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 2 

Abstract 22 

Mutational robustness describes the extent to which a phenotype remains unchanged in 23 

the face of mutations.  Theory predicts that the strength of direct selection for mutational 24 

robustness is at most the magnitude of the rate of deleterious mutation. As far as nucleic-25 

acid sequences are concerned, only long sequences in organisms with high deleterious 26 

mutation rates and large population sizes are expected to evolve mutational robustness.  27 

Surprisingly, recent studies have concluded that molecules that meet none of these 28 

conditions—the microRNA precursors (pre-miRNAs) of multicellular eukaryotes—show 29 

signs of selection for mutational and/or environmental robustness. To resolve the 30 

apparent disagreement between theory and these studies, we have reconstructed the 31 

evolutionary history of Drosophila pre-miRNAs and compared the robustness of each 32 

sequence to that of its reconstructed ancestor. In addition, we “replayed the tape” of pre-33 

miRNA evolution via simulation under different evolutionary assumptions and compared 34 

these alternative histories with the actual one. We found that Drosophila pre-miRNAs 35 

have evolved under strong purifying selection against changes in secondary structure.  36 

Contrary to earlier claims, there is no evidence that these RNAs have been shaped by 37 

either direct or congruent selection for any kind of robustness.  Instead, the high 38 

robustness of Drosophila pre-miRNAs appears to be mostly intrinsic, and likely a 39 

consequence of selection for functional structures. 40 

41 
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Introduction 42 

Robustness or canalization is the extent to which a genotype can produce the 43 

same phenotype in the face of perturbations (Gibson and Wagner 2000; Meiklejohn and 44 

Hartl 2002; de Visser et al. 2003; Flatt 2005; Wagner 2005). These perturbations can be 45 

genetic, such as mutation, recombination, and horizontal gene transfer, or environmental, 46 

such as fluctuations in temperature, food availability, or salinity. Mutational robustness is 47 

thought to be a fundamental property of biological systems, from individual molecules to 48 

gene regulatory networks (de Visser et al. 2003; Kitano 2004a; Kitano 2004b; Stelling 49 

et al. 2004; Wagner 2005). For example, Guo, Choe, and Loeb (2004) found that 74% of 50 

nucleotide substitutions preserved at least some of the function of human enzyme 3-51 

methyladenine DNA glycosylase (3MDG). High tolerance against mutations has been 52 

observed in many other proteins (Miller 1979; Reddy, Datta, and Tiwari 1998; Bloom 53 

et al. 2005; Lind, Berg, and Andersson 2010). In addition, conserved elements of 54 

secondary structure from the genomes of RNA viruses were found to be significantly 55 

more resistant to mutations than nonconserved elements (Wagner and Stadler 1999). 56 

 How did this high mutational robustness evolve? One possibility is that it resulted 57 

from direct selection for high mutational robustness (de Visser et al. 2003). The strength 58 

of selection for mutational robustness is at most the magnitude of the deleterious 59 

mutation rate, Udel (Kimura 1967; Proulx and Phillips 2005). For a single RNA or protein 60 

molecule, the deleterious mutation rate is given by 
del delU LPµ= , where µ  is the mutation 61 

rate per site, per generation, L is the length of the sequence, and Pdel is the probability that 62 

a mutation is deleterious. (Note that 1–Pdel is a measure of neutrality or mutational 63 

robustness.) For example, the human enzyme 3MDG has L = 894 nucleotides (nt) and 64 

Pdel = 26% (Guo, Choe, and Loeb 2004). Assuming that µ = 2.5×10
–8

 per base pair (bp) 65 

per generation (Nachman and Crowell 2000), we estimate that Udel ≈ 5.8×10
–6

. Thus, 66 

selection for mutational robustness is expected to be weak in human 3MDG, as well as in 67 

the vast majority of individual gene products. 68 

The main factor determining the extent to which mutational robustness will 69 

respond to direct selection is the effective population size, Ne (Kimura 1968a; Wagner, 70 

Booth, and Bagheri-Chaichian 1997; van Nimwegen, Crutchfield, and Huynen 1999; 71 

Wilke et al. 2001; Azevedo et al. 2006; Forster, Adami, and Wilke 2006). For example, a 72 
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diploid population is expected to respond provided that it obeys the condition 73 

2 1e delN U   (Wright 1931; Kimura 1968b; Li 1978). Therefore, according to theory, 74 

mutational robustness should only evolve under direct selection in taxa with high NeUdel, 75 

such as certain RNA viruses, prokaryotes and unicellular eukaryotes (Drake et al. 1998; 76 

Lynch and Conery 2003). In agreement with this prediction, experimental evidence for 77 

evolution of mutational robustness under direct selection has only been observed in an 78 

RNA virus (Sanjuán et al. 2007). In contrast, the mutational robustness of individual 79 

protein or RNA molecules is expected to be effectively neutral in most multicellular 80 

eukaryotes (Lynch and Conery 2003), suggesting that direct selection is an unlikely 81 

explanation for the findings of high mutational robustness. 82 

 An alternative explanation, known as congruence, is that mutational robustness 83 

evolved as a by-product of selection for another form of robustness (Ancel and Fontana 84 

2000; Gibson and Wagner 2000; Meiklejohn and Hartl 2002; de Visser et al. 2003; 85 

Wagner 2005; Masel and Siegal 2009), such as thermodynamic stability (Ancel and 86 

Fontana 2000), robustness to recombination (Azevedo et al. 2006; Gardner and Kalinka 87 

2006; Misevic, Ofria, and Lenski 2006; Szöllosi and Derényi 2008), or robustness to 88 

transcriptional or translational errors (Ninio 1991; Wilke and Drummond 2006). For 89 

example, RNA molecules alternate rapidly among several different low-energy secondary 90 

structures. Some molecules are more thermodynamically stable than others at a constant 91 

temperature. Using computer simulations, Ancel and Fontana (2000) showed that the 92 

thermodynamic stability of an RNA molecule is positively correlated with its robustness 93 

to mutation, such that selection for the ability to produce a given structure at constant 94 

temperature caused both thermodynamic stability and mutational robustness to increase. 95 

Recently, Montville et al. (2005) demonstrated that mutational robustness evolved 96 

congruently in strains of an RNA virus selected for high and low levels of co-infection. 97 

 A third hypothesis is that mutational robustness is intrinsic (Gibson and Wagner 98 

2000; de Visser et al. 2003; Wagner 2005; Masel and Siegal 2009), that is, it evolved as a 99 

by-product of selection for a gene’s function.  For example, the binding affinity of an 100 

enzyme for its ligand might be genetically correlated to the robustness of the enzyme, 101 

such that selection on the enzyme activity would drive the evolution of robustness. 102 
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In the last decade, RNA molecules such as microRNA precursors (pre-miRNAs) 103 

have emerged as a model system for the study of the evolution of robustness (Wagner 104 

and Stadler 1999; Bonnet et al. 2004; Borenstein and Ruppin 2006; Sanjuán, Forment, 105 

and Elena 2006; Shu et al. 2007; Shu et al. 2008; Szöllosi and Derényi 2009; Churkin 106 

et al. 2010). Mature microRNAs (miRNAs) are short sequences ~21–23 nt in length that 107 

regulate gene expression in eukaryotes (Bartel 2004). Mature miRNAs originate from 108 

longer primary miRNA transcripts.  In animals, miRNA maturation includes four steps 109 

(Bartel 2004): (i) a ~60–70 nt pre-miRNA is cleaved in the nucleus by the RNase III 110 

endonuclease Drosha, and then (ii) exported to the cytoplasm by the RanGTP-dependent 111 

dsRNA-binding protein Exportin 5, where (iii) another RNase III endonuclease, Dicer, 112 

cuts it into a 21-23 nt RNA duplex; (iv) one strand of the RNA duplex—the mature 113 

miRNA—gets incorporated preferentially into a protein complex that inhibits target gene 114 

expression.  Pre-miRNA molecules fold into a stem-loop hairpin structure (Bartel 2004) 115 

(Fig. 1A). The pre-miRNAs of multicellular eukaryotes are not expected to respond to 116 

direct selection for mutational robustness because they are small molecules in organisms 117 

with small populations: if we assume L = 100 and Pdel = 100% (the maximum possible 118 

value), we expect that 2NeUdel ≈ 2Neµ  to range from 0.054 to 0.74 for the pre-miRNAs of 119 

human, mouse, Drosophila melanogaster, and Caenorhabditis elegans (Lynch and 120 

Conery 2003).  121 

Surprisingly, Borenstein and Ruppin (2006) reported evidence for direct selection 122 

for mutational robustness in pre-miRNAs from, among others, the above-listed species. 123 

They found that these RNAs have a higher mutational robustness than random sequences 124 

with the same secondary structure, even after controlling for the robustness arising from 125 

the pre-miRNA hairpin structure (Figs. 1 and S1) and correcting for nucleotide 126 

composition bias. Furthermore, real and random pre-miRNAs did not differ significantly 127 

in their thermodynamic stability, which led them to conclude that the high mutational 128 

robustness was caused by direct, rather than congruent, selection (Borenstein and Ruppin 129 

2006). If correct, these results would imply that, either current population genetics theory 130 

is wrong, or that we have grossly underestimated the effective population sizes and/or the 131 

deleterious mutation rates in multicellular eukaryotes, including humans.  132 
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Subsequent studies (Shu et al. 2007; Szöllosi and Derényi 2009) have challenged 133 

some of Borenstein and Ruppin’s results, although they have confirmed the finding that 134 

the mutational robustness of natural pre-miRNAs is higher than that of random sequences 135 

with the same structure. However, previous studies on the evolution of pre-miRNA 136 

robustness have two important limitations (Bonnet et al. 2004; Borenstein and Ruppin 137 

2006; Shu et al. 2007; Shu et al. 2008; Szöllosi and Derényi 2009). First, they assume 138 

that random or shuffled sequences provide adequate null models for the evolution of pre-139 

miRNAs, whereas natural sequences tend to evolve over much shorter sequence distances 140 

(Ehrenreich and Purugganan 2008; Liang and Li 2009; Nozawa, Miura, and Nei 2010). 141 

Second, the pre-miRNAs considered are not phylogenetically independent (Felsenstein 142 

1985). Here we use a rigorous phylogenetic framework (Fig. 2) to test whether or not the 143 

mutational and environmental robusteness of Drosophila pre-miRNAs have been subject 144 

to selection during 60 million years of evolution. 145 

 146 

 147 

Materials and Methods 148 

Pre-miRNA genes and ancestral sequence reconstruction 149 

We constructed a dataset of pre-miRNAs by downloading Drosophila sequences 150 

from miRBase version 14 (Sept. 2009) (Griffiths-Jones et al. 2008). If a pre-miRNA gene 151 

had orthologs in at least 8 of the 12 Drosophila species found in miRBase (see list in Fig. 152 

2), we included it for ancestral sequence reconstruction.  If a species had multiple copies 153 

of a gene, we excluded all copies in that species.  The pre-miRNA sequences in miRBase 154 

include the product of Drosha cleavage and a small amount of flanking sequence 155 

(Griffiths-Jones et al. 2008). 156 

We gathered a total of 71 pre-miRNA orthologous gene sets (Table S1) and 157 

aligned the sequences for each gene using MAFFT v6.717b (globalpair/G-INS-i 158 

alignment algorithm with default parameters and maximum iterations at 1000) (Katoh 159 

and Toh 2008). The guide tree used for the alignments was the phylogenetic tree in Fig. 2 160 

(Siepel et al. 2005; Rosenbloom et al. 2010). When a gene had orthologs in fewer than 12 161 

species, the tree was pruned to remove the missing OTUs. To reconstruct ancestral 162 

sequence states, we used the web server ANCESTORS v1.0 163 
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(http://ancestors.bioinfo.uqam.ca/ancestorWeb/), which implements a maximum 164 

likelihood method (Blanchette et al. 2008; Diallo, Makarenkov, and Blanchette 2010). 165 

Ancestry was inferred from our alignments and guide trees using the “best exact 166 

scenario” option and default parameters. Ancestral state reconstruction did not take into 167 

account the secondary structures of the sequences involved. We restricted our analyses to 168 

the terminal branches in the ancestral reconstruction that included at least one substitution 169 

and no insertions or deletions (indels), resulting in 221 usable branches (Fig. 2).  170 

 171 

Secondary structure prediction and simulation of alternative descendants 172 

For each of the 221 terminal branches included in our analysis, we predicted the 173 

minimum free energy (MFE) structure of the ancestor and descendant using the folding 174 

algorithm developed by Zuker and Stiegler (1981) and implemented in the RNAfold 175 

program of the Vienna RNA package version 1.8.4 (Hofacker et al. 1994). We then 176 

simulated alternative descendants for each branch by randomly mutating the ancestral 177 

sequence based on the number of substitutions in the natural descendant and keeping 178 

sequences that had the same structure as our descendant sequence (Zuker and Stiegler 179 

1981). The number of possible descendants that are k substitutions away from an ancestor 180 

of sequence length L is 3k
L

k

 
 
 

 (assuming no back mutations). Because this number 181 

quickly becomes very large, we exhaustively searched all possible descendants for 182 

branches that contained k = 1 or 2 substitutions. For branches that contained k ≥ 3 183 

substitutions, we uniformly generated random descendants with replacement. For these 184 

searches, the sampling algorithm stopped when either it found 1,000 descendants with the 185 

same MFE structure (a success) or the probability of finding a descendant with the same 186 

MFE structure was less than 610− . To estimate this probability we used pseudocounts:  187 

 ( ) 1
same structure

2

S
P

N

+
=

+
 188 

where S is the number of successes and N is the total number of sequences tried. 189 

 In addition to simulating possible descendants with the same MFE structure, we 190 

also simulated possible descendants without constraining on structure. As before, we 191 

uniformly generated random descendants of the ancestors of each sequence in our 221-192 
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branch dataset. However, we simply kept the first 1,000 simulated descendants for any 193 

value of k. Because structure was not constrained, these sets contained some sequences 194 

with the same MFE structure as the natural descendant and some with a different 195 

structure. We refer to the two sets of simulations as structure-constrained and structure-196 

unconstrained, respectively. 197 

 198 

Measuring robustness  199 

Robustness is best measured as a variance (Wagner, Booth, and Bagheri-200 

Chaichian 1997; Rice 1998; Gibson and Wagner 2000), but the robustness metrics used 201 

in previous studies of pre-miRNAs (Borenstein and Ruppin 2006; Shu et al. 2007; 202 

Szöllosi and Derényi 2009) do not capture this principle. (Note, however, that employing 203 

the metrics defined in those studies does not change our results qualitatively.) Here we 204 

introduce variance measures of robustness based on the base-pair distance (d) between 205 

two structures calculated using the bp_distance algorithm in the Vienna RNA package 206 

(Hofacker et al. 1994) (the number of bps present in one structure, but not the other).  207 

We define the mutational “fragility” of a sequence of length L as 208 

 

23

1

1

3

L
i

m

i

d
f

L L=

 =  
 

∑   209 

where di is the MFE structural distance between the sequence and its mutant neighbor i. 210 

This statistic is inversely related to robustness ( 0mf =  for a maximally robust sequence). 211 

We measure mutational robustness as 1
m mr f= − . 212 

We define the environmental fragility of a sequence of length L as the variance of 213 

its structural ensemble: 214 

 

2

1

1 1

2

N
j

e

j

d
f

N L=

 
=  

 
∑   215 

where dj is the distance between a sampled pair of structures from the ensemble, and N is 216 

the number of sampled pairs. As before, environmental robustness (or thermodynamic 217 

stability) is calculated as 1e er f= − . We generated ensembles via Vienna RNA’s partition 218 

function folding algorithm (pf_fold) using the default temperature of 310 K, and 219 

calculated fe from N = 10
6
 sampled pairs. 220 
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The distributions of rm and re for the 165 Drosophila pre-miRNAs were similar 221 

and skewed towards the maximum of 1, indicating that these natural sequences are highly 222 

robust (Fig. S4A). Furthermore, the two types of robustness were strongly correlated 223 

(Spearman’s rank correlation: 0.703ρ = ; Fig. S4B). 224 

 225 

Drosophila pre-miRNA trees 226 

Reconstruction of the 71 pre-miRNA genes produced a total of 813 terminal 227 

branches, approximately half had no changes, a quarter had indels, and a quarter had only 228 

substitutions. Fig. 2 shows the phylogeny of the Drosophila species used in this study and 229 

the number of branches that were in the final dataset or excluded for one of three reasons. 230 

As expected, the branches where species had recently diverged such as D. simulans, D. 231 

sechellia, D. pseudoobscura, and D. persimilis were most likely to have branches with no 232 

changes.  233 

The number of terminal branches with only substitutions was 221. About half of 234 

these branches contained a single substitution, but 18% had 4 or more substitutions 235 

allowing us to explore a broad range of evolutionary divergences (Table 1). Eighty 236 

branches had at least 100 samples, and 86 had between 20 and 99 samples. Notably, 6 237 

branches produced no samples with the same structure.  238 

We further pruned these 221 branches by estimating the mutational and 239 

environmental robustness values of each of the samples in their null distributions and 240 

excluding branches that had less than 20 unique mutational robustness values. This 241 

produced a final dataset that contained 165 branches (Fig. 2). The 165 branches came 242 

from 62 orthologous genes; 9 orthologous genes—miR-1, miR-124, miR-125, miR-283, 243 

miR-289, miR-2a-2, miR-2c, miR-307, and miR-iab-4—produced no branches that made 244 

the final dataset. For each Drosophila species, except D. persimilis, we were able to 245 

retain at least 4 terminal branches with only substitutions and a sufficient number of 246 

unique robustness values of simulated sequences (Table S1). Including lower-resolution 247 

branches or excluding branches with a single substitution did not affect our conclusions. 248 

 249 

Test of selection 250 
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 To determine whether pre-miRNA sequences have been selected for increased 251 

robustness, we compared the robustness of the natural sequences to null distributions 252 

produced in our simulations. On some branches, the descendant structure was so unusual 253 

that we did not have enough robustness values to make a meaningful comparison (Table 254 

1). Out of the 221 branches, we excluded ones for which the simulations produced less 255 

than 20 unique values for rm. This gave us 165 branches to test whether there had been 256 

selection for increased robustness (Fig. 2). (Note that one branch from rows 2–4 of Table 257 

1 is excluded due to the uniqueness criteria, resulting in 165 not 166 branches in this 258 

dataset.) Significance was assessed by first calculating the quantile q of each natural 259 

descendant’s r value in the null distribution provided by the set of simulated descendants 260 

selected to have the same MFE structure. Because ties between r values were possible, 261 

we calculated q as the mid-point of any r values in the null-distribution that were the 262 

same as the descendants: 263 

 

( ) ( )1
2j j

j j

I r r I r r

q
N

< + =
=
∑ ∑

 264 

where r is the robustness value (mutational or environmental) for the natural descendant, 265 

rj is the value for the j-th element of the null sample, N is the number of values in the null 266 

sample for that branch, and I is an indicator function. If the natural descendants were not 267 

systematically selected for robustness, then we would expect them to follow their 268 

associated null distributions, so that the values of q should be uniformly distributed.  269 

To evaluate the uniformity of the distribution of q, we used the Anderson-Darling 270 

goodness-of-fit test (Anderson and Darling 1952; Marsaglia and Marsaglia 2004). The 271 

Anderson-Darling test statistic, A, is based on the area between a sample cumulative 272 

distribution function (CDF) and the diagonal (the uniform CDF): 273 

 ( ) ( )1

1

1
2 1 ln 1

n

k n k

k

A n k x x
n

+ −
=

 = − − − − ∑   274 

where 1 2 nx x x< < <  is an ordered set of samples (Marsaglia and Marsaglia 2004). If 275 

this statistic is greater than expected, then the sample is considered to deviate 276 

significantly from uniformity. The significance of A was measured with the statistical 277 

software R (R Development Core Team 2009), using the method of Marsaglia and 278 

Marsaglia (2004) implemented in the ADGofTest package. Because our dataset contained 279 
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uneven sample sizes and ties, we confirmed the significance levels via simulation. We 280 

constructed 1000 simulated datasets by randomly sampling robustness values from the 281 

null distribution of each of our branches and calculating the A statistic for each dataset.   282 

Under the null hypothesis, the CDF consists of uniform order statistics, which 283 

follow a beta(k, n–k+1) distribution, where k is the rank of a point, and n is the sample 284 

size. From the null distribution, we determined the 95% concentration band for the 285 

simultaneous and equal-tail test of points in the CDF.  We found that a pointwise 286 

concentration band with α = 0.000925 rejected only 5% of uniform Monte Carlo 287 

simulations with 165 points. 288 

 289 

 290 

Results 291 

Mutational and environmental robustness have not increased 292 

 If a substantial fraction of Drosophila pre-miRNAs have experienced a recent 293 

history of selection (direct or indirect) for increased robustness, then we might expect 294 

descendant (extant) pre-miRNAs to be more robust than their ancestors. When we 295 

compare the 221 descendants and their predicted ancestors, we find that both mutational 296 

robustness (rm) and environmental robustness (re) have decreased slightly (median 297 

∆rm = –0.0015% and ∆re = –0.0031%; Figs. 3 and S2) and that the change is marginally 298 

statistically significant (paired Wilcoxon test: pm ≈ pe ≈ 0.05). These results suggest that 299 

Drosophila pre-miRNAs have not evolved increased levels of either kind of robustness. 300 

 301 

Neutral evolution of both mutational and environmental robustness 302 

The previous test assumed that neutral evolution of robustness would cause 303 

robustness not to change (on average) between ancestor and descendant. However, this 304 

assumption would not be met if, for example, most mutations caused a reduction in pre-305 

miRNA robustness. To take such a possibility into account we replayed the tape of 306 

evolution (Gould 1989); we generated a null distribution of descendant pre-miRNA 307 

sequences at the same sequence distance (k) from the ancestor and with the same 308 

secondary structure as the real descendant (i.e. with bp distance, d = 0).  Fig. 1B shows 309 

the resulting null distribution for mutational robustness for a representative sequence, the 310 
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D. pseudoobscura mir-317. The null distribution allows us to measure the extent to which 311 

a real descendant pre-miRNA is more or less robust than expected under neutral 312 

evolution, when structure is the only constraint. For example, dps-mir-317 corresponds to 313 

the q = 54.7% quantile of the null distribution, implying that it is slightly more robust 314 

than expected, despite being slightly less robust than its ancestor (Fig. 1B). If the 315 

robustness of Drosophila pre-miRNAs has been evolving neutrally, then we expect that 316 

values of q over the entire dataset should be uniformly distributed. The cumulative 317 

distribution functions (CDFs) of q for mutational and environmental robustness are 318 

plotted in Fig. 4A and do not differ significantly from a uniform distribution (Anderson-319 

Darling test: 0.469mp =  and 0.480ep = , N = 165). The insignificance of these 320 

goodness-of-fit tests was confirmed by simulation ( 0.463mp =  and 0.481ep = ; Fig. 4B). 321 

These results suggest that the robustness of Drosophila pre-miRNAs has evolved 322 

neutrally.  323 

 324 

Strong purifying selection against changes in secondary structure 325 

 So far, we have imposed an absolute constraint on the structure of the natural pre-326 

miRNAs, as did earlier studies (Borenstein and Ruppin 2006; Shu et al. 2007; Szöllosi 327 

and Derényi 2009). Does this assumption make a difference for the outcome of our 328 

analysis? To test this assumption, we generated a new null distribution of descendant pre-329 

miRNA sequences. These were at the same sequence distance (k) from the ancestor as the 330 

real descendant, but their structure was not constrained in any way (i.e. we allowed any 331 

value of d between real and simulated descendant). We then repeated the analysis 332 

described in the previous section. The CDFs of q are plotted in Fig. 5A and show a highly 333 

statistically significant deviation from a uniform distribution (Anderson-Darling test: 334 

64 10p
−< ×  for both rm and re): ~75% of descendants are more robust than expected (q > 335 

0.5). These results are caused by variation in structure; that is, both mutational and 336 

environmental robustness tend to decrease as the structures of simulated sequences 337 

deviate more from the structure of the corresponding (natural) descendant pre-miRNA 338 

(Fig. 5C). This result indicates that the constraint on structure is a crucial assumption of 339 

these analyses. What might cause such a constraint? One possibility is that there is strong 340 

purifying selection against all mutations altering the pre-miRNA structure. If so, then the 341 
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structures of descendants should be closer to those of their ancestors than expected by 342 

chance. To test this prediction, we used the structure-unconstrained null distribution of 343 

descendant pre-miRNA sequences and employed the same approach we used for 344 

robustness in the previous section. Over 90% of descendants were, indeed, structurally 345 

closer to their ancestors than expected under neutral evolution (q > 0.5; Anderson-346 

Darling test: 64 10p
−< × ; Fig. 5B). Therefore, the evolution of Drosophila pre-miRNAs 347 

is consistent with the operation of strong purifying selection in which the functional 348 

constraint is the secondary structure.  349 

 The results so far could be explained by an alternative scenario, in which 350 

robustness is under strong directional selection, while the secondary-structure constraint 351 

is a byproduct of this selection. This hypothesis may also account for the observation that 352 

the structure of pre-miRNAs is robust(de Visser et al. 2003), when compared to the 353 

structures of random or shuffled sequences of the same length (Bonnet et al. 2004; 354 

Borenstein and Ruppin 2006; Shu et al. 2007). This is illustrated in Fig. S1 for the 355 

structure of dps-mir-317; random sequences with the same structure as the natural pre-356 

miRNA are, on average, more robust than random sequences unconstrained for structure.  357 

We tested this “inverted” selection hypothesis and found that our data does not support it 358 

(Fig. S3).  Another argument against this scenario is that selection should act more 359 

strongly on the “mean” structure expressed by individual organisms than on the 360 

“variance” in structure, either within those organisms (environmental robustness) or 361 

among their offspring (mutational robustness). Indeed, it would be difficult to imagine 362 

how selection for robustness in structure could take place in the absence of some form of 363 

purifying selection on structure. 364 

In conclusion, our data is best explained by an evolutionary scenario of neutral 365 

evolution of robustness acting in combination with strong selection against changes in 366 

pre-miRNA structure. 367 

 368 

 369 

Discussion 370 

Theoretically, the strength of direct selection for mutational robustness is at most 371 

the magnitude of the deleterious mutation rate (Kimura 1967; Proulx and Phillips 2005); 372 
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thus, direct selection for mutational robustness should not operate on the pre-miRNAs of 373 

multicellular eukaryotes. Against this expectation, Borenstein and Ruppin (2006) 374 

concluded that eukaryotic pre-miRNAs are under direct selection for mutational 375 

robustness. We investigated the 60-million-year evolutionary history (Tamura, 376 

Subramanian, and Kumar 2004) of mutational and environmental robustness of 377 

Drosophila pre-miRNAs. We replayed the tape of pre-miRNA evolution based on several 378 

explicit evolutionary models. Our analyses provided no evidence that either kind of 379 

robustness evolved under any form of direct selection.  380 

Our conclusion, like those from earlier studies (Borenstein and Ruppin 2006; Shu 381 

et al. 2007; Szöllosi and Derényi 2009), postulates the existence of a strong constraint on 382 

pre-miRNA structure. We have shown that one plausible mechanism for this constraint—383 

strong purifying selection—can explain the observed pattern of evolution in secondary 384 

structure (Fig. 5B). Strong purifying selection can also account for the observation that 385 

Drosophila pre-miRNAs evolve ~30% slower than nonsynonymous sites of protein-386 

coding genes (Nozawa, Miura, and Nei 2010).  Indeed, there is strong evidence that pre-387 

miRNAs are subject to stringent structural constraint: the precise structure of a pre-388 

miRNA influences several aspects of its maturation including recognition and cleavage 389 

by Drosha and nuclear export by Exportin 5 (Zeng and Cullen 2003; Zeng and Cullen 390 

2004; Zeng and Cullen 2005; Zeng, Yi, and Cullen 2005; Han et al. 2006). 391 

Selection against changes in pre-miRNA structure may indirectly result in 392 

mutational and environmental robustness. Borenstein and Ruppin (2006) claimed that the 393 

pre-miRNAs of multicellular eukaryotes show signs of direct selection for mutational 394 

robustness. Our results refute this claim, providing no evidence that Drosophila pre-395 

miRNAs have experienced direct selection for mutational robustness in the last 60 396 

million years. This is in agreement with theoretical expectations. If we assume L = 95 and 397 

Pdel = 85% (Nozawa, Miura, and Nei 2010), then we predict that 2NeUdel ≈ 0.60 < 1 in D. 398 

melanogaster (Lynch and Conery 2003). Under these conditions, direct selection for 399 

mutational robustness would be ineffectual. We also find that inverse folding produces 400 

invalid null distributions. For example, for mir-317-dps, inverse folding of random 401 

sequences (Borenstein and Ruppin 2006; Szöllosi and Derényi 2009) is nearly equivalent 402 

to simulating alternative descendants without constraining for structure (Fig. S1). 403 
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Our results also contradict the results of other studies that concluded that pre-404 

miRNAs have experienced direct selection for environmental robustness (e.g. thermal 405 

stability) (Shu et al. 2007; Szöllosi and Derényi 2009). Simultaneous selection for 406 

robustness to recombination, robustness to transcriptional errors, robustness to 407 

thermodynamic fluctuations, and robustness to all other perturbations failed to cause 408 

congruent evolutionary increase in either mutational robustness or thermal stability.  This 409 

is surprising because (1) multiple buffering mechanisms are expected to act congruently 410 

on robustness, and (2) congruent selection is predicted to be much stronger than direct 411 

selection for mutational robustness (Gibson and Wagner 2000; Meiklejohn and Hartl 412 

2002; de Visser et al. 2003; Wagner 2005; Masel and Siegal 2009). The mutational 413 

robustness and thermal stability of extant Drosophila pre-miRNAs are strongly and 414 

positively correlated (Fig. S4B), and changes between ancestral to descendant sequence 415 

caused highly correlated changes in the two kinds of robustness (ρ = 0.644, data not 416 

shown).  However, there might be tradeoffs with other types of robustness.  For example, 417 

Cooper et al. (2006) found a tradeoff between robustness to mutational and 418 

environmental perturbations in Escherichia coli growth rate.  Alternatively, congruent 419 

selection on these different types of robustness may not be as strong or consistent as 420 

previously thought.  421 

Despite the clear advantages of our approach over those employed in earlier 422 

studies, it does have three limitations. First, we only consider a single high likelihood 423 

reconstruction of the evolutionary history of each orthologous gene. The uncertainty 424 

involved in ancestral state reconstruction could be incorporated into these analyses 425 

through Bayesian phylogenetic methods (Robinson et al. 2003). Second, we allowed 426 

nucleotide substitutions to occur anywhere in a sequence, when it is clear that different 427 

regions of Drosophila pre-miRNA sequences evolve at different rates (Nozawa, Miura, 428 

and Nei 2010). Third, we did not consider indels, when they have obviously played an 429 

important role in pre-miRNA evolution. However, there is no reason to assume that these 430 

limitations have biased our analyses. 431 

Another potential limitation of our study, as well as of previous work on pre-432 

miRNA (e.g. Borenstein and Ruppin 2006; Shu et al. 2007; Szöllosi and Derényi 2009), 433 

may be that the MFE predictions of the secondary structures of pre-miRNAs have not 434 
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been experimentally validated.  We note however that in a recent, detailed study of the 435 

structures of 10 human pre-miRNAs (Krol et al. 2004), structure prediction correctly 436 

inferred close to 90% of bps.  One way to improve our methods is to extend our measures 437 

to consider the ensemble of alternative equilibrium structures with a free energy within 438 

some threshold of the MFE structure (Mathews 2006; Ancel and Fontana 2000; 439 

McCaskill 1990). 440 

In conclusion, contrary to earlier claims, there is no evidence that these RNAs 441 

have been shaped by either direct or congruent selection for any kind of robustness.  442 

Instead, the high robustness of Drosophila pre-miRNAs appears to be mostly intrinsic, 443 

and likely a consequence of selection for functional structures. Our study should serve as 444 

a cautionary tale for claims on the adaptive value of robustness (e.g., von Dassow et al. 445 

2000; Meir et al. 2002; Eldar et al. 2003). 446 

 447 

Supplementary Material 448 

Fig. S1: Four null distributions generated for dps-mir-317. 449 

Fig. S2: A version of Fig. 3 showing outlying points. 450 

Fig. S3: Test of the “inverted” selection hypothesis. 451 

Fig. S4: Mutational and environmental are skewed and correlated. 452 

Table S1: Results of constrained simulations. 453 
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Tables  622 

 623 

Table 1. Number of substitutions and size of structure-constrained null distributions per 624 

branch  625 

 626 

 627 

  Number of Substitutions
*
 

  1 2 3 4 5 6+ Total 

S
iz
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o
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N
u
ll

 

D
is

tr
ib

u
ti

o
n
 

0–19 36 13 0 1 1 4 55 

20–99 75 11 0 0 0 0 86 

100–999 1 12 1 0 4 5 23 

1000+ 0 11 21 12 8 5 57 

Total 112 47 22 13 13 14 221 

*
branches with indels or no substitutions are excluded 628 

 629 

630 
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Figure Captions 631 

 632 

Fig. 1: No evidence of evolution of mutational robustness in D. pseudoobscura mir-317. 633 

(A) Secondary structure of dps-mir-317. The pre-miRNA folds into a stem-loop hairpin 634 

structure. The horizontal line marks the location of the mature miRNA. (B) Density plot 635 

of the structure-constrained null distribution of mutational robustness for dps-mir-317.   636 

The null distribution consists of 1000 sequences differing from the predicted ancestor in 637 

any k = 5 nucleotide positions but with exactly the same length (L = 90 nt) and structure 638 

as dps-mir-317.  See Fig. S1 for additional null distributions. 639 

 640 

Fig. 2: Summary of the pre-miRNA dataset. Seventy-one sets of orthologous pre-miRNA 641 

genes from Drosophila were analyzed using the above phylogenetic tree (Rosenbloom 642 

et al. 2010; Siepel et al. 2005). (See http://tinyurl.com/drostree for original.) Divergence 643 

dates were taken from (Tamura, Subramanian, and Kumar 2004). Only evolutionary 644 

events that occurred on the tips (black lines) were counted. For genes found in all twelve 645 

species, inferred ancestors were used at the nodes with black circles. The table 646 

summarizes the number of branches/sequences for each species that were filtered for (1) 647 

showing no evolution, (2) containing indels, or (3) having null distributions with low 648 

resolution, i.e. fewer than 20 unique values for mutational robustness. The remaining 649 

branches were part of the final dataset. See Materials and Methods for more details.  650 

 651 

Fig. 3: Mutational and environmental robustness have not increased from ancestor to 652 

descendant. Comparisons of mutational and environmental robustness in the 221 natural 653 

pre-miRNAs used in this study with estimated values in corresponding ancestors.   654 

Numbers in the bottom left of panels indicate the percentage of points in either half of the 655 

panel, defined by the y = x diagonal.  Some outlying points (< 10) are not plotted (see 656 

Fig. S2). 657 

 658 

Fig. 4: Neutral evolution of robustness. (A) The cumulative distribution function (CDF) 659 

of q values (black lines) of the robustness of pre-miRNAs compared to their 660 

corresponding structure-constrained null distributions. Anderson-Darling test statistics 661 
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(A) and their associated p-values are also shown.  The dashed lines represent the expected 662 

values of points in a CDF for a uniform distribution, and dotted lines mark 95% 663 

concentration bands (only 5% of uniform CDFs of this size are expected to have at least 664 

one point outside this region).  (B) Histograms of the simulated distributions for each A 665 

statistic; p-values do not change noticeably. 666 

 667 

Fig. 5: Strong purifying selection against changes in secondary structure. (A) CDF of q 668 

values of the robustness of pre-miRNAs compared to their corresponding structure-669 

unconstrained null distributions. (B) CDF of q values of the structural distance between 670 

ancestor and descendant pre-miRNAs compared to their corresponding structure-671 

unconstrained null distributions. (C) Median mutational robustness of the sequences from 672 

the structure-unconstrained null distributions binned according to their structural distance 673 

from the natural descendant pre-miRNA. Robustness decreases as the distance to natural 674 

structures increases.  675 

676 
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