e two assumptions:

1.The binding specificities of transcription factors,
represented as DNA motifs, are largely conserved.

2.The motif targets are conserved across several related
species within a monophyletic clade provide a reliable
and conservative estimate for the targets in the ancestor
of the clade.

e four steps: 1.Initialization 2.Species-Specific Motifs
3.Network Refinement 4.Filtration
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The mode

A functional selection turnover model
e TWO models:

(1) a ‘neutral’ turnover model, where targets are gained
and lost at the same rates .

(2) where turnover
rates—Dboth gain and loss—are different for targets .

Functional selective pressure acts differentially to
conserve motif-target relations within the same biological
process.



A% M S AR AR PR ) T AR 1R R 2

Results

=,

Systematic reconstruction of the regulatory history of 23
Ascomycota species.

We applied CladeoScope to 88 DNA motifs associated with known
transcription factors or groups of paralogous factors across 23
Ascomycota species.

e 1.CladeoScope is robust to noise in target prediction and
to different parameters.

e 2.Regulatory motifs are detectable across large
evolutionary distances.

In most cases (73%), detectable motifs and factors are co-
conserved.
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Results
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e 3.Rapid target turnover for conserved motifs during
evolution.

A Target genes conserved B Target genes conserved C Target genes conserved
across the tree across the tree in clade only
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Results oo

A Average expected number B Slow turnover C Fast turnover
of changes in target genes per Hsf1 , Pho4

evolutionary distance
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Gain and loss rates of motif targets. (A) The number shown is the
fraction of extant targets expected to be derived from an ancestral
target.(B, C) Turnover rates for motifs with high turnover rates (Hsf1,
B) and low turnover rates (Pho4)
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Results

To assess the functional implications of target turnover,
we next associated each motif in each clade with a
regulatory function.

e Functional expansion: a motif gains a new function in a
specific clade in addition to maintaining its ancestral
function.

e Functional switch :losing one function while gaining
another.
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e 4.Conservation of regulatory function despite high
turnover rate of targets.
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Although the motif might gain or lose an association to functional
modules during evolution, 82% of all the motifs have at least one
conserved function across all clades.
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Results o0

The observed conservation of regulatory function despite high target
turnover suggests that the global functional role sassociated with a
regulatory motif are under stronger selection than the individual
regulatory interactions. To formalize this notion we propose the
Functional Selection Turnover Model.

Functional selection turnover model
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Results

=,

e 5.In nearly all cases , target turnover is significantly
constrained by the genes’ function.

e To examine the generality of our results, we tested whether they
hold at the level of individual species as well as clades.

e Overall, this analysis demonstrates the generality of our findings
at different evolutionary distances, measurement
methods ,phylogenetic resolution and group .
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Discussion

1. we systematically identified cis-regulatory interactions
for 88 known regulatory DNA motifs across the 23
species. We exploited this resource to study the
regulatory history of specific transcription factors and to
reach general principles of regulatory evolution. In
addition, this constitutes a rich public resource.

2.The seemingly contradictory trends of a broad
conservation of the functions, and the pervasive gain
and loss of the motif in individual targets within the
module are reconciled by our proposed Functional
Selection Turnover Model
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Discussion

3.There are several potential explanations for the
observed conservation of regulatory function despite
high target turnover.

First, determination of transcription factor targets based
on cis-regulatory elements is challenging and noisy. To
exclude this option, we compared evolutionary
conserved target genes at the clade level instead of
target genes for individual species.

Second, the transcription factor may target additional
genes in some species, thus expanding the scope of
functions it regulates.
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Discussion

4.Functional selection forces are more permissive than
has been previously assumed.

5.Although turnover within a module may not affect the
overall regulatory role of a factor, it may allow for more
subtle fine-tuning of gene regulation, facilitating
adaptation while controlling against dramatic changes in
phenotype.
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