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Maps that relate all possible genotypes or phenotypes to fitness—fitness landscapes—are central to the

evolution of life, but remain poorly known. An insertion or a deletion (indel) of one or several amino

acids constitutes a substantial leap of a protein within the space of amino acid sequences, and it is unlikely

that after such a leap the new sequence corresponds precisely to a fitness peak. Thus, one can expect an

indel in the protein-coding sequence that gets fixed in a population to be followed by some number of

adaptive amino acid substitutions, which move the new sequence towards a nearby fitness peak. Here,

we study substitutions that occur after a frame-preserving indel in evolving proteins of Drosophila. An

insertion triggers 1.03+0.75 amino acid substitutions within the protein region centred at the site of

insertion, and a deletion triggers 4.77+1.03 substitutions within such a region. The difference between

these values is probably owing to a higher fraction of effectively neutral insertions. Almost all of the trig-

gered amino acid substitutions can be attributed to positive selection, and most of them occur relatively

soon after the triggering indel and take place upstream of its site. A high fraction of substitutions that

follow an indel occur at previously conserved sites, suggesting that an indel substantially changes selection

that shapes the protein region around it. Thus, an indel is often followed by an adaptive walk of length

that is in agreement with the theory of molecular adaptation.
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1. INTRODUCTION
A fitness landscape is a map from the space of all possible

genotypes or phenotypes into fitness. Because the key

force of evolution, natural selection, appears owing to

differences between fitnesses of genotypes, the genotype-

to-fitness map is the key determinant of the course of

evolution. Indeed, evolution can be thought of as a walk,

by an evolving object, on the fitness landscape [1–5].

Adaptive evolution involves climbing up on the fitness

landscape, and selectively neutral evolution involves

level movements.

Figure 1 schematically shows the events caused by a

long, instant leap by an evolving object (e.g. an amino

acid sequence), within its genotype space [6,7], under

the assumption that the object initially resided on a

local fitness peak (blue dot). The leap, which may corre-

spond to a fixation of a major mutation in an evolving

lineage, can be beneficial (green), neutral or even slightly

deleterious (red). In any case, after the leap, the new

genotype is unlikely to correspond exactly to a fitness

peak. Instead, it is likely to correspond to a slope of a fit-

ness peak that must be higher than the original one, as

long as the heights of peaks differ substantially and the
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leap never involves a major loss of fitness. Thus, we can

expect a number of minor adaptive changes to follow

the leap, eventually moving the object to the top on the

new fitness peak (gold).

On the basis of fairly general considerations, Gillespie

concluded that an adaptive walk (i.e. a succession of positive

selection-driven allele replacements) in an evolving protein

must usually involve two to five replacements [8,9]. This

estimate was obtained under the assumption that fitness

landscapes are uncorrelated, which certainly does not hold

for the fitness landscapes of actual proteins, where similar

sequences confer similar fitnesses. In smooth correlated

landscapes, longer walks are expected owing to a lower

number of suboptimal peaks [10]. On the other hand,

numerous studies [11,12] indicate that fitness landscapes

of proteins or tRNAs are rugged, owing to the fact that selec-

tion is often epistatic, in the sense that relative fitnesses of

alleles at a locus depend on the rest of the genome, and

therefore allele replacements at different loci depend on

each other [13]. The interplay of correlatedness and rugged-

ness of the fitness landscape makes it hard to predict the

length of an adaptive walk a priori, and measuring the

lengths and durations of such walks in evolving proteins

could shed light on the nature of protein fitness landscapes.

An adaptive walk can be triggered by a replacement

that affects the direction of selection at a substantial

number of loci [1,2]. In the case of evolving proteins,

an indel, which usually constitutes a more substantial
This journal is q 2012 The Royal Society
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fitness

Figure 1. Evolutionary trajectories that involve a major leap
in genotype space (see text). The figure shows a generic gen-
otype! fitness map. The original object (blue dot) resides

on a local fitness peak. A radical change, such as an insertion
or a deletion in a protein sequence, may move the object onto
a slope of a higher fitness peak (dashed arrows). This triggers
an adaptive walk consisting of a succession of small changes,
such as amino acid substitutions (solid arrows), eventually

leading to a fitter object.
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change to protein structure than a single-nucleotide sub-

stitution, may be such a trigger, while subsequent amino

acid substitutions may constitute adaptive changes.
2. RESULTS
We used comparative analysis of orthologous proteins from

several species of Drosophila to study these hypothetical

post-leap adaptive walks (figure 2). Total numbers of

indels identified are shown in table 1. We applied the

McDonald–Kreitman (MK) test [14,15] to amino acid

substitutions that occurred, within 100 amino acids of

the site of an indel, in the Drosophila melanogaster lineage

after its split from the Drosophila sechellia lineage, by relat-

ing data on D. melanogaster—D. sechellia divergence to data

on polymorphism within D. melanogaster at synonymous

and non-synonymous sites (electronic supplementary

material, figures S1–S4). We contrasted the results of

this test for cases when an indel occurred in the D. melano-

gaster lineage (‘case’ sample) with the corresponding cases

when an indel occurred in a sister lineage (‘control’

sample; figure 2a versus a0, b versus b0, etc.). Obviously,

in the ‘case’, but not in the ‘control’, substitutions that

occurred recently in the D. melanogaster lineage could

possibly be triggered by an indel.

Figures 3 and 4 present data on evolution and positive

selection in the terminal segment of the D. melanogaster

lineage (after D. sechellia branching off) at sites adjacent

to the site of an indel. Consistent with earlier obser-

vations [16,17], we see that indels tend to occur within

rapidly evolving regions of proteins, as evidenced by

higher rates of amino acid substitutions within several

tens of amino acids from the sites of indels, compared

with regions more remote from indel sites, both when

an indel occurred in the D. melanogaster lineage and

when it occurred in a sister lineage (figure 3, top row).

However, separate analysis of synonymous and non-

synonymous nucleotide sites shows that this pattern is

not due to increased mutation rate close to indel sites,

as was proposed by McDonald et al. [18]. Indeed, only

the non-synonymous substitutions, not the synonymous
Proc. R. Soc. B (2012)
substitutions, are significantly more frequent near the

indel sites (figure 3, middle versus bottom row; electronic

supplementary material, figures S1 and S2).

Accelerated evolution associated with an indel event is

also not owing to increased mutation rate caused by a

heterozygous indel [16], for the same reason, and also

because the frequencies of synonymous substitutions and

synonymous polymorphisms do not depend on whether

an indel occurred in the D. melanogaster lineage or in a

sister lineage (electronic supplementary material, figures

S1 and S3). Finally, the frequency of non-synonymous poly-

morphism also remains unchanged after an indel event

(electronic supplementary material, figure S4), implying

that acceleration is not owing to reduction in selective

constraint, as suggested by Zhang et al. [17]. In contrast,

the rate of non-synonymous nucleotide substitutions

was significantly elevated in regions of several tens of

codons from an indel site when the indel occurred in the

D. melanogaster lineage, compared with when it occurred

in a sister lineage (electronic supplementary material,

figure S2). The elevation was pronounced for insertions cor-

responding to the phylogenetic configuration in figure 2c,

and for deletions corresponding to the phylogenetic

configuration in figure 2b,d (electronic supplementary

material, figure S2). On average, after an insertion,

1.03+0.75 excess amino acid substitutions occurred

(figure 4a versus a0: 0.33, c versus c0: 0.71), and after a

deletion, 4.77+1.03 excess amino acid substitutions

occurred (figure 4b versus b0: 2.60, d versus d0: 2.17)

within the protein segment of 200 amino acids centred at

the site of the indel (see §4 for details).

The fact that the difference in rates is limited to non-

synonymous substitutions implies that this significant

(figure 3; electronic supplementary material, figure S5)

excess of amino acid substitutions is entirely owing to

positive selection. Formally, the fraction of adaptive

amino acid substitutions can be calculated using the

MK test [14,15]. As shown in figure 4, the vast majority

of amino acid substitutions triggered by the indel event in

the vicinity of the indel site was driven to fixation by posi-

tive selection. Indeed, the somewhat increased rate of

amino acid substitutions around the site of the indel

when the indel occurred outside the D. melanogaster line-

age (electronic supplementary material, figure S5) was

matched by increased non-synonymous polymorphism

(electronic supplementary material, figure S4), and

therefore no increase in the fraction of adaptive amino

acid substitutions was observed, compared with the

protein segments further away from the indel site

(figure 4a0,b0, etc.). By contrast, the excess amino acid

substitutions that occurred after the indel in D. melanoga-

ster lineage were adaptive, as they could be entirely

explained by positive selection (figure 4b–d ). For

unknown reasons, most of such substitutions occurred

upstream of the indel site (figure 4b–d; electronic

supplementary material, figure S5). The difference

between the closest 10 amino acids upstream of the

indel site and 10 amino acids downstream of it was most

pronounced for figure 4b (Fisher’s exact test; or ¼ 2.29,

p ¼ 0.0006), and less significant for figure 4c (Fisher’s

exact test; or ¼ 1.41, p ¼ 0.057) and figure 4d

(Fisher’s exact test; or ¼ 1.35, p ¼ 0.060).

The observed increase in the rate of adaptive evolution

depends on the time since the indel. Although we only
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Figure 2. Patterns of insertions or deletions and amino acid substitutions in evolving Drosophila proteins used to infer the adap-
tive walks. On each panel, phylogeny of (((((D. melanogaster, D. sechellia), D. erecta), D. ananassae), D. pseudoobscura), D. virilis)
part of the Drosophila tree is shown at the left, with the position of an indel marked with a lightning strike, and the post-indel
segment of the phylogeny shown in red. For D. melanogaster, data on within-species variation, indicated by a comb, were also
used. (a,a0,c,c0,e,e0) correspond to insertions, and (b,b0,d,d 0, f, f 0) correspond to deletions. (a–b0) (top row) show indels that

occurred after D. melanogaster–D. sechellia split, (c–d 0) (middle row) show indels that occurred between D. erecta–
(D. melanogaster–D. sechellia) and D. melanogaster–D. sechellia splits, and (e– f 0) (bottom row) show indels that occurred
between D. ananassae–((D. melanogaster, D. sechellia), D. erecta) and D. erecta–(D. melanogaster–D. sechellia) splits. (a– f )
show indels that occurred in a lineage that eventually led to D. melanogaster, and (a0 – f 0) show indels that occurred in another
lineage. A double-headed arrow indicates the two regions compared for calculating the rate of nucleotide substitutions; a single-

headed arrow directed towards a region indicates that for calculating this rate, only the substitutions specific to this region were
included. Red dots schematically represent the nucleotide substitutions specific to one of the regions.

Table 1. Length distribution of non-frameshifting indels

in Drosophila coding regions. Each row corresponds to
phylogenetic configuration in figure 2. a, a 0, c, c 0, e, e 0 are
insertions, and b, b 0, d, d 0, f, f 0 are deletions. a–b 0 are indels that
occurred after the D. melanogaster–D. sechellia split, c–d 0 are

indels that occurred between D. erecta–(D. melanogaster–
D. sechellia) and D. melanogaster–D. sechellia splits, and e–f 0 are
indels that occurred between D. ananassae–((D. melanogaster,
D. sechellia), D. erecta) and D. erecta–(D. melanogaster–
D. sechellia) splits. a, b, c, d, e, f are indels that occurred in a

clade that includes D. melanogaster, and a 0, b 0, c 0, d 0, e 0, f 0 are
indels that occurred in a clade that does not include
D. melanogaster.

phylogenetic configuration
from figure 2

indel length (codons)

1 2 3 4 5þ

a 104 29 11 3 7
a0 145 54 18 16 23

b 59 27 16 8 5
b0 205 86 45 25 43
c 120 20 1 3 1
c0 195 148 53 37 55
d 68 32 18 14 4

d0 269 67 46 21 44
e 519 124 31 36 16
e0 2719 1064 434 256 468
f 515 176 74 41 50

f 0 1747 646 326 195 196
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consider substitutions within the terminal segment of the

D. melanogaster lineage, we were able to compare indels of

different ages. More ancient indels (i.e. those that

occurred between branchings off of Drosophila ananassae

and Drosophila erecta; figure 2e–f 0) did not increase the

number of amino acid substitutions in the terminal segment

of the D. melanogaster lineage (figure 4e– f 0), indicating that

a post-indel adaptive walk does not take a very long time.
Proc. R. Soc. B (2012)
A strong contrast between insertions and deletions was

observed. Compared with an insertion, a deletion triggers

substitutions in a much wider region of a protein (up to

approx. 100 amino acids, compared with approx. 40

amino acids for insertion), and a larger fraction of the

substitutions within this entire region are positively

selected (figure 4a versus b, c versus d). For deletions

(figure 4b–b0), but not for insertions (figure 4a–a0), a

significant increase in the rate of adaptive substitutions

was observed even when the indel occurred in the term-

inal segment of the D. melanogaster lineage, where a

weaker effect can be expected because substitutions that

occurred after the indel could not be distinguished from

those that occurred before it.

The contrast between insertions and deletions may be

due to a stronger impact of a deletion on protein structure

and function. Data on frequencies of insertions and del-

etions segregating within the D. melanogaster population

(figure 5) indicate that deletions segregate at lower fre-

quencies compared with insertions, and therefore are

consistent with this explanation. The value of Tajima’s

D [20] is lower for deletions (21.64) than for insertions

(21.19), indicating that an average deletion is less neutral

than an average insertion.

Among post-indel substitutions, a higher fraction

occurred at sites that were conserved among more distant

Drosophila species, compared with the substitutions that

did not follow an indel (figure 4, light purple versus

dark purple bars). Again, this effect was more pro-

nounced for deletions (Fisher’s exact test; figure 4b

versus b0: or ¼ 4.61, p � 0; figure 4d versus d 0: or ¼

2.19, p � 0; figure 4f versus f 0: or ¼ 1.61, p � 0) than

for insertions (Fisher’s exact test; figure 4a versus a0:
or ¼ 0.88, p ¼ 0.66; figure 4c versus c0: or ¼ 1.36, p ¼

0.006; figure 4e versus e0: or ¼ 1.07, p ¼ 0.24). Therefore,

an indel apparently changes selection acting at individual

amino acid sites around it, and thus constitutes a long

leap on the protein fitness landscape (figure 1).
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Figure 3. Increased rate of non-synonymous, but not synonymous, nucleotide substitutions close to an indel site. (a–b0) of this
figure correspond to (a–b0) of figure 2. The top row shows the number of amino acid substitutions per amino acid site, the
middle row shows the number of synonymous substitutions per synonymous nucleotide site and the lower row shows
the number of non-synonymous substitutions per non-synonymous nucleotide site, at different distances from the site of the
indel. Error bars are 95% CIs based on 1000 bootstrap trials. Correlation between the distance and the number of substitutions

was tested using Spearman’s test; bold indicates significant (p , 0.05) correlations.
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3. DISCUSSION
Our analysis confirms the observation [17] that an indel

in an evolving protein is followed by accelerated evolution

around it. Single-nucleotide and indel mutation rates are

correlated in the genome [16,18,21]; in addition, single-

nucleotide and indel polymorphisms and replacements

are further correlated owing to their tendency to occur

in regions of reduced selection [17]. However, in our

analysis, we control for both these factors, and still

observe a significant increase in the rate of evolution

after an indel in its vicinity. This increase is limited to

amino acid-changing mutations, and is caused by positive

selection. Positive selection that follows an insertion or,

in particular, a deletion often operates at sites that were

previously conservative, and thus were not subject to

positive selection before the triggering indel.

Accelerated adaptation after a radical mutation is con-

sistent with pervasive epistatic interactions in a protein,

and is probably associated with adjustment of the protein

sequence to a new, indel-modified protein structure.

Positive selection-driven amino acid replacements in the

vicinity of an earlier amino acid replacement were pre-

viously observed in evolution of mammalian [22]

(electronic supplementary material, figure S1) and

drosophilid [23] proteins; this effect spanned a region of

at least 20 codons, and was stronger when the second

substitution compensated the charge change introduced

by the first substitution [23]. A radical mutation such as

an indel or a charge-changing substitution therefore cor-

responds to a leap on the fitness landscape, and

accelerated evolution subsequent to it corresponds to an

adaptive walk triggered by this mutation.

The fact that an average indel triggers an adaptive walk

indicates that it substantially changes the fitness landscape
Proc. R. Soc. B (2012)
for the surrounding amino acids. The length of the walk is

approximately 1 for insertions and approximately 5 for

deletions. This difference is apparently owing to the differ-

ences in the effect of insertions and deletions on the

protein structure: an average fixed deletion affects it

more [17], as indicated also by stronger selection against

deletions (figure 5). Therefore, a deletion is associated

with a longer leap on the fitness landscape. As correlations

in the fitness landscape are reduced with the length of the

leap [1], the height of the new peak can be expected to be

less similar to the height of the old peak after a deletion;

and as the new peak is unlikely to be much lower, a greater

difference is expected between their heights when they are

further away from each other. Importantly, an indel leads

to adaptive evolution even of previously conserved amino

acids, further supporting the suggestion that it may radi-

cally affect the fitness landscape; this effect is again more

pronounced for deletions, consistent with their stronger

effect on the protein structure. Together, our results indi-

cate that post-indel adaptive walks have a considerable role

in adaptation.

The fact that an indel that has occurred in D. melanoga-

ster lineage between the D. erecta and D. sechellia splits affects

the evolution after the D. sechellia split (figure 4c–d 0)
indicates that the adaptive walk is still not over after

approximately 0.1 silent substitutions per site, and thus

takes a considerable time after an indel event. This time

lag could be due to long waiting times for individual

mutations, and/or due to the fact, that to be adaptive,

mutations may have to occur in a specific order [12].

Still, the adaptive walk is confined to the time intervals

during which less than one neutral substitution occurs,

on average, per nucleotide site, indicating that the positive

selection involved has a substantial strength (an increase



no. amino acid substitutions no. amino acid substitutions no. amino acid substitutions

4 2 2 404 2 2 40 4 2 2 40

4 2 2 404 2 2 404 2 2 40

1.
00

0.
75

0.
50

0.
25

1.
00

0.
75

0.
50

0.
250

1.
00

0.
75

0.
50

0.
25

1.
00

0.
75

0.
50

0.
250

1.
00

0.
75

0.
50

0.
25

1.
00

0.
75

0.
50

0.
25

di
st

an
ce

 to
 in

se
rt

io
n 

si
te

, c
od

on
s

di
st

an
ce

 to
 in

se
rt

io
n 

si
te

, c
od

on
s

di
st

an
ce

 to
 d

el
et

io
n 

si
te

, c
od

on
s

di
st

an
ce

 to
 d

el
et

io
n 

si
te

, c
od

on
s

0

1.
00

0.
75

0.
50

0.
25

1.
00

0.
75

0.
50

0.
250

1.
00

0.
75

0.
50

0.
25

1.
00

0.
75

0.
50

0.
250

1.
00

0.
75

0.
50

0.
25

1.
00

0.
75

0.
50

0.
250

1–10

1–10
11–20

21–30
11–20

21–30
31–40

41–50
31–40

41–50
51–60

61–70
51–60

61–70
71–80

81–90
71–80

91–100

81–90
91–100

1–10

1–10
11–20

21–30
11–20

21–30
31–40

41–50
31–40

41–50
51–60

61–70
51–60

61–70
71–80

81–90
71–80

91–100

81–90
91–100

1–10

1–10
11–20

21–30
11–20

21–30
31–40

41–50
31–40

41–50
51–60

61–70
51–60

61–70
71–80

81–90
71–80

91–100

81–90
91–100

1–10

21–30
11–20

41–50
31–40

61–70
51–60

81–90
71–80

91–100

1–10
11–20
21–30
31–40
41–50
51–60
61–70
71–80
81–90

91–100

(a
)

(a
')

(b
)

(b
')

(c
)

(c
')

(d
)

(d
')

(e
)

(e
')

(f
)

(f
')

ca
se

co
nt

ro
l

ca
se

co
nt

ro
l

F
ig

u
re

4
.
E

x
ce

ss
o
f

a
d

a
p
ti

ve
a
m

in
o

a
ci

d
su

b
st

it
u

ti
o
n

s
a
ro

u
n

d
th

e
re

ce
n

t
in

d
el

s
in

th
e

D
.
m

el
a
n
og

a
st

er
li
n

ea
g
e.

P
a
n

el
s

co
rr

es
p
o
n

d
to

a
n

a
ly

se
s

sh
o
w

n
in

fi
g
u

re
2
.
T

h
e

g
re

y
(b

la
ck

)
ci

rc
le

s
id

en
ti

fy
th

e
in

se
rt

io
n

(d
el

et
io

n
)

si
te

,
a
n

d
th

e
b
a
rs

to
th

e
le

ft
(r

ig
h

t)
o
f
th

e
ci

rc
le

s
sh

o
w

su
b

st
it

u
ti

o
n

s
at

d
if

fe
re

n
t

d
is

ta
n

ce
s

fr
o
m

it
to

w
a
rd

s
th

e
N

-e
n

d
(C

-e
n

d
).

H
ei

g
h
ts

o
f
th

e
b
a
rs

a
b
o
ve

a
n

d
b
el

o
w

ea
ch

h
o
ri

zo
n

ta
l

a
x
is

sh
o
w

th
e

to
ta

l
n

u
m

b
er

s
o
f

a
m

in
o

ac
id

su
b

st
it

u
ti

o
n

s
th

at
o
cc

u
rr

ed
a
t

th
e

te
rm

in
a
l
se

g
m

en
t

o
f

th
e

D
.

m
el

a
n
og

a
st

er
li
n

ea
g
e

(a
ft

er
it

s
d

iv
er

g
en

ce
fr

o
m

D
.

se
ch

el
li
a
)

in
th

is
p
ro

te
in

re
g
io

n
.

A
b
o
ve

ea
ch

h
o
ri

zo
n

ta
l

a
x
is

,
th

e
fr

ac
ti

o
n

o
f

th
es

e
su

b
st

it
u

ti
o
n

s
th

at
w

er
e

d
ri

ve
n

b
y

p
o
si

ti
ve

se
le

ct
io

n
,

es
ti

m
a
te

d
b
y

th
e

M
cD

o
n

a
ld

–
K

re
it

m
a
n

te
st

,
is

sh
o
w

n
in

li
g
h
t

g
re

en
,

a
n

d
th

e
re

m
a
in

in
g

fr
ac

ti
o
n

is
sh

o
w

n
in

d
a
rk

g
re

en
.

B
el

o
w

ea
ch

h
o
ri

zo
n

ta
l

a
x
is

,
th

e
fr

ac
ti

o
n

o
f

su
b

st
it

u
ti

o
n

s
th

at
o
cc

u
rr

ed
a
t

co
n

se
rv

a
ti

ve
si

te
s

th
at

a
re

in
va

ri
a
n

t
in

th
e

si
x

b
a
sa

l
D

ro
so

p
h
il
a

sp
ec

ie
s

n
o
t

af
fe

ct
ed

b
y

a
n

in
d

el
(D

.
p
se

u
d
oo

bs
cu

ra
,

D
.

p
er

si
m

il
is

,
D

.
w

il
li
st

on
i,

D
.

v
ir

il
is

,
D

.
m

oj
a
v
en

si
s

a
n

d
D

.
g
ri

m
sh

a
w

i
)

is
sh

o
w

n
in

li
g
h
t

p
u

rp
le

,
a
n

d
th

e
re

m
a
in

in
g

fr
a
ct

io
n

is
sh

o
w

n
in

d
a
rk

p
u

rp
le

.
T

h
e

in
se

ts
sh

o
w

th
e

co
rr

es
p
o
n

d
in

g
va

lu
es

su
m

m
ed

o
ve

r
a
ll

d
is

ta
n

ce
s

b
et

w
ee

n
1

a
n

d
1
0
0

co
d

o
n

s
fr

o
m

th
e

in
d

el
si

te
.

Indels trigger adaptive walks E. V. Leushkin et al. 3079

Proc. R. Soc. B (2012)



0.5

fr
eq

ue
nc

y
0.4

0.3

0.2

0.1

derived allele frequency

0

0.0
06

0.0
12

0.0
18

0.0
25

0.0
31

0.0
37

0.0
43

0.0
49

0.0
55

0.0
6–

0.1
2

0.1
2–

0.1
8

0.1
8–

0.2
4

0.2
4–

0.3
0

0.3
0–

0.4
8

0.4
9–

0.7
3

0.7
3–

0.9
9

Figure 5. Distribution of allele frequencies for polymorphic insertions and deletions of single amino acids in D. melanogaster
proteins. Mean frequencies of a derived indel are 0.097 for insertions (grey bars) and 0.057 for deletions (black bars); both
values are well below 0.175, the mean allele frequency predicted by the infinite sites model under neutrality (green bars) [19].
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in the rate of adaptive evolution is observed in figure 4c–d 0,
but not in e– f 0).

Even after an adaptive walk is over, and the overall rate

of evolution returns to the background level, the dispro-

portional number of substitutions continues to occur at

previously conservative sites. This indicates that the

indel-caused change in the conservation of individual

amino acid sites is permanent, probably owing to

restructuring of the protein (figure 4e– f 0).
Indel-triggered adaptive walks in evolving proteins

show that the ruggedness of their fitness landscapes

plays a substantial role in their long-term evolution.

More detailed studies of the key properties of fitness

landscapes, such as ruggedness, correlatedness and the

variation of the relative heights of peaks, both in the natu-

ral and in the experimental systems, will elucidate this

role further. Specifically, the entire distribution of the

lengths of adaptive walks can be obtainable experimen-

tally. Studies of long-term evolution may be informative

of the properties of the adaptive walks that are actually

realized in nature, and data on the lengths of such walks

could shed light on the rate of protein adaptation.
4. MATERIAL AND METHODS
(a) Genome sequences data

Full genome alignments of 11 Drosophila species to

D. melanogaster (dm3, BDGP release 5) were downloaded

from the University of California, Santa Cruz database

[24] (http://hgdownload.cse.ucsc.edu/goldenPath/dm3/

multiz15way/). Coding sequences were extracted from

the alignments according to FlyBase annotation of canoni-

cal splice variants in D. melanogaster. SNP data for

D. melanogaster were obtained from complete genotypes of

162 inbred lines downloaded from http://www.hgsc.bcm.

tmc.edu/projects/dgrp/freeze1_July_2010/sequences.

(b) Identification of insertions and deletions

Reference sequences of six species of Drosophila, namely

D. melanogaster, D. sechellia, D. erecta, D. ananassae,

D. pseudoobscura and D. virilis, were used to identify the

sites of indels. Only the indels within protein-coding regions
Proc. R. Soc. B (2012)
with lengths in multiple of three nucleotides (i.e. not giving

rise to frameshifts) were analysed (when an indel spanned

the border of the exon, only the exonic part of the indel

was counted). Indels were polarized using the sequences of

D. pseudoobscura and D. virilis as shown in figure 2; indels

not conforming to the depicted phylogenies (e.g. multiple

coincident or overlapping indels in different clades) were

excluded from the analysis. Additionally, to avoid regions

of poor alignment, we required that none of the six analysed

sequences carried any gaps or other non-ATCG characters in

the 10 bp flanking the indel from the left and 10 bp flanking

it from the right (using somewhat shorter and longer window

lengths led to similar results). The numbers of indels left

after this filtering are shown in table 1.

(c) Polymorphic indels calling in Drosophila

melanogaster

The calling procedure for polymorphic indels was performed

with mpileup from SAMTOOLS package [25] (v. 0.1.17, http://

samtools.sourceforge.net). We performed calling on sequen-

cing data obtained from http://www.hgsc.bcm.tmc.edu/

projects/dgrp/freeze1_July_2010/Illumina [26]. Calls were

filtered according to the Phred quality score; only the calls

with the PhredScore greater than 10 were retained. Align-

ment segments containing the indels polymorphic in

Drosophila melanogaster were realigned by MUSCLE (v. 3.7)

to increase the quality of alignment with other insect species.

Drosophila sechellia and D. erecta were used to polarize the

indels; indels were discarded when these two outgroups dis-

agreed, or if more than 50 per cent of D. melanogaster

individuals had no data for this region of the genome. The

fraction of sequencing and assembly errors should be the

highest among the frameshifting indels, because such indels

can be expected to be rare. Therefore, to estimate the

upper threshold of the error frequency, we used the ratio of

the number of frameshifting indels in the protein-coding

regions to the number of indels of lengths not a multiple

of three in short introns. This ratio was approximately 0.05

for insertions and deletions with frequencies below 15 per

cent, and it was only 0.007 for insertions and deletions

with frequencies above 15 per cent, implying that the fraction

of erroneous indel calls is very low.

http://hgdownload.cse.ucsc.edu/goldenPath/dm3/multiz15way/
http://hgdownload.cse.ucsc.edu/goldenPath/dm3/multiz15way/
http://hgdownload.cse.ucsc.edu/goldenPath/dm3/multiz15way/
http://www.hgsc.bcm.tmc.edu/projects/dgrp/freeze1_July_2010/sequences
http://www.hgsc.bcm.tmc.edu/projects/dgrp/freeze1_July_2010/sequences
http://www.hgsc.bcm.tmc.edu/projects/dgrp/freeze1_July_2010/sequences
http://samtools.sourceforge.net
http://samtools.sourceforge.net
http://samtools.sourceforge.net
http://www.hgsc.bcm.tmc.edu/projects/dgrp/freeze1_July_2010/Illumina
http://www.hgsc.bcm.tmc.edu/projects/dgrp/freeze1_July_2010/Illumina
http://www.hgsc.bcm.tmc.edu/projects/dgrp/freeze1_July_2010/Illumina
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(d) McDonald–Kreitman test

Codons at different distances from the site of the insertion were

used for the MK test. We only included a nucleotide site in the

test if, in each of the six analysed species, it was flanked by 10

non-gapped, ATCG-only nucleotides to the left and 10 such

nucleotides to the right (the only gaps allowed were those associ-

ated with the focal indel). Only non-degenerate (four-fold

degenerate) nucleotide sites were considered non-synonymous

(synonymous), meaning those sites in which any substitution

led (did not lead) to an amino acid substitution. Synonymous

divergence Ds, non-synonymous divergence Dn, synonymous

polymorphism Ps and non-synonymous polymorphism Pn

were assessed as the fraction of mismatches at corresponding

sites. For indels that occurred at the terminal segment of

D. melanogaster lineage (figure 2a–b0), only the divergence

along a fraction of the D. melanogaster lineage could be affected

by the indel. Therefore, we counted Ds and Dn only for the sub-

stitutions along the D. melanogaster lineage by including only

the nucleotide sites matching between D. sechellia and

D. erecta. For indels that occurred at earlier segments of

D. melanogaster lineage (figure 2c–f 0), the divergence along

both the D. melanogaster and D. sechellia lineages was affected

by the indel. Therefore, we counted Ds and Dn for all sites, no

matter in which of the two lineages the substitutions occurred.

The proportion of non-synonymous nucleotide substi-

tution driven by positive selection was estimated (from data

in the electronic supplementary material, figures S1–S4,

tables S1–S4) as a ¼ 1 – (Pn/Ps)/(Dn/Ds) [15]. a can be

biased by weakly deleterious mutations segregating within a

population, and the recommended remedy is exclusion of

low-frequency alleles [27]. Therefore, we considered a site

polymorphic only when each allele was present in at least

two individuals.

(e) Length of adaptive walks

The length of an adaptive walk was defined as the number of

amino acid substitutions in the terminal segment of the

D. melanogaster lineage triggered by an indel, calculated as

follows. For indels that occurred at the terminal segment

of D. melanogaster (figure 2a,b) or D. sechellia (figure 2a0,b0)

lineage, we counted the amino acid differences between

D. melanogaster and D. sechellia at amino acid sites match-

ing between D. sechellia and D. erecta, thus including only

D. melanogaster-specific replacements. For indels that occurred

at earlier segments of D. melanogaster lineage (figure 2c– f ), or

at terminal lineages of D. erecta (figure 2c0,d0) or D. ananassae

(figure 2e0, f 0), and which therefore affected (or did not affect)

D. melanogaster and D. sechellia equally, we counted the total

numbers of amino acid differences between D. melanogaster

and D. sechellia, and divided it by two. Finally, the length of

the adaptive walk was calculated as the difference between

the number of substitutions that occurred in the terminal seg-

ment of D. melanogaster lineage when the indel also occurred

in the D. melanogaster lineage, and this number when the

indel occurred in the sister lineage (figure 4a versus a0 and c

versus c0 for insertions; figure 4b versus b0 and d versus d0 for

deletions). More ancient indels that occurred before

D. erecta split were not considered, since they triggered no

adaptive substitutions in the terminal segment of the

D. melanogaster lineage (figure 4e versus e0, f versus f 0). The

lengths of the adaptive walks were obtained separately for

each bin of 10 amino acids from the indel site (figure 4); the

final value was obtained as the sum over all 20 such bins

(10 to the left and 10 to the right).
Proc. R. Soc. B (2012)
95% CIs for all estimators were determined by randomly

bootstrapping the regions around the indels with replace-

ment (electronic supplementary material, figures S1–S5 and

tables S1–S5). 1000 bootstrap trials were used.

(f) Evolution at amino acid sites of different

conservatism

The amino acid sites were considered conservative if the

encoded amino acid was invariant between Drosophila pseu-

doobscura, Drosophila persimilis, Drosophila willistoni, Drosophila

virilis, Drosophila mojavensis and Drosophila grimshawi. All

remaining sites were considered non-conservative. The frac-

tion of the conservative sites in the region around the indel

was similar when the indel occurred in the D. melanogaster

lineage and in the sister lineage.

(g) Theoretical distribution of allele frequencies

The expected frequency distribution for a neutral allele was

derived from the expected relative times for which the

frequency of the derived allele resides within a given interval as

f(x)¼ 1/x, where x is the frequency of the derived allele [19,28].
This work was supported by grant 11.G34.31.0008 from the
Ministry of Education and Science of the Russian Federation
and by the Molecular and Cellular Biology Programme of the
Russian Academy of Sciences.
REFERENCES
1 Kauffman, S. & Levin, S. 1987 Towards a general theory

of adaptive walks on rugged landscapes. J. Theor. Biol.
128, 11–45. (doi:10.1016/S0022-5193(87)80029-2)

2 Gillespie, J. H. 1984 Molecular evolution over the muta-

tional landscape. Evolution 38, 1116–1129. (doi:10.
2307/2408444)

3 Orr, H. A. 2005 The genetic theory of adaptation: a brief
history. Nat. Rev. Genet. 6, 119–127. (doi:10.1038/
nrg1523)

4 Orr, H. A. 2009 Fitness and its role in evolutionary
genetics. Nat. Rev. Genet. 10, 531–539. (doi:10.1038/
nrg2603)

5 Kryazhimskiy, S., Tkacik, G. & Plotkin, J. B. 2009 The
dynamics of adaptation on correlated fitness landscapes.

Proc. Natl Acad. Sci. USA 106, 18 638–18 643. (doi:10.
1073/pnas.0905497106)

6 Maynard Smith, J. 1970 Natural selection and the
concept of a protein space. Nature 225, 563–564.
(doi:10.10.1038/225563a0)

7 Romero, P. A. & Arnold, F. H. 2009 Exploring protein
fitness landscapes by directed evolution. Nat. Rev. Mol.
Cell Biol. 10, 866–876. (doi:10.1038/nrm2805)

8 Gillespie, J. H. 1994 The causes of molecular evolution.
Oxford, UK: Oxford University Press.

9 Orr, H. A. 2003 A minimum on the mean number of steps
taken in adaptive walks. J. Theor. Biol. 220, 241–247.
(doi:10.1006/jtbi.2003.3161)

10 Orr, H. A. 2006 The population genetics of adaptation

on correlated fitness landscapes: the block model.
Evolution 60, 1113–1124.

11 Meer, M. V., Kondrashov, A. S., Artzy-Randrup, Y. &
Kondrashov, F. A. 2010 Compensatory evolution in
mitochondrial tRNAs navigates valleys of low fitness.

Nature 464, 279–282. (doi:10.1038/nature08691)
12 Weinreich, D. M., Delaney, N. F., Depristo, M. A. &

Hartl, D. L. 2006 Darwinian evolution can follow only
very few mutational paths to fitter proteins. Science 312,
111–114. (doi:10.1126/science.1123539)

http://dx.doi.org/10.1016/S0022-5193(87)80029-2
http://dx.doi.org/10.2307/2408444
http://dx.doi.org/10.2307/2408444
http://dx.doi.org/10.1038/nrg1523
http://dx.doi.org/10.1038/nrg1523
http://dx.doi.org/10.1038/nrg2603
http://dx.doi.org/10.1038/nrg2603
http://dx.doi.org/10.1073/pnas.0905497106
http://dx.doi.org/10.1073/pnas.0905497106
http://dx.doi.org/10.1038/225563a0
http://dx.doi.org/10.1038/nrm2805
http://dx.doi.org/10.1006/jtbi.2003.3161
http://dx.doi.org/10.1038/nature08691
http://dx.doi.org/10.1126/science.1123539


3082 E. V. Leushkin et al. Indels trigger adaptive walks
13 Wolf, J. B., Brodie III, E. D. & Wade, M. J. 2000 Epistasis
and the evolutionary process, 1st edn. Oxford, UK: Oxford
University Press.

14 McDonald, J. H. & Kreitman, M. 1991 Adaptive protein
evolution at the Adh locus in Drosophila. Nature 351,
652–654. (doi:10.1038/351652a0)

15 Smith, N. G. C. & Eyre-Walker, A. 2002 Adaptive protein
evolution in Drosophila. Nature 415, 1022–1024. (doi:10.

1038/4151022a)
16 Tian, D. et al. 2008 Single-nucleotide mutation rate

increases close to insertions/deletions in eukaryotes.
Nature 455, 105–108. (doi:10.1038/nature07175)

17 Zhang, Z., Huang, J., Wang, Z., Wang, L. & Gao, P.
2011 Impact of indels on the flanking regions in struc-
tural domains. Mol. Biol. Evol. 28, 291–301. (doi:10.
1093/molbev/msq196)

18 McDonald, M. J., Wang, W.-C., Huang, H.-D. & Leu,

J.-Y. 2011 Clusters of nucleotide substitutions and
insertion/deletion mutations are associated with repeat
sequences. PLoS Biol. 9, e1000622. (doi:10.1371/
journal.pbio.1000622)

19 Sawyer, S. A. & Hartl, D. L. 1992 Population genetics

of polymorphism and divergence. Genetics 132,
1161–1176.

20 Tajima, F. 1989 Statistical method for testing the neutral
mutation hypothesis by DNA polymorphism. Genetics
123, 585–595.

21 Brandström, M. & Ellegren, H. 2007 The genomic
landscape of short insertion and deletion polymorphisms
in the chicken (Gallus gallus) genome: a high frequency of
Proc. R. Soc. B (2012)
deletions in tandem duplicates. Genetics 176, 1691–1701.
(doi:10.1534/genetics.107.070805)

22 Bazykin, G. A., Kondrashov, F. A., Ogurtsov, A. Y.,

Sunyaev, S. & Kondrashov, A. S. 2004 Positive selection
at sites of multiple amino acid replacements since rat-
mouse divergence. Nature 429, 558–562. (doi:10.1038/
nature02601)

23 Callahan, B., Neher, R. A., Bachtrog, D., Andolfatto, P. &

Shraiman, B. I. 2011 Correlated evolution of nearby
residues in Drosophilid proteins. PLoS Genet. 7,
e1001315. (doi:10.1371/journal.pgen.1001315)

24 Heger, A. & Ponting, C. P. 2007 Evolutionary rate analyses

of orthologs and paralogs from 12 Drosophila genomes.
Genome Res. 17, 1837–1849. (doi:10.1101/gr.6249707)

25 Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J.,
Homer, N., Marth, G., Abecasis, G. & Durbin, R. 2009
The sequence alignment/map format and SAMtools.

Bioinformatics 25, 2078–2079. (doi:10.1093/bioinfor
matics/btp352)

26 Mackay, T. F. C. et al. 2012 The Drosophila melanogaster
genetic reference panel. Nature 482, 173–178. (doi:10.
1038/nature10811)

27 Charlesworth, J. & Eyre-Walker, A. 2008 The
McDonald–Kreitman test and slightly deleterious
mutations. Mol. Biol. Evol. 25, 1007–1015. (doi:10.
1093/molbev/msn005)

28 Messer, P. W. 2009 Measuring the rates of spontaneous

mutation from deep and large-scale polymorphism data.
Genetics 182, 1219–1232. (doi:10.1534/genetics.109.
105692)

http://dx.doi.org/10.1038/351652a0
http://dx.doi.org/10.1038/4151022a
http://dx.doi.org/10.1038/4151022a
http://dx.doi.org/10.1038/nature07175
http://dx.doi.org/10.1093/molbev/msq196
http://dx.doi.org/10.1093/molbev/msq196
http://dx.doi.org/10.1371/journal.pbio.1000622
http://dx.doi.org/10.1371/journal.pbio.1000622
http://dx.doi.org/10.1534/genetics.107.070805
http://dx.doi.org/10.1038/nature02601
http://dx.doi.org/10.1038/nature02601
http://dx.doi.org/10.1371/journal.pgen.1001315
http://dx.doi.org/10.1101/gr.6249707
http://dx.doi.org/10.1093/bioinformatics/btp352
http://dx.doi.org/10.1093/bioinformatics/btp352
http://dx.doi.org/10.1038/nature10811
http://dx.doi.org/10.1038/nature10811
http://dx.doi.org/10.1093/molbev/msn005
http://dx.doi.org/10.1093/molbev/msn005
http://dx.doi.org/10.1534/genetics.109.105692
http://dx.doi.org/10.1534/genetics.109.105692

	Insertions and deletions trigger adaptive walks in Drosophila proteins
	Introduction
	Results
	Discussion
	Material and methods
	Genome sequences data
	Identification of insertions and deletions
	Polymorphic indels calling in Drosophila melanogaster
	McDonald-Kreitman test
	Length of adaptive walks
	Evolution at amino acid sites of different conservatism
	Theoretical distribution of allele frequencies

	This work was supported by grant 11.G34.31.0008 from the Ministry of Education and Science of the Russian Federation and by the Molecular and Cellular Biology Programme of the Russian Academy of Sciences.
	References


