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Abstract Genetic robustness, insensitivity of the pheno-

type facing genetic mutations, is a fundamental and

ubiquitously observed property of biological systems. In this

study, we investigate the genetic robustness of the structural

elements within native miRNA genes on a genome-wide

scale. MicroRNAs (miRNAs) are a large family of endog-

enous noncoding RNAs that regulate gene expression at the

posttranscriptional level. We examine the neutrality of the

structural element in 1082 native pre-miRNAs from six

species and demonstrate that the structural elements in

native pre-miRNAs exhibit a significantly higher level of

genetic robustness in comparison with structural elements

within random pseudo pre-miRNAs. Hence, this excess

robustness of structural elements in pre-miRNAs goes

beyond the intrinsic robustness of the stem-loop structure.

Furthermore, we show that it is not a by-product of a base

composition bias. Interestingly, our data also demonstrate a

difference in increased levels of average neutrality between

structural elements. Remarkably, differential genetic

robustness between structural elements is observed in both

native and pseudo pre-miRNAs. Our results are much in

agreement with previous experimental observations, and

suggest that the genetic robustness of secondary structural

elements in native pre-miRNAs, under different evolution-

ary selection pressures, may evolve due to its own selective

advantage.

Keywords Genetic robustness � Secondary structural

elements � MicroRNA � Evolution

Introduction

Robustness, a fundamental and ubiquitously observed

phenomenon in biological systems, is defined as the ability

to maintain stable functioning in the face of various per-

turbations (Kitano 2004). The robustness of phenotypes

appears at various levels of biological systems, including

gene expression, protein folding, metabolic flux, physio-

logical homeostasis, development, and even organism

fitness (de Visser et al. 2003). It is consequently not sur-

prising that biologists have a long-standing interest in

robustness, going back to Fisher’s (1928a, b, 1931) work

on dominance and Waddington’s (1953, 1957) develop-

mental canalization research. Kitano (2004) argues that the

requirements for robustness and evolvability are similar,

since robustness facilitates evolution and evolution favours

robust traits. And thus, a proper understanding of the origin

of robustness in biological systems will catalyze our

understanding of evolution (Wagner 2005).

Depending on whether or not the perturbations are

heritable, robustness is characterized as genetic or envi-

ronmental robustness (Wagner et al. 1997). Here we

primarily focus on the first kind of robustness—genetic
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robustness—which describes insensitivity of the phenotype

facing genetic mutations. Recently, genetic robustness has

become the focus of numerous studies and has been found

in RNA viruses (Elena et al. 2006; Montville et al. 2005;

Wagner and Stadler 1999), viroids (Sanjuan et al. 2006a,

b), and micro RNAs (miRNAs) (Bonnet et al. 2004;

Borenstein and Ruppin 2006; Shu et al. 2007a). Despite the

plethora of observations of genetic robustness, however, its

evolutionary origins are still not clear. Whether it is a

consequence of natural selection or a nonadaptive corre-

lated side effect of other phenotypic traits is by and large

unknown. Part of the problem lies in the difficulty in

providing evidence for genetic robustness in natural bio-

logical systems (Gibson and Wagner 2000). The classical

approach has inferred genetic robustness from increases in

genetic variance observed after a major mutation or envi-

ronmental challenge (de Visser et al. 2003), as exemplified

by number of vibrissae in mice, number of ocelli in D.

subobscura, and wing- and cross-vein interruptions and

scutellar bristle numbers in D. melanogaster (Scharloo

1991). However, the evidence is often indirect and suffers

from a lack of a natural reference genotype (Gibson and

Wagner 2000). Experimental evolution is a more direct

approach that has been applied to the study of robustness

recently, which utilizes direct laboratory observation of

short-term evolutionary processes, mostly in microbes

(Fares et al. 2002; Elena and Lenski 2001). Although its

evolutionary potential is limited by time constraints, this

approach does not suffer from a lack of control and

promises exciting new data and insights for a more com-

prehensive theory of the evolution of genetic robustness

(de Visser et al. 2003).

We have previously developed a bioinformatics approach

to quantitatively measure the genetic robustness of RNA

secondary structure (Shu et al. 2007b). Here, we apply this

method to investigate the genetic robustness of the structural

elements in 1082 native pre-miRNAs from six species.

miRNAs are abundant, endogenous, *22-nucleotide (nt)

noncoding RNAs that regulate gene expression at the post-

transcriptional level for cleavage and/or translational

repression through binding of a minimal-recognition ‘seed’

sequence (Bartel 2004; Lau et al. 2001; Lagos-Quintana

et al. 2001; Lee and Ambros 2001). The short mature miR-

NAs (*22 nt) are cleaved from *70-nt precursors (pre-

miRNA) that fold into a stem-loop hairpin structure, through

the action of the Dicer endonuclease (Hutvagner et al. 2001;

Lee et al. 1993; Ketting et al. 2001). The stem-loop hairpin

structure is critical for pre-miRNA recognition by Drosha

(Lee et al. 2003) and Dicer (Hutvagner et al. 2001) RNAase

III enzymes and for nuclear export of pre-miRNAs (Lund

et al. 2004; Zeng and Cullen 2004). Recent comparative

phylogenetic studies uncovered conserved miRNA-binding

sequences in more than one-third of all genes, suggesting

that miRNAs may regulate a large portion of cellular pro-

cesses (Lewis et al. 2005; Brennecke et al. 2005; Farh 2005;

Xie 2005; Stark et al. 2005; Grun et al. 2005).

The secondary structure of pre-miRNA provides an ideal

test bed for studying genetic robustness. Two recent studies

report that the stem-loop structures of pre-miRNAs exhibit

a significantly higher level of genetic robustness, which

goes beyond the intrinsic robustness of the stem-loop

structure and is not a by-product of the base composition

bias (Borenstein and Ruppin 2006; Shu et al. 2007a).

Recently, researchers have focused on the study of differ-

ential genetic robustness. Using a phylogenetic shadowing

approach (Boffelli et al. 2003), Berezikov et al. (2005)

reported that strong conservation is observed in stem ele-

ments of miRNA stem-loops, known to be indispensable for

miRNA biogenesis, as well as increased variation in loop

elements, inferred to have reduced or no functional con-

straints on the sequence of these elements of pre-miRNA.

While experimental studies have shown that pre-miRNAs

are quite tolerant of mutations, influences on pre-miRNAs

caused by point mutations vary greatly among stem-loop

structural elements (Lee et al. 2003; Zeng et al. 2003; Zeng

and Cullen 2003). Mutations in the loop are often incon-

sequential, however, alterations that disrupt base-pairing at

the base of the stem have considerably deleterious effects.

In this study, we hypothesize that this is a universal feature

for all miRNA stem-loops. To our knowledge, no system-

atic effort has been made to test this hypothesis on a

genome-wide scale, with the exception of a few experi-

mental studies on limited pre-miRNAs (Lee et al. 2003;

Zeng et al. 2003; Zeng and Cullen 2003).

Materials and Methods

Native Pre-miRNAs, Reference Sets, and RNA Folding

The 1082 native pre-miRNA sequences included in the

analysis were selected from MicroRNA Registry release 7.1,

and all have been experimentally verified to avoid a possible

bias introduced by consideration of predicted pre-miRNAs

(Table 1) (Griffiths-Jones 2004; Griffiths-Jones et al. 2006).

The available sequences cover six species: H. sapiens,

D. melanogaster, D. rerio, C. elegans, M. musculus, and

R. norvegicus.

In addition to the native pre-miRNAs specified in

Table 1, we generated a reference set for each species that

consisted of 10 hairpin sequences with similar phenotypes

to native pre-miRNAs (random pseudo pre-miRNAs) for

each native pre-miRNA using a method in our previous

study (Shu et al. 2007a). Furthermore, to rule out the effect

of base composition bias in the analysis of structural

elements robustness, we made four types of shuffling
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reference sets for each species using four different

sequence shuffling methods (Bonnet et al. 2004; Clote et al.

2005; Katz and Burge 2003; Workman and Krogh 1999;

Shu et al. 2007b), namely, mononucleotide shuffling,

dinucleotide shuffling, and shuffling based on a zero- and

first-order Markov chain. Every shuffling reference set for

each species also consisted of 10 shuffling pseudo pre-

miRNA sequences that preserve not only the stem-loop

structure, but also the exact or nearly exact mononucleotide

and dinucleotide frequencies for each native pre-miRNA.

We apply the RNAfold in the Vienna RNA package

(version 1.6) (Hofacker et al. 1994) utilizing default

parameter values (T = 37�C) to predict secondary struc-

tures of pre-miRNA sequences, based on Zuker’s minimum

free energy algorithm (Zuker and Stiegler 1981), and only

utilized the results of the optimal folding.

Neutrality of Structural Elements in the Stem-Loop

Structure

The secondary structure of pre-miRNA can be viewed as a

combination of basic structural elements, namely, the first

stem element, internal stem element, overhang element,

internal loop element, and terminal loop element (Fig. 1).

The first stem element and the internal stem element make

up the stem element, while the loop element is composed

of the overhang, internal loop, and terminal loop elements.

To investigate the genetic robustness of the structural ele-

ments in pre-miRNAs, we define the structural elements set

of the miRNA stem-loops, in which E1; . . .;E6 represent

the stem element, first stem element, loop element, over-

hang element, internal loop element, and terminal loop

element, respectively. The distributions of length of

structural elements in native pre-miRNAs of different

species are listed in Table 2.

For a secondary structure of RNA, a much more strict

definition of neutrality, which does not assume any struc-

ture distance metric, is defined as the fraction of the 3 9 l

one-mutant neighbors that perfectly preserves the original

structure (Borenstein and Ruppin 2006; Shu et al. 2007a,

b). In this study, this definition is applied to the structural

elements of the miRNA stem-loop. For each element of a

hairpin, the neutrality nk of the element Ek is defined as the

fraction of the 3� lk structures in the element Ek that

perfectly preserves the original structure after a mutation

occurs. Formally, the neutrality nk is defined as

nk ¼
Nk

3� lk
; k ¼ 1; 2; � � � ; 6 ð1Þ

where Nk is the number of mutants in element Ek that

perfectly preserves the original structure, and lk is the

length of the element Ek. Greater genetic robustness of a

given stem-loop element Ek can be inferred from a higher

value of neutrality nk of that element.

Table 1 Native pre-miRNA data sets

Species Ns Overhang (%) Length (nt) %GC

H. sapiens 242 84 (34.7%) 85 ± 14 47.67 ± 7.88

C. elegans 112 83 (74.1%) 98 ± 6 44.61 ± 6.89

D. melanogaster 75 27 (36.0%) 88 ± 13 41.60 ± 5.39

D. rerio 350 112 (32.0%) 94 ± 18 45.11 ± 6.51

M. musculus 191 89 (46.6%) 80 ± 12 48.19 ± 8.26

R. norvegicus 112 86 (76.8%) 91 ± 9 50.34 ± 7.96

Note: NS number of experimentally verified miRNAs in species.

Overhang (%): number (percentage) of pre-miRNAs that contain

overhang elements. Length: distribution of length in species. %GC:

GC contents of sequence in species. The secondary structure of pre-

miRNA was predicted by RNAfold in the Vienna RNA package

(version 1.6)

Overhang

Loop

Terminal loop

Interior loop

Stem
First stem

Interior stem

Fig. 1 Structural elements of the miRNA stem-loop. The first stem

element and the internal stem make up the stem element, while the

loop element is composed by the overhang element, internal loop, and

terminal loop elements

Table 2 Distribution of length of secondary structural element in native pre-miRNAs for different species

Species Stem (bp) First stem (bp) Loop (nt) Overhang (nt) Internal

loop (nt)

Terminal

loop (nt)

H. sapiens 31 ± 5 5 ± 3 23 ± 7 3 ± 3 13 ± 6 7 ± 3

C. elegans 33 ± 4 5 ± 2 32 ± 8 8 ± 5 17 ± 7 8 ± 4

D. melanogaster 30 ± 4 5 ± 3 27 ± 8 5 ± 5 15 ± 7 8 ± 4

D. rerio 33 ± 7 5 ± 2 28 ± 8 4 ± 4 16 ± 8 8 ± 4

M. musculus 29 ± 5 5 ± 3 22 ± 6 3 ± 3 12 ± 6 7 ± 3

R. norvegicus 32 ± 4 5 ± 2 27 ± 7 5 ± 5 15 ± 6 7 ± 3

Note: Mean ± SD length of stem elements (bp) and loop elements (nt) in native pre-miRNAs
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Robustness and Significant Analysis

For each structural element, we evaluate the neutrality, nm
k

(k ¼ 1; 2; � � � ; 6), in all native pre-miRNAs included in the

analysis (Table 3), and measure the neutrality of pseudo

pre-miRNAs, nr
k (k ¼ 1; 2; � � � ; 6), to verify whether genetic

robustness stemmed intrinsically from the miRNA stem-

loops. To analyze the robustness of the structural element

in the native miRNA stem-loops, we compare the distri-

bution of the neutrality of the structural elements in native

pre-miRNAs with that of corresponding elements in ran-

dom pseudo pre-miRNAs (i.e., comparing the distribution

of nm
k in native pre-miRNAs with the corresponding

distribution of nr
k in random pseudo pre-miRNAs, k ¼

1; 2; � � � ; 6; respectively) and apply a t-test assuming that

the two samples come from normal distributions with

unknown and possibly unequal variances (Behrens-Fisher

problem). The t-test uses Satterthwaite’s approximation for

the effective degrees of freedom.

Furthermore, to rule out the effect of base composition

bias on robustness analysis of the structural elements in the

native pre-miRNAs, we measure the neutrality of the

structural elements of shuffling pseudo pre-miRNAs in

every type of reference set for each species, namely, nm0
k ;

nm1
k ; nmono

k ; and ndi
k (k ¼ 1; 2; � � � ; 6), in which the super-

scripts represent the shuffling methods based on zero-

Markov chain, first-Markov chain, mononucleotide, and

dinucleotide, respectively. We also compare the neutrality

of structural elements in native pre-miRNAs with that of

corresponding elements in shuffling pseudo pre-miRNAs

to further verify the genetic robustness of the miRNA stem-

loops (i.e., comparing the distribution of nm
k in native

pre-miRNAs with the corresponding distribution of nm0
k ;

nm1
k ; nmono

k ; and ndi
k in shuffling pseudo pre-miRNAs, k ¼

1; 2; � � � ; 6; respectively).

For each element, the relative increased level of average

neutrality is defined as the ratio of the difference between

the average neutrality of native pre-miRNAs and that of

pseudo pre-miRNAs in the corresponding reference sets to

the average neutrality of random miRNAs, i.e.,

lk ¼
nm

k � nr
k

nr
k

� 100%; k ¼ 1; 2; � � � ; 6 ð2Þ

which reflects the degree of the increased level of average

neutrality relative to that of pseudo pre-miRNAs.

To further test the difference of genetic robustness

between various structural elements, we apply a t-test for

each pair distribution of the neutrality of the structural

elements in all native pre-miRNAs. A t-test is also per-

formed for each pair distribution of the neutrality of the

structural elements in random and shuffling pseudo pre-

miRNAs, as done for native stem-loops, to verify whether

the differential genetic robustness stemmed intrinsically

from the miRNA stem-loops and to rule out the effect of

base composition bias on differential genetic robustness

analysis.

Results

Excess Robustness of Secondary Structural Elements

in Native Pre-miRNAs

Data comparing the neutrality of structural elements in

native pre-miRNAs with that of corresponding elements in

random pseudo pre-miRNAs demonstrate that the struc-

tural elements of native pre-miRNAs are robust (nm
k [ nr

k;

for k ¼ 1; 2; � � � ; 6; i.e., more robust than those of random

pseudo pre-miRNAs; Table 3). The increased neutrality of

the structural elements in native pre-miRNAs is also evi-

dent from the distribution of neutrality values of different

structural elements in native versus random pseudo pre-

miRNAs (Fig. 2). Although the difference in the mean

neutrality of stem elements in native versus random pseudo

pre-miRNAs is relatively small (0.14 vs. 0.09, respec-

tively), the two distributions are significantly different from

one another (p = 0; Table 3).

The mononucleotide and dinucleotide frequencies of an

RNA sequence (which are not preserved in random pseudo

pre-miRNAs) are critical for secondary structure stability

Table 3 Robustness comparisons

Stem First stem Loop Overhang Internal loop Terminal loop

pr 0 4.10 9 10-106 1.18 9 10-95 5.55 9 10-187 1.56 9 10-156 1.80 9 10-62

pm0 0 3.54 9 10-102 6.73 9 10-89 1.04 9 10-177 2.95 9 10-154 1.70 9 10-53

pm1 0 8.47 9 10-115 14.99 9 10-91 7.55 9 10-186 4.84 9 10-143 7.28 9 10-55

pmono 0 2.31 9 10-109 1.63 9 10-78 2.40 9 10-151 1.16 9 10-126 1.01 9 10-38

pdi 0 6.42 9 10-148 6.05 9 10-62 2.15 9 10-177 3.01 9 10-96 1.11 9 10-54

Note: The neutrality of the structural elements in native pre-miRNAs is compared with that of corresponding elements in random pseudo pre-

miRNA by t-tests. pr, pm0, pm1, pmono, and pdi represent p-values comparing random pseudo pre-mi10RNAs and shuffling pseudo pre-miRNAs

based on the zero-Markov, first-Markov, mononucleotide, and dinucleotide model, respectively
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(Bonnet et al. 2004; Clote et al. 2005; Katz and Burge

2003; Workman and Krogh 1999). It is, consequently,

important to verify that the observed increased neutrality of

structural elements in native pre-miRNAs is not a by-

product of a bias in the base composition relative to ran-

dom pseudo pre-miRNAs. To this end, we generate four

different shuffling pseudo pre-miRNAs that preserve not

only the similar stem-loop structure, but also the exact or

nearly exact mononucleotide and dinucleotide base com-

position of the native pre-miRNAs. Additionally, we

compare the neutrality n of structural elements in native

pre-miRNAs with that of corresponding elements in dif-

ferent types of shuffling pseudo pre-miRNAs. Our data

suggest that the structural elements of native pre-miRNAs

are more robust than those of the shuffling pseudo pre-

miRNAs (Table 3). The different types of sequence shuf-

fling methods are indistinguishable (Table 3, Fig. 3).

Interestingly, there are differences in the relative

increased levels of structural elements in native pre-miR-

NAs, as noted by the examination of the relatively

increased level of average neutrality. While the average

neutrality of native pre-miRNA stem elements increased

by *60% relative to corresponding stem elements within

random miRNAs, the average neutrality increase for dif-

ferent loop elements is not greater than 30% (Table 4).

Examining the relatively increased level of average neu-

trality of pre-miRNAs within species provides a similar

picture for each species separately, and the base compo-

sition does not have any influence on the difference in

relatively increased level (Tables 4, 5 and supplementary

materials). The differential relative increased level of

average robustness of various structural elements indicates

that different structural elements may be under a different

selection pressure in the evolution process.

Differential Genetic Robustness Between Structural

Elements in Pre-miRNAs

Examination of the neutrality n of each element in the 1082

native stem-loops suggests that there is greater neutrality in

the loop element in comparison to the stem element of

miRNA stem-loops (*0.14 vs. *0.60, respectively;

Fig. 2). There is a significant difference between the neu-

trality n of the stem element and the loop element of native

miRNA stem-loops (n1\n3; p = 0; Table 7), as well as

between the paired distributions of the neutrality n of other

stem and loop elements (at the level of significance of 0.05,

ni\nj for i ¼ 1; 2; j ¼ 3; 4; 5; 6; Table 6). Although the

neutrality n is similar and minor for different stem elements

(Fig. 2), the differences between the first stem element

and the stem element are significant (p ¼ 9:65� 10�8;
Table 6). For different loop elements, the neutrality n value

varied largely, ranging from 0.00 to 1.00. The overhang

and terminal loop elements are the highest robustness

elements (*0.88 and *0.73, respectively; Fig. 2), with

significant differences noted between the distributions of

neutrality of the loop elements (Table 6). Recently,

experimental studies have demonstrated that miRNA pre-

cursors are tolerant of mutations in the body of the stem

and, to a lesser extent, the loop (Lee et al. 2003; Zeng and

Cullen 2004; Zeng et al. 2003). Mutations at the base of the

loop have little effect, indicating that loops are not essential

for processing. On the contrary, disrupting the base-pairing

at the base of the stem has a marked deleterious effect on

miRNA processing, indicating that the precursor stem is

critical for mature miRNA production. Our results are in

good agreement with experimental observations.
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Fig. 2 Distribution of neutrality n of different structural elements in

1082 native pre-miRNAs, and in corresponding random pseudo pre-

miRNAs. Two-dimensional histogram plots of the distribution of

neutrality n in different secondary structural elements of native and

random pseudo pre-miRNAs. Each bar is constituted by an outer,

open subbar and an inner, filled subbar, which represents the

distribution of neutrality n for native pre-miRNAs and random

pseudo pre-miRNAs, respectively
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Fig. 3 Distribution of neutrality n of different structural elements in

shuffling pseudo pre-miRNAs. Two-dimensional histogram plots of

the distribution of neutrality n in different secondary structural

elements of shuffling pseudo pre-miRNAs
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Differential genetic robustness between various struc-

tural elements is also observed in random pseudo pre-

miRNAs, which coincides with the observations made in

native pre-miRNAs (Table 7). Furthermore, the base

composition bias does not have any influence on the dif-

ferential genetic robustness between structural elements in

pre-miRNAs (Fig. 3 and supplementary materials). These

results indicate that differential genetic robustness may

stem intrinsically from the special stem-loop structures of

pre-miRNAs. While it is possible in theory that simple

differences between structural elements, such as the length

of structural elements, may underlie differences in genetic

robustness, we do not observe any correlation between the

length and the neutrality of the structural elements in this

study (Pearson’s correlation coefficients between length

and neutrality were 0.0027 and -0.0648 for stem and loop

elements, respectively).

Discussion

Genetic Robustness of miRNA Genes

To explore genetic robustness of the structural elements in

pre-miRNAs, we examine the neutrality of the structural

element in 1082 native pre-miRNAs from six species. We

demonstrate that the secondary structural elements in

native pre-miRNAs exhibit a significantly higher level of

Table 4 The relative increased

level of average neutrality of

different secondary structural

elements for each species

Note: Average values of

different secondary structural

elements from 1082 miRNAs of

six species

Species Stem First stem Loop Overhang Internal loop Terminal loop

H. sapiens 58.34 61.69 10.73 27.99 21.53 17.58

C. elegans 59.07 62.09 22.86 16.15 26.49 18.70

D. melanogaster 59.57 61.13 11.55 30.17 18.81 20.99

D. rerio 65.62 64.90 9.42 29.27 20.30 8.20

M. musculus 63.88 68.36 8.63 21.83 17.50 17.53

R. norvegicus 59.51 60.73 15.31 12.68 22.66 22.13

Average 61.95 63.78 11.68 24.67 20.85 15.35

Table 5 The relative increased

level of average robustness for

each structural element with

different randomization methods

Note: Average values of

different secondary structural

elements from 1082 miRNAs of

six species

Species Stem First stem Loop Overhang Internal loop Terminal loop

Random 38.25 38.94 38.20 10.46 19.79 17.25

Zero-Markov 30.23 32.21 29.45 13.43 20.56 23.10

First-Markov 29.63 31.39 28.89 12.91 19.87 22.88

Mononucleotide 31.60 33.37 31.40 13.04 20.47 21.75

Dinucleotide 30.96 32.48 30.76 11.97 18.00 20.19

Table 6 p-values of t-tests

comparing structural elements

in native pre-miRNAs

Stem First stem Loop Overhang Internal loop Terminal loop

Stem 1.00

First stem 9.65 9 10-8 1.00

Loop 0 0 1.00

Overhang 0 0 0 1.00

Internal loop 0 0 7.62 9 10-104 0 1.00

Terminal loop 0 0 2.15 9 10-139 2.65 9 10-84 1.75 9 10-281 1.00

Table 7 p-values of t-tests

comparing structural elements

in random pseudo pre-miRNAs

Stem First stem Loop Overhang Internal loop Terminal loop

Stem 1.00

First stem 7.50 9 10-12 1.00

Loop 0 0 1.00

Overhang 0 0 0 1.00

Internal loop 0 0 0 0 1.00

Terminal loop 0 0 6.18 9 10-284 1.43 9 10-72 0 1.00
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genetic robustness than the corresponding structural ele-

ments in random pseudo pre-miRNAs, indicating that this

excess robustness is beyond the intrinsic robustness of the

stem-loop structure. Furthermore, the excess robustness is

not a by-product of a bias in the base composition of the

native pre-miRNAs. Remarkably, we find differences in the

increased level of average neutrality between various

structural elements, indicating that different structural

elements may be under a different selection pressure in the

evolution process. The data suggest that the secondary

structural elements in native pre-miRNAs have indeed

been under evolutionary pressures that favored robust

configuration elements. Our results also demonstrate that

differential genetic robustness between various structural

elements is observed in native pre-miRNAs, in good

accordance with experimental observations (Lee et al.

2003; Zeng and Cullen 2004; Zeng et al. 2003). The

greatest deleterious effect on miRNA processing results

from disruption of the base-pairing at the base of the pre-

dicted precursor stem, indicating that the precursor stem is

critical for mature miRNA production. However, the

changes in the loop sequence do not yield any perceptible

effects, indicating that loops are not essential for process-

ing. Interestingly, striking differences in neutrality between

various structural elements are also observed in random

pseudo pre-miRNAs, with no effects observed from the

base composition bias, indicating that the differential

genetic robustness may stem intrinsically from special

stem-loop structures.

The excess robustness of structural elements may have

led to the genetic robustness of the integrated stem-loop

structures of pre-miRNAs. A recent study reports that the

stem-loop structures of miRNA stem-loops show excess

robustness with respect to mutational perturbation, com-

pared with random RNA sequences with similar stem-loop

structures (Borenstein and Ruppin 2006). Also, the in silico

genetic robustness analysis of miRNA stem-loops in our

previous study demonstrates that the stem-loop hairpin

structures of pre-miRNAs exhibit a significantly higher

level of genetic robustness at different FDR-controlled

p-values (Shu et al. 2007a). Furthermore, both of these two

studies demonstrate that this excess robustness goes

beyond the intrinsic robustness of the stem-loop structure

and is not a by-product of the base composition bias. These

results in both studies are in good agreement with each

other, although the quantitative measures of genetic

robustness defined in these two studies are quite different.

Evolutionary Origin of Genetic Robustness

Our results indicate that genetic robustness is ubiquitous in

pre-miRNAs. Yet the principles and mechanisms that lead

to the emergence of the observed robustness are far less

clear. Whether it is a consequence of natural selection or a

nonadaptive correlated side effect of other phenotypic traits

is by and large unknown. A recent review article catego-

rized the theories addressing the evolution of genetic

robustness into three main classes: adaptive, intrinsic, and

congruent (de Visser et al. 2003). To explore the evolu-

tionary origin of the excess genetic robustness observed in

pre-miRNAs, the authors in both of these two studies

additionally examine the environmental robustness of pre-

miRNAs (Borenstein and Ruppin 2006; Shu et al. 2007a).

However, we come to a different conclusion about the

origin of this excess genetic robustness. The data in the

study by Borenstein and Ruppin suggest that the excess

robustness of miRNA stem-loops is the result of direct

evolutionary pressure toward increased robustness. Yet our

results demonstrate that the stem-loop structures of pre-

miRNAs buffer against genetic perturbations and, at the

same time, are insensitive to environmental perturbations,

suggesting that increased genetic robustness may evolve as

a correlated side effect of the evolution for environmental

robustness. The different conclusions (adaptive robustness

versus congruent robustness) may have resulted from dif-

ferences in the reference backgrounds employed. The

reference backgrounds in our study are made up of random

and shuffled pseudo pre-miRNA sequences with preserved

phenotypes that are similar to real pre-miRNAs (Shu et al.

2007a). Their reference backgrounds, on the other hand, are

produced by inverse folding (Borenstein and Ruppin 2006).

According to the classification of Hermisson and Wag-

ner (2004), who classify robustness as adaptive and

intrinsic, however, both of these two studies come to the

same conclusion about adaptive robustness. They consider

robustness to be adaptive if the buffering of that trait with

respect to some source of variation has the target of natural

selection, i.e., robust character states are selected because

of their reduced variability (Hermisson and Wagner 2004).

Adaptive robustness evolves due to its own selective

advantage. The natural force assumed to be responsible for

its evolution is stabilizing selection acting directly on the

character. The adaptive robustness in this definition

encompasses both adaptive and congruent scenarios in the

classification system established by de Visser et al. (2003).

The difference is that the natural forces, assumed to be

responsible for its evolution, function as a kind of stabi-

lizing selection acting directly on a character or on some

highly correlated pleiotropic trait (Hermisson and Wagner

2004). Taken together, the results of the two studies sug-

gest that the genetic robustness of miRNA stem-loops,

under different evolutionary selection pressures, may

evolve due to its own selective advantage. While the

findings support this hypothesis, additional theoretical and

experimental work is required to fully elucidate the

mechanisms of the evolution of robustness. A greater
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understanding of the evolution of robustness will require

quantitative knowledge of the forces producing robustness,

such as the distribution of fitness effects of mutations

(Meiklejohn and Hartl 2002).

Biological Implications of Robustness

Recognition of robustness in miRNA stem-loops has direct

consequences for miRNA research. First, the excess

robustness in pre-miRNAs may facilitate the in silico

identification of novel miRNAs on a single genome. Since

most current computational methods for prediction of

miRNA genes rely heavily on phylogenetic conservation

and the structural characteristics of pre-miRNAs (Bartel

and Chen 2004; Berezikov et al. 2006; Kim and Nam

2006), most of the identified miRNAs are highly conserved

among species and most research has focused on these

highly conserved miRNAs (Berezikov et al. 2005; Lim

et al. 2003a, b; Pang et al. 2006; Xie 2005). However,

nonconserved miRNAs represent a potentially important

source of functional novelties during evolution. Recently,

various nonconserved miRNAs have been discovered and

experimentally verified (Bentwich et al. 2005; Pfeffer et al.

2005). The property of excess robustness is probably not

sufficient by itself to identify pre-miRNAs, however, it can

serve as a complementary method to filter out random

pseudo pre-miRNA sequences and to facilitate improve-

ment of miRNA prediction on a single genome.

Second, properties of robustness may also be utilized for

the optimal design of nucleic acid sequences and, further-

more, for the improvement of in vitro selection or SELEX

(Systematic Evolution of Ligands by Exponential enrich-

ment). SELEX is an experimental method for selecting

functional RNAs from a large pool (1015) of random

sequences (Tuerk and Gold 1990; Ellington and Szostak

1990). The use of designed sequences with properties of

robustness, in lieu of random sequences, may increase the

probability of identifying novel functional RNAs.

Finally, a greater understanding of robustness in miRNA

genes may also facilitate the future research on robustness.

As the secondary structure of miRNA stem-loops embodies

many of the properties controlling molecular evolution

(Borenstein and Ruppin 2006; Shu et al. 2007a), it forms a

promising framework for studying the evolutionary origin of

genetic robustness. The excess robustness of miRNA genes

examined in the current study can be regarded as primary

robustness based on genotype-phenotype mapping. The

simplicity of this form of robustness, full tractability of RNA

secondary structure, and complete control of reference

background facilitate the exploration of its evolutionary

origins. Protein structures, which are much more compli-

cated than RNA secondary structures, may possess a similar

tendency for sequence-based robustness as well as additional

principles and mechanisms contributing to their robustness.

With the prediction algorithms for protein folding (Baker

2000), our methodology can be applied to the robustness

analysis of protein structures without any difficulties. Fur-

thermore, our methodology may be heuristic in the study of

higher-level robustness: developmental robustness. Horn-

stein and Shomron (2006) suggest that miRNA interactions

with the network of protein-coding genes evolved to buffer

stochastic perturbations and thereby confer robustness to

developmental genetic programs. The relationship between

genetic and developmental robustness is derived quantita-

tively through the variance of phenotypic fluctuations, which

are directly measurable experimentally (Kaneko 2007).
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