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some eukaryotic genes are stitched together from ‘exons’ (as in expressed),
intervening sequences, called introns, are removed from the messenger RINA
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Prevalence of introns

Introns constitute a hallmark of eukaryotic gene organization

Prokaryotes have no spliceosomal introns, and no detectable traces of a spliceosome

Some eukaryotes have very few introns (yeasts), and some have very many (humans)
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Gene structure evolution stretches through

eukaryotic evolution

Splicing is very old: [Collins & Penny Mol Biol Evol 22:1053, 2005]
Spliceosome: five snRINPs (a small RNA bound by several proteins), plus > 150

associated proteins

= Already present in the last common ancestor of extant eukaryotes (LECA)

Gene structure is conserved: [Rogozin, Wolf, Sorokin, Mirkin, Koonin Curr
Biol 13:1512, 2003]
intron sites are preserved across large evolutionary distances

(e.g., 1/3 of human-Arabidopsis introns coincide)
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Structural similarity between orthologs
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Some interesting questions

e origin of spliceosomal introns: how and when (with respect to the earliest

eukaryotes) did they appear?

e dynamics of intron evolution: mechanisms, quantities and selection of intron

loss and gain in lineages
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Intron site homology

Intron conservation = evolution can be traced back until the earliest eukaryotes

... 1f only one could establish homology between introns

Intron gains and losses are rare (rates of 10-12..10-° per year)

but intronic sequences evolve largely neutrally

= not much happens between organisms with alignable non-coding sequences
e.g., 122 intron losses in 17000 genes across human-mouse-rat-dog alignments
(Coulombe-Huntington & Majewski, Genome Res 17:23, 2007)

Project intron positions onto protein sequence to establish distant site homology
untranslated coding sequence intron

| ] ] 1
chr16:q13 .. CGAGATGCCG .. GCGT .. AGGGTG

POLR2C Pro e Ala Val
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Analysis of intron data

take complete . align orthologous protein
annotated genomes P select orthologous proteins P sequences

- vy extract 0-1 data of intron project introns onto
b » absence/presence - alignment

fﬂ-"' t likelihood compute loss and gain rates infer ancestral intron posterior
evaluation by Maximum Likelihood ™= Characteristics and events prﬂbﬂbﬂifi&g

Intron
positions 33 55 144 169
U ]
P MERRTHEVGLTGKY GTRY GSSLREQ IEK IELMOHAKY LCTFCGETATERTCVG IWKCKE - -KCK
Al MTHERTEEARIVGKYGTRYGASLREO IKKMEVSOHNKY FCEFCGKY SVEREVVGIWGCK--DCG PE Ei 52 14: lﬁg 233
Sc MAKRTHEEVGITGKY GVRY GSSLRROVEELE IQOHARYDCSFCGEETVERGAAGIWTCS—-CCK At 0 1 1 o] 0
U Sc o o 4] o o
Sp MTHERTHEVGVTEKY GVRYGASLRRDVRK IEVOOHSRYQC PFCGRLTVERTAAG ITHKCSGHEE Sp o o o 1 o
Ce MAKRTKEVEIVEKY GTRY GASLREMAKKLEVAQHSRY TCESFCGEEAMEREATGTWNCA- ~KC Ce 0 0 0 0 0
l Dm O 0 1 0 ©
Dm MAKRTHKEVEIVEKY GTRYGASLRKMVERME I TOHSKY TCSFCGEDSMERAVVGIWSCK--RC Ag 0 (0] 1 8] 0
4 Hs 0 o o 1
Ag YLPEMAKRTREVGIVGKYGTRYGASLEKMVERME I TQHAKY TCTFCGEDAMERSCVGIWSCK--RC
U
Hs MAKRTHEEVGIVGKY GTRY GASLREMVER IE ISQHARY TCEFCGRTEMERRAVGIWHCG— -5

Rogozin, Wolf, Sorokin, Mirkin, Koonin Current Biology 13:1512 (2003)
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Intron data

Once you determined which introns are in orthologous positions (from intron-

annotated multiple alignments), you have a 0-1 data set (0= absent, 1= present)

Intron

positions 33 55 144 169 233

P MSRRTKKVGLTGKYGTRYGSSLRKQ II‘CKIEIMQH.AKYLCTFCGIETATKRTCVG IWKCK--KCKRKVCGGAWSLTTPAAVAAKSTITRLRKQKEEAQKS
At M'I'KR’I‘KKARIVGKYgTRYGASLRKQ IKIQ'JEVSQHNKYFCEFCGI{:Y SVKRKVVGIWGCK--DCGKVKAGGAY TMNTASAVTVRSTIRRLREQTES

Sc MAKRTKKVGITGKYGVRYGSSLRRQVKKLE IQOHARYDCSFCGKKTVKRGAAGIWTCS—-CCKKTVAGGAY TVSTAAAATVRSTIRRLREMVEA

Sp MTKRTKKVGVTGKY! GVRYGASLRRDVRKIEVQQHSRYQCPFCGRLTVKRTAAg IWKCSGKGCSKTLAGGAWTVTTAAATSARSTIRRLREMVEV

Ce MAKRTKKVGIVGKYGTRYGASLRKMAKKLEVAQHSRY TCSFCGKEAMKRKATGIWNCA--KCHKVVAGGAYVYGTVTAATVRST IRRLRDLKE

Dm MAKRTKKVGIVGKYGTRYGASLRKMVKKME I TOHSKY TCSFCGKDSMKRAVVG IWSCK--RCKRTVAGGAWVY STTAAASVRSAVRRLRE TKEQ

Ag YLPKMAKRTREKVGIVGKYGTRYGASLREMVKKME ITQHAKY TCTFCGKDAMKRSCVGIWSCK--RCNRVVAGGAWVYSTTAAASVRSAVRRLREM

Hs MAKRTKKVGIVGKYGTRYGASLRKMVKKIE ISQHAKY TCSFCGKTKMKRRAVGIWHCG—— SCMKTVAGGAWTYIETTSAVTVKSAIRRLECE LKDQ

U

55 144 169 233
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Rogozin, Wolf, Sorokin, Mirkin, Koonin Current Biology 13:1512 (2003)
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[I. MARKOV MODELS
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Intron evolution - abstraction

intron presence/absence in a homologous position is encoded by 1/0

¢ homologous sites (concatenate data for different genes)

data for an organism is a 0-1 sequence of length ¢

T" evolutionary tree over n organisms (rooted binary tree with labeled leaves)
intron states (0 or 1) evolve along the tree from the root towards the leaves

state may change along every branch; model defines the joint distribution of random
intron states £(u) € {0, 1} for all nodes u
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Probabilistic model: assumptions

e parallel intron gains on different tree edges are allowed
e introns evolve independently

=> every intron can be analyzed independently

_—I—II

character : vector of leaf states & = (f (u): u € {leaves of T}) 1s observable
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Probabilistic model: parameters

root state is 1 with probability 7r1, or O with probability mg = 1 — 7y

state transition on edge e with probabilities pg_,1(e), po—o(e), p1-o(e), p1—1(e)

writing with branch length (t), gain (\) and loss rates (u):

A A O
Atp A+ p

Po—1 —

- rates (A, () may vary across branches

- can incorporate additional rate variation across sites

(Markov model for binary character)
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Likelihood

Notation: z(u) € {0, 1} intron state observed at leaf w
Need to consider all possible states at ancestral nodes for the likelihood

Likelihood for observed states 2 of an intron site

foa=P{{=12}= Z % (root) H Pz(uw)—z(v) (uv).

x . possible states at nodes tree edges uv

Likelihood for the whole data

14
L(xla"wxﬁ) — H fCEZ
1=1
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Unobserved intron sites

Problem: there are no unobserved intron sites (x = 0") in the data but have

non-zero probability in the model

= simply using the presence/absence data at the leaves without all-0 columns

introduces a bias in the likelihood optimization (underestimates intron loss)

Solution: compute the likelihood P{data

no all-absent Sites}

Mathematically:

14
L(:L‘l,...,af)g)_ 1:[ IP’{{J;E On} = (1 — fon )_ H fZL‘z

..just like Felsenstein’s correction for restriction site data [Felsenstein, Evolution 46:159, 1992]
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Computing the likelihood: peeling

Classic dynamic programming method [Felsenstein 1983] for state set A = {0, 1}

Principal tool: conditional likelithoods Lga) (u) — probability for leaf states at

site ¢ 1in the subtree of node u, when u 1s in state a

Recurrence for proceeding from leaves toward the root
Lga) (u) = H{z;(u) = a} when w is a leaf,

L,ga) (u) = H Z paﬁb(uv)Lgb) (v)> when u 1s not a leaf,
vechildren(u) beA
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Fast evaluation of the likelihood

Parameters of the model (gain and loss probabilities on edges) are computed by

maximizing the likelihood

= likelihood needs to be evaluated many times, taking @ (#n) time by the peeling
algorithm

Theorem. The likelihood function can be computed in O(nf/10g£) time on
almost all phylogenies, after a one-time preprocessing step that takes O(nf) time.

Practice: on intron data, 50-500 times faster than naive implementation

Details: Csuros, Holey, Rogozin, ISMB 2007
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Fast evaluation of the likelihood

Observation: L,ga) (u) = L§a) (u) if different sample columns x; and T assign

the same labels to leaves in the subtree of u

Xi:O]'OllO Xj:o]_o]_o]_

Idea: first identify different subtree labelings, and then compute the conditional
likelihoods La(;a) (u) where x takes the values of the subtree labelings in the input
data
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Preprocessing

Preprocessing (compression): given the data (x1,...,xy),
determine the multiset of observed labelings (i.e., with multiplicities) within each

subtree

Thm. The multiset of observed labelings can be computed for all nodes u (simul-

taneously) in @ (¢n) time.

(Difficulty: one needs to avoid the comparison of length-O(n) vectors at each

node, otherwise n2 factor in the time complexity)

Previous applications:

- Larget and Simon [1998]: O(nz) label comparisons

- Kosakovsky Pond and Muse [2004]: heuristic ordering of pruning tasks
- Stamatakis et al. [2002]: only identity labelings
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Algorithm — evaluation

After preprocessing, evaluating the conditional likelihoods at node u takes © (7| Sy|)
time where 7 = |.A| is the alphabet size, and Sy, is the set of observed labelings

= computing the likelihood takes O(rs) time where

s = Z Su.

u€{nodes of T'}

Thm.

e For random* trees, s = O(¥n /109, £) on average

e For random* trees, s < g —I—SIQEJT 7 with probability 1 — o(n/ log# /)

* Yule-Harding model (coalescent)

= after O(¥n) preprocessing, the likelihood can be evaluated in
sublinear O (#n /109, £) time for almost all phylogenies
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Yule-Harding model

random tree generation procedure for Yule-Harding distribution of phylogenies

1 2 3 4 n
random permutation Hsap Cele | Dmel [ Mmus | Scer Atha Pfal Xtro
of taxa
H
start with tree (1,2)

for all i=3,4,..., n:
pick random edge leading
to a leaf and connect 1 to it

Note: tree shape is determined by the series of leaf selection (here 232431)
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Proof

Recall: s =}, {nodes of T} Su where &y, is the number of different labelings of

u’s subtree seen in the sample

Now, if there are ¢ leaves in the subtree, then |Sy| < min{¢, r*} where r is the

alphabet size (r = 2 for introns; 7 = 3 with ambiguous characters)
Therefore,

n
s < Z C. min{Z, rk}
k=1

where C. is the number of subtrees with k leaves

The proof for the bound on s follows from the fact that Cj, ~ 2n/k? for all
k<n.
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Number of subtrees

C'r.: number of subtrees with k leaves

Thm. Forall 1 < k < n in Yule-Harding model,
e expected value EC, = ﬁ, 1.e., k-l—Ll fraction of leaves in size-k subtrees

e (1. is concentrated around its expected value:

P{|Cy — ECy| > €} < 2e72¢7/2n

Proof. Expectation: Devroye [Random Structures and Algorithms, 2:303, 1991],
revisited by McKenzie & Steel (k = 2) and Rosenberg (k > 2) in 2000 and 2006,

respectively

Concentration: (. changes by at most 2 if you change one attachment in the
leaf selection sequence (subtree prune and regraft) + McDiarmid’s inequality for

martingales with bounded differences
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Even better in practice

The theorem hold for any data set, but there is even less variation in true data

n ¢ r nl n|Sroot| bound S
3 7236 2 101304 1386 368 183
18 3044 2 273496 19142 16764 1196
47 5216 3 479872 309120 65743 10305
23 10000 4 440000 46124
47 10000 4 920000 148460

Fourth column (nf): original peeling algorithm
Fifth column (n|8root|): compression at root only
Sixth column: theorem’s bound on s

Seventh column (s): exact value
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Computing ancestral states and events

Method: (1) compute posterior probabilities for intron presence at nodes, as well as

intron state transitions on edges
(2) sum posterior probabilities to obtain expected values for intron density at nodes,
as well as losses and gains on edges + correction for absent sites

n node u 1n state a
at site 1

AN

upper likelihood U (u) computed via similar recursions as L ()
(preorder traversal, use parent’s U and siblings’ L)
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III. A SOFTWARE PACKAGE
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Advertisement: MALIN

MALIN — a software package for the evolutionary analysis of eukaryotic gene
structure

http://www.iro.umontreal.ca/~csuros/introns/malin/
Free Software! Graphical User Interface!

take complete . : align orthologous protein
annotated genomes - uelan eulielogon jpreleti | = sequences

extract 0-1 data of intron project introns onto
absence/ presence alignment

N

compute loss and gain rates f 1
(57 fsntsson ILAE A Fbvarecs perform parsimony analysis

N

infer ancestral intron
characteristics and events Malin
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MALIN: alignments

ene Chromo?23.newick
{Tree  Data | Rates |
I‘j Alignments (215) Index Name Orthologs Sites Dsat| Ptri Atha Otau Crei Tatalleaneerrealsitee 1164 k
v | wC23-a75nd.table 0 KOGoon2 8 0 2 S
S 1 KOG0003 16 0 3 4 4 Conservation criteria within sequences
Site histories @ lwC23.
- 2 KOG0004 2 2 0 0 0 3
3 KOGO005 9 0 0 1 Minimum nongap positions ....6....‘..................‘.,
4 KOG0O008 16 0 ] 19 16 2 16 0 5 10 15 20 25 30
g EOGCOID ig g ,1} 2 2 13 ) f® On both sides () On at least one side
T KOG0012 21 15 15 15 14 0 T Conservation across sequences
8 KOG0013 8 0 3 3 3 9—
q KOGO018 16 (1} ~ Minimum unambiguous characters atasite | ' ' ' 0 0
10 KOG0020 21 14 15 14 14 10 1 6 1 16 21
11 KOGo021 22 4 12 11 11 0 8 There must be at least one unambiguous character in the following clades
12 KOG0024 12 0 3 5 4 9 ] Osat
13 KOG0025 14 0 6 8 8 0 9 -
14 KOGO028 14 0 3 O Ptri
15 KOGOD42 23 29 5 5 5 0 16 1 Atha
16 KOGO049 13 0 11 [ 6 1 b 3o
17 KOGO050 22 18 3 4 3 1 12 i) (& L
18 KOG0051 10 0 10 0 1] 0 Iv| |3 Crei I
L) YaTv M pvoe bd
10 Tofo T T Fage | | 4 50 600 700 831
Osat:15 l& =n i [ ] w--&-’f-l—'ﬂ' h
Ptri:15 . -5 " -H-H‘-‘I'd'-dl’--’f--ld-l [ S
Atha:14 " - " m- - [ .
Otau:0 — : : —
Crei:7 ]
Pyoe:0 |
Pber:0 |
Pcha:0 |
Pfal:0 N -
Tpar:6 lh:--I  S— n
Tann:7 sl wn s | — [ =
Tthe:7 ld..lhl - T — I
Ptet:4 I* HE . | | [ 1] I
Pram:13 l* 'l d | L] h —
Psoj:12 [ Ny [P e e e ——

user specifies conservation criteria for intron site homology
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MALIN: rates

g f z
s ¢ & . s
| I £ & £ &
: » | | | | 1
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n =4
05 10 20 40 : g? &S z
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: ‘ : & & £ F
: - 5 “T™ |
] I | s
S il I : : N I
- " -
CE , p < 5
- | 1 s
. - 1 :| 1 Il é‘a f
‘ | || | ‘ | ‘ .

0025 0.1 0.15
(Gain rate legend

displaying loss and gain rates
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MALIN: histories
wive history of 29 sites | with absent sites

=

- - £
& & & .5 & ::-‘%

> 99 % ¢ @
-2.5 -0.2 -0.1 -0.3 —D. -1.0
| +0.1 |

12 |

-0.9

i -H::E'

displaying aggregate history for multiple intron sites
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IV. INFERRED CHARACTERISTICS
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Exon-intron structure in Chromalveolates

Data: 23 organisms, 392 orthologous gene families, 7030 intron-bearing sites

Plants .
Fungi
2
f(g Heterokonts
C\ZJ Pber
£ P. berghei
S Pyoe
Yg P. yoelii Pfal
Pcha P. falciparum <& Zygomy ota
P. chabaudi 6\\)
«° 2
Q\.b"a " of Qs/'o,
Tann \(\~|’£°Q "y C
T. annulata ° c O¢; >
¢ 2
Tpar > c 20 3
\ «
Tpava 3¢ Viridiplantae © =
2 Alveolata
Chromalveolata
\ Opisthokonta
Ciliates Eukaryota

(sources: RefSeq, JGI, MIT/Broad)
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Introns are retained with varying intensity

Check the dlstrlbutlon of intron sharing in four alveolate lineages

T. annulata P tetraurelia

P ﬁllapamm
B chabaudi

e
E P, yoelit g8
- P berghei V
heterokonts, plants, fungi, animals

Apicomplexans
T thermophyla

Shared with non-alveolates = Unique to alveolates

2% 1 lineage 99
Nt m % 2 lineages 125
.ances ra ") 3 or 4 lineages 10 unique introns
m‘t*ro_ns :r:e. — .4 A are retained
retained in -

intron presence in alveolan lineages even more
rarely

few lineages

=> high incidence of intron loss, with varying rates at different sites
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High ancestral intron density
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= ancestral alveolate intron density was comparable to humans

methods: continuous-time Markov process for intron gain and loss at a site, branch-specific rates, two loss rate categories,

likelihood optimization, posterior probabilities for predicting presence at ancestors, error bars from bootstrap
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Conclusion

J
A
H. sapiens ~
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