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Incongruent Evolution

CGUGGAAACCCACAG CGUGAAACCUCACAG
.((((....)))).. .((((....))))..

CGUGGAAACC-CACAG .((((....))))..
.((((....)-))).. CGUGGAAACCCACAG
.((-((....)))).. CGUGAAACCUCACAG
CGU-GAAACCUCACAG .((((....))))..

exact conservation of the structure
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Incongruent Evolution

Similar sequence, shifted structure

..((((.((((....))))..))))....
AAGGCUCUAUUAACUGGUAUCGGCUAUAG

** * ***** ***** **** * * ***
AAUGAUCUAUGAACUGUUAUCUGAUUUAG
...((((.((((....))))..))))...

..-((((.((((....))))..))))....
AA-GGCUCUAUUAACUGGUAUCGGCUAUAG

** * * * * ***
AAUGAUCUAUGAACUGUUAUCUGAUU-UAG
...((((.((((....))))..))))-...

P.F. Stadler (Leipzig) RNA Zoo Bled, Feb 2020 3 / 14



Is there really incongruent evolution?

Sequence and structure alignments mir-30a and mir-30bProceedings of CIBB 2019
consensus ..U.AG....UGUAAACAUCCU..ACU...AGCUGU.A...CA....U.GGCU...A-GU.GGAUGUUUGC..C.GC...CU
mmu-mir-30a AGUGAGCGACUGUAAACAUCCUCGACUGGAAGCUGUGAAGCCACAAAUGGGCUUUCA-GUCGGAUGUUUGCAGCUGCCUACU
SS ((((.(((.((((((((((((..((((((((((((((....))).....))))))))-))))))))))))))).))).))))
mmu-mir-30b -UUCAGUUCAUGUAAACAUCCUACACU--CAGCUGUCAU--CAUGCGUUGGCUGGGAUGU-GGAUGUUUACGUCAGCUGUCU
SS -..(((((.((((((((((((.(((((--(((((..(..--.....)..))))))).)))-)))))))))))).)))))...
consensus ...[.[[[.[[[[[[[[[[[[........[[[[[...............]]]]].......]]]]]]]]]]]].]]].]...

consensus .....G....UGUAAACAUCCU.......A............C........G..U.......GGAUGUUU.C....GC.U....
mmu-mir-30a AGUGAGCGACUGUAAACAUCCUCGACUGGAAGCUGUGAA-GCCACAAAUGGGCUUUCA-GUCGGAUGUUUGCAGCUGCCUACU-
SSi ((((.(((.((((((((((((..((((((((((((((..-..))).....))))))))-))))))))))))))).))).))))-
mmu-mir-30b UUCA-GUUCAUGUAAACAUCCU-ACACUCAGCUGUCAUCAUGCGUU-----GGCUGGGAUGUGGAUGUUUACGUCAGC-UGUCU
SS ..((-(((.((((((((((((.-((((((((((..(.......)..-----))))))).))))))))))))))).)))-))...
consensus ..[[.[[[.[[[[[[[[[[[[..[[[[[[[[[[..[.......].......]]]]]]].]]]]]]]]]]]]]]].]]].]]...

Figure 1: Alignments of the structure of mir-30a and mir-30b, two paralogous miRNAs that diverged
since the genome duplications in the ancestor of the jawed vertebrates show evidence of incongruent
evolution of sequence and structure. The sequence-based alignment (top) suggests that parts of the stem
structure (missing in the consensus) have shifted relative to the sequence. The structure-based alignment
(below) shows that the structures are nearly identical, while the underlying sequences is partially mis-
aligned. The difficulties to reconcile the sequence and structure alignment (by only slight shifts) indicate
the incongruence of the evolutionary history.

that the structure alignment (bottom) slightly misaligns well matching sub-sequences,
which are well-aligned by the sequence alignment (top), in order to properly align cor-
responding structure. As key observation, sequence and structure cannot be reconciled
in this case. Insisting on matching common sequence patterns necessarily disrupts base
pairs, while matching up the base pairs implies that the corresponding sequences appear
“shifted” relative to each other.

In this contribution, we assume a very simple mechanism to bring about incongru-
encies between sequence and structure: as usual, we assume strong negative selection
on both sequence and structure. However, we assume (1) that the selective pressures on
sequence and structure are mechanistically independent, and (2) the exact position of
the individual base pairs are less important than the overall ’shape’ (e.g. the cloverleaf
of a tRNA) of the secondary structure. In such a model, a stem may “move” by losing
a base pair on one end and introducing a new base pair at the other end. While this
example is still consistent with a consensus structure, in which all inner base pairs are
conserved, it remarkably allows for more unusual evolutionary transitions.
In the simple example of evolutionary stem sliding, Fig. 2, the sequences of the two
sides of a stem (or entire stem-loop) structure allow two different pairings with disjoint
sets of base pairings but comparable energy. Single substitutions or indels may stabilize
either one or the other structural alternative, leading to very similar sequences that also
have very similar structures, while base pairs are no longer conserved for homologous
nucleotides. As a consequence, the sequence alignment (describing homologous nu-
cleotides) and the alignment of secondary structures (describing analogous base pairs)
are incongruent. Stem sliding may explain the evolution of the mir-30 paralogs in Fig.
1: selective pressures at sequence level are dominated by stabilizing selection on the
mature miRNA product, while pressures on the structure require only a sufficiently sta-
ble stem-loop structure to maintain Dicer processing, independent of the exact position
of the mature product in the precursor hairpin.

The incongruence between sequence and structure alignment violates the assump-
tions underlying the consensus structure model: in a sequence based-alignment, no base
pairs are conserved, and tools such as RNAalifold [3] that determine consensus struc-
tures are likely to fail. Conversely, structure-based alignments such as RNAforester

.(((((....))))). .(((((....-))))).
CCCCCUCCGGGGGGA CCCCCUCCG-GGGGGA

CCCCCCUCCGGGGGGA CCCCCCUCCG-GGGGGA
CCCCCCUCC GGGGGA -CCCCCCUCC GGGGGA
(((((.....))))). -(((((.....))))).

Figure 2: Evolutionary stem sliding. The two hair-
pins shown in “dot-parenthesis” notation have no
base pair in common. The middle structure folds
into both structures with similar energy, the mutants
fix different alternatives.
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Incongruent Alignments

Basic idea: consider two or more alignments of the same objects
(strings) simultaneously:

implicitly defines alignments between the different copies of the
same objects that do not allow mismatches
Insertions and deletions in these same-object alignments
correspond to shifts between the incongruent alignments
scoring function:
weighted scores of the consitutent alignments + scores for the
“shifts”

... what exactly are “shifts”?
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Formalization: Bi-Alignments

two distinct alignments U and V of the same objects a and b
an alignment W of the columns of U and V
score = u(U) + v(V) + w(W)

Bi-alignment Problem: simultaneously optimize U, V, and W.

b

a

b

a
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Formalization: Shifts

Gap patterns c,d ∈
(

0
1

)
in U and V, respectively

Congruent columns: c1 = d1 and c2 = d2.
Incongruence ‖c − d‖ = |c1 − d1|+ |c2 − d2| ∈ {0,1,2}
score w(W): proportional to the sum of the incongruences of the
alignment columns.
An alignment of alignments is again an alignment:
A ' (U,V,W)

b

a

b

a

Number of in/dels between the two copies of a and b:
d(A13) =

∑
i |c1(i)− d1(i)| d(A24) =

∑
i |c2(i)− d2(i)|

Columnwise scoring of A:
score of the projected alignments U ' A12 and V ' A34 plus the
in/del-only scores d(A13) and d(A24).
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Scoring Shifts

A→ A
 •••
•

 ∣∣ A
 •••
−

 ∣∣ A
 ••−
•

 ∣∣ · · · ∣∣ A
−•−
−

 ∣∣ A
 •−−
−

 ∣∣ ε .
( ••) ( •− ) (−• )

(−
−
)

( ••) 0 ∆ ∆ 2∆

( •− ) ∆ 0 2∆ ∆

(−• ) ∆ 2∆ 0 ∆(−
−
)

2∆ ∆ ∆ -

M(0) = 0
M(x) = max

c∈C
M(x − c) + s(x , c)
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A very preliminary scan survey

small and medium-width Rfam seed alignments
(≤ 10 sequences, ≤ 120 columns)
1181 Rfam families
check if Rfam consensus-structure “oriented” Rfam alignment is
significantly different from a mafft re-alignment of the sequences
709 candidate families
10137 pairs of RNA sequences yield 143 cases in 72 families with
prediced shifts in a sequence-based shift alignment
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Affine Gap Costs in U and V

Gotoh’s algorithm for each of U and V
scoring depending of the gap pattern of the penultimate column
insufficient here: the penultimate column could be double-gap,
i.e., an in/del of W.
remedy: keep end gap pattern defined for the last column that is
not a double-gap:

p=

q=
b

a

b

a
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Including secondary structure

A→ Ac
∣∣ Ac̄Ac

∣∣ ε
u(U, ϕU) + v(V, ϕV) + w(W)

M(x , y) = max


max
c∈C

M(x , y − c) + s(y , c)

max
(z,y)∈B∗
(c,d)∈C∗

M(x , z − c) + M(z, y − d) + s̃(z, c; y ,d)

B∗ ... allowed index combinations, enforce base pairs

(c,d) ∈ C′ :=

{−−•
•

,
 •−•
•

,
−••
•

,
 •••
•


}2

... Sankoff-style Bi-Alignments
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Sankoff-style Bi-Alignments

Complexity?
O(n8) entries times O(n4) operations
BUT: number of shifts is limited:

k∆ ≤ δ∗(a,b) := max
U

u(U) + max
U

v(U)−max
U

[u(U) + v(U)] .

reduction to O(n4k4) entries with O(n2k2) operations, i.e., O(n6)
like the Sankoff algorithm
locarna approximation: only include O(n) most frequent base
pairs for each structure
reduction to O(n2) space and time.
Implementation: on the way
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Matrices Mp,q indexed by end gap patterns p and q for U and V

M(p,q)(x , y) = max


max
p′ 6=0
q′ 6=0

M(p′,q′)(x − q, y − q) + s(
(

x
y
)
,
(

p′
q′

)
,
( p

q
)
)

max
p′ 6=0

M(p′,q)(x − p, y) + s(
(

x
y
)
,
(

p′
q

)
,
(p

0

)
)

max
q′ 6=0

Mp,q′(x , y − q) + s(
(

x
y
)
,
( p

q′
)
,
(

0
q
)
)
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