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The properties and origin of genetic robustness have recently been investigated in sev-
eral works that examined microRNA stem-loop structures, and a variety of conclusions
have been reached without agreement. Considering that this is a universal phenomenon
that is not restricted to miRNAs, we recall the original work on this topic that began
from looking at viral RNAs of several types. We provide a link to this work by exam-
ining the neutrality of HCV structural elements, performing a detailed bioinformatic
analysis using RNA secondary structure predictions across genotypes. This study pro-
vides supporting evidence for direct evolution of genetic robustness that is not limited
to noncoding RNAs participating in gene regulation, but includes functionally impor-
tant structural elements of the hepatitis C virus (HCV) that show excess of robustness
beyond the intrinsic robustness of their stem-loop structure. These findings further sup-
port the adaptive behavior of genetic robustness in functional RNAs of various types
that seem to have evolved with selection pressure towards increased robustness.

Keywords: Mutational robustness; RNA secondary structure prediction.

1. Introduction

The ability of an organism to exhibit increased neutrality and show a significant
degree of robustness against mutations has been a topic of wide interest. The
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evolution of mutational robustness in RNA viruses has been previously addressed
by computer simulation.1,2 Comparison between conserved and non-conserved
elements using programs from the Vienna RNA package,3 like alidot, has demon-
strated an emergence of increased neutrality in RNA viruses.1 The evolutionary
origin of robustness, however, is still a subject of ongoing debate. Recently, in
Ref. 4, evidence for the direct evolution of genetic robustness has been shown for
microRNAs, by estimating their mutational robustness and comparing with ran-
dom RNA sequences that fold into the same stem-loop structure. This was done
on miRNAs using RNAinverse and other suitable programs from the Vienna RNA
package.3 Follow-up works5,6 have remained in the scope of miRNAs, each suggest-
ing a somewhat different divergence from the analysis in Ref. 4 that eventually led
them to offer a contrasting viewpoint of congruent evolution of genetic and envi-
ronmental robustness in miRNAs. Here, significant evidence that HCV secondary
structural elements have evolved with selection pressure towards increased robust-
ness is shown using the RNAinverse3 program. This widens the scope of such obser-
vations that are certainly not limited to miRNAs, but can also be demonstrated
with RNA secondary structure predictions in other functionally important systems.

Mutational robustness describes the extent to which the phenotype of an organ-
ism remains constant in spite of mutation. A general discussion can be found in
Refs. 7 and 8. Mathematical models that consider robustness in the context of neu-
tral networks and neutral evolution dynamics are available in Refs. 9–11. Computer
simulations that relate to increased neutrality are also found in Ref. 12 among other
works. Increased mutational robustness in RNA viruses was biologically demon-
strated in Ref. 13 but might be attributed to effects other than to direct evolution
of robustness (for example, in the experiment performed in Ref. 13, complementa-
tion weakens selection for robustness). In the original work of Wagner and Stadler,1

it was shown that conserved RNA secondary structure elements are consistently
more robust than non-conserved elements in different groups of RNA viruses. By
this comparison it provided evidence for the first time in computer simulations that
mutational robustness has evolved in RNA viruses. The materials and methods in
Ref. 1 included as data several HCV sequences that were available at the time, along
with several sequences from the other two RNA viral groups of Dengue virus and
HIV1. The analysis presented here does not repeat the comparison between con-
served and non-conserved elements available in Ref. 1. In our analysis, we provide
further support for direct evolution of robustness in RNA viruses with up-to-date
sequence data taken from the Los Alamos HCV database,14 which was not available
in the late 1990s. Furthermore, the methods used work well on RNA viruses and
there is no need to be restricted to miRNAs as in recent works.4,5,6

We begin with a genome-wide study of the mutational robustness of rep-
resentative stem-loops of the HCV. We show that the secondary structures of
HCV stem-loops from IRES and core exhibit a significantly high level of muta-
tional robustness when compared with random RNA sequences that have the same
secondary structure. The secondary structures of the HCV stem-loops examined in
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this work (IIIabc stem-loop from IRES and SL248, SL337 from core) are highly
conserved between HCV genotypes, hypothesizing that they are essential in virus
replication and have been under evolutionary pressure to conserve their secondary
structure. This pressure favored robust configurations and may have led to the
evolution of robustness.

2. Materials and Methods

2.1. RNA folding prediction

The RNA secondary structures in this study were predicted by an energy mini-
mization approach15 using RNAfold available in the Vienna RNA package,3,16,17

noting that similar predictions can be done with mfold.18 RNAinverse that is addi-
tionally available in the Vienna RNA package was used to generate a reference set
of sequences that fold into the same secondary structure as the original sequence.

2.2. HCV database

The sequences of the IRES IIIabc, SL248 and SL337 stem-loops for each one of
the six HCV genotypes were extracted from the Los Alamos HCV database14 and
these sequences were filtered such that for each genotype we collect only those
sequences that differ from other sequences by at least one base. We particularly
chose the stem-loops mentioned above because for these three stem-loops, we found
enough (for statistical analysis) number of different sequences that fold using energy
minimization prediction methods in a similar way to the secondary structures that
were obtained by biological experiments. We also filtered several sequences that
contained different letters than (A,T,U,C,G) and several sequences that failed to
fold to the experimentally known biological structures of these stem-loops. Our aim
was to choose a representative set for which there is complete information about
their sequence composition and the folding prediction methods we use are tested
in advance to work adequately on them.

2.3. RNA secondary structure of HCV

Having chosen segments from HCV as our model system, knowledge about the RNA
secondary structure of HCV is taken into account throughout this work. Here, a
basic background is provided about their overall structure.

Figure 1 depicts the general assembly of the HCV genome. The IRES, from
which stem-loop IIIabc was taken in this study, is highlighted in the left. Its con-
stituents can be viewed in more detail in Ref. 20. The core region is labeled as “C”
in Fig. 1 and it contains stem-loops SL248 and SL337. More information about
the core and the importance of its stem-loops for HCV replication can be found
in Ref. 21. Another important region is the NS5B domain, for which information
can be found in Ref. 22 about some of its functional elements. The whole assembly
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Fig. 1. The genome of HCV. The genome is composed of three major regions with high resemblance
between different HCV genotypes. The 5′UTR and the extreme end of the 3′UTR are the most
conserved regions of HCV RNA. There is more than 90% identity between different genotypes
at the 5′UTR, which is involved in the initiation of both translation and RNA replication. The
3′UTR, however, differs in length in different genotypes but is highly conserved among viral strains
of the same genotype. The IRES has a unique structure consisting of four domains, playing an
important role in translation initiation. The core region, labeled “C”, contains a number of stem-
loops that are well conserved among all genotypes and are involved in replication.19

contains important stem-loop structures that have been a subject of considerable
interest, some of which are better conserved than others and well predicted by
energy minimization methods; hence we picked these particular ones for the anal-
ysis in our study.

It should be noted that RNA folding prediction by energy minimization men-
tioned above was already used in conjunction with phylogenetic and experimental
methods to investigate the RNA secondary structure in the HCV genome. In a
body of works, to name but a few, the RNA secondary structures in a variety of
functional elements throughout the HCV genome were studied (e.g. Ref. 23) and
also genome-scale ordered RNA structures (GORS) were detected and analyzed
starting in Ref. 24.

2.4. Neutrality calculation

For a quantitative measure of mutational robustness, the neutrality η is calculated.
The neutrality of an RNA sequence of length L that was used in Ref. 4 is defined as
η = (L − d)/L, where d is the base-pair distance between the secondary structure
of the original sequence and the secondary structure of the mutant, averaged over
all 3L one-mutant neighbors. The base-pair distance that is available in the Vienna
RNA package3,17 is used as a distance measure between two RNA secondary struc-
tures. We argue against the more stringent neutrality measure that was suggested
in Ref. 6, defined as the fraction of neutral single mutant neighbors, i.e. those that
have an identical MFE structure to the original sequence. In many cases, experience
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with RNAMute25 shows that there are nearly identical MFE structures to the origi-
nal sequence and those should not be discarded. For example, taking sequences that
are about 100 nt long from the HCV IRES IIIabc stem-loops of various genotypes,
we observe the following regarding their single-mutant neighborhood: about 30% of
the mutants fold to an identical MFE structure as the original sequence; about 50%
are grouped in base pair distance from 1 to 4, which are nearly identical, and only
about 20% are with distances > 4. If we only count the number of identical MFE
structures, the neutrality calculation will neglect important information. From our
acquaintance with RNA folding prediction methods, we do not find deviations from
the logical definition of neutrality given above necessary for the HCV segments we
examined.

2.5. Robustness and significance analysis

For consistency and simplicity in the presentation, we use a similar labeling as in
Ref. 4. For each RNA sequence, we measure the neutrality of the native stem-loop,
ηm, and evaluate the neutrality of this stem-loop structure expected by chance, ηc,
as the average neutrality of 100 random sequences that fold into the same stem-loop
structure using RNAinverse that is available in the Vienna RNA package.3,17 To
determine whether the increased robustness observed for some genotype or some
group of sequences is statistically significant, the magnitude and sign of the dif-
ferences between the paired values ηm and ηc are obtained and analyzed by the
nonparametric Wilcoxon signed rank test for paired data. The rank of the native
stem-loop neutrality, r, among the neutrality of the 100 inversely folded sequences
is calculated as well. The significance level of each RNA sequence robustness is then
evaluated by p = r/101, providing an estimate for the probability of observing an
equal or higher neutrality value by chance. Sequences for which r ≤ 5 (correspond-
ing to p < 0.05) are labeled as significantly robust.

2.6. RNA hairpin structure intrinsic neutrality

To quantify the level of the RNA neutrality that stems intrinsically from the RNA
hairpin structure (as opposed to neutrality resulting from direct selection towards
robustness measured above), an additional reference set is produced for each stem-
loop. This set consists of 100 shuffled sequences produced by the Altschul–Erikson
dinucleotide shuffle algorithm, which were made available by Clote and co-workers
in Ref. 26, maintaining the RNA stem-loop mononucleotide and dinucleotide fre-
quencies. The average neutrality of this set is used as a baseline neutrality value to
evaluate the level of excess neutrality associated with the RNA hairpin structures.

3. Results

3.1. Robustness results according to neutrality

We calculated the neutrality of each one of the IRES IIIabc, SL248 and SL337
stem-loops in all six genotypes. For IRES IIIabc, 195 out of 200 sequences (97.5%)
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Table 1. Percentage of robust sequences for IRES IIIabc, SL248 and SL337 stem-loops.

No. of No. of robust
Genotype sequences sequences (%) P -value ηm ηc

(a) Robustness analysis of IRES IIIabc stem-loop structures within each genotype.

All genotypes 200 195 (97.5) 2.17 × 10−33 0.93±0.03 0.83±0.02
1 1a 1 (100) — 0.94 0.81
2 43 43 (100) 1.16 × 10−8 0.95±0.02 0.82±0.01
3 48 47 (98) 6.91 × 10−9 0.92±0.03 0.85±0.02
4 43 39 (90.7) 6.33 × 10−8 0.90±0.04 0.82±0.02
5 8 8 (100) 0.031 0.91±0.01 0.81±0.01
6 57 57 (100) 5.31 × 10−11 0.94±0.02 0.81±0.01

(b) Robustness analysis of SL248 stem-loop structures within each genotype.

All genotypes 695 677 (97.4) 4.87 × 10−110 0.96±0.01 0.93±0.03
1 59 59 (100) 2.47 × 10−11 0.96±0.01 0.93±0.01
2 138 138 (100) 2.23 × 10−24 0.95±0.02 0.91±0.03
3 164 159 (97) 4.95 × 10−27 0.96±0.01 0.94±0.03
4 141 134 (95) 1.08 × 10−22 0.97±0.01 0.95±0.02
5 12 12 (100) 4.88 × 10−4 0.96±0.01 0.93±0.01
6 181 175 (96.7) 3.19 × 10−29 0.96±0.01 0.94±0.03

(c) Robustness analysis of SL337 stem-loop structures within each genotype.

All genotypes 401 394 (98.3) 4.95 × 10−67 0.93±0.03 0.86±0.03
1 35 35 (100) 2.59 × 10−7 0.96±0.01 0.90±0.02
2 109 107 (98.2) 1.43 × 10−19 0.94±0.03 0.88±0.03
3 69 69 (100) 5.37 × 10−13 0.94±0.02 0.83±0.02
4 49 49 (100) 1.15 × 10−9 0.94±0.02 0.86±0.03
5 10 10 (100) 0.002 0.91±0.02 0.84±0.03
6 129 124 (96.1) 2.41 × 10−22 0.92±0.04 0.84±0.03

Note: aAll sequences in this genotype are the same.
P -values denote the probability of observing the increased neutrality found in each geno-
type (in SL248, SL337 and IRES IIIabc stem-loops) by chance and are calculated with

the Wilcoxon signed rank test for paired data.

were found to be robust, according to the criterion that neutrality of the native
sequence (ηm) is greater than the neutrality of the random sequences that have the
same structure (ηc). The exception consists of several sequences from genotype 4
that folded slightly different from the common HCV IIIabc stem-loop (two out of
three stems have a shift of several bases). The results for IRES IIIabc, SL248 and
SL337 are summarized in Table 1.

3.2. Neutrality distribution

An increase in the neutrality of the HCV native stem-loops can also be observed
in the different distributions of neutrality values in native versus inversely folded
stem-loops. This can be viewed in Fig. 2(a) for IRES IIIabc, Fig. 2(b) for SL248 and
Fig. 2(c) for SL337. Average neutralities of the native and inversely folded sequences
for each stem-loop can be observed in Table 1 (first row in each one of the three table
sections). From the table we can observe the relatively large differences between
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(a) (b)

(c) (d)

(e) (f)

Fig. 2. Neutrality and rank distribution for sequences of IRES IIIabc, SL248 and SL337 stem-loops
from HCV.
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average neutralities in the IRES IIIabc stem-loop [0.93 versus 0.83 respectively,
Table 1(a)] and in the SL337 stem-loop [0.93 versus 0.86 respectively, Table 1(c)],
whereas there is a relatively small difference in the SL248 stem-loop [0.96 versus
0.93 respectively, Table 1(b)]. However, in all three examined stem-loops the two
distributions were significantly different (p < 2.17 × 10−33 for IRES IIIabc, p <

4.87 × 10−110 for SL248 and p < 4.95 × 10−67 for SL337; Wilcoxon signed rank
test for paired data), corroborating the hypothesis that evolved stem-loops of HCV
are more robust than that expected by chance. Examining the robustness of HCV
stem-loops for each one of the six genotypes provided a similar picture for each
genotype separately (see also Table 1). The neutrality distribution graphs for each
one of the genotypes separately can be found in the Supplementary Material.

3.3. Rank distribution

The level of neutrality for each sequence in the analysis was also evaluated by
calculating the rank (r) of the neutrality of native sequence among the neutralities
of all 100 random inversely folded sequences with the same secondary structure (see
Sec. 2). High ranks indicate robust sequences. Significantly robust sequences have
r < 6 (e.g. p-value < 0.05) and significantly non-robust sequences have r > 95. By
inspecting rank distribution, a clear tendency towards high ranks can be viewed in
Fig. 2(d) for IRES IIIabc, Fig. 2(e) for SL248 and Fig. 2(f) for SL337.

3.4. Robustness results according to rank

Some observations from the distributions of ranks can be made. First, in IRES
IIIabc, 136 of 200 (68%) sequences were found to be significantly robust and zero
sequences were found to be significantly non-robust. For 195 out of 200 (97.5%)
sequences, r < 25. Second, a similar procedure was performed for SL248 and SL337,
and the results are summarized in Table 2. Taken together, we find a relatively large
number of significantly robust sequences while there are no significantly non-robust
sequences in IRES IIIabc and SL337 stem-loops. The SL248 is less robust than
others but still has 25 significantly robust sequences versus only one significantly
non-robust sequence. From these results we may conclude that stem-loop IIIabc
from IRES is much more robust than SL248 and SL337 stem-loops from core, while
within the core, the SL337 stem-loop is more robust than the SL248 stem-loop. The
graphs of the rank distributions for each one of the six genotypes separately can be
found in the Supplementary Material.

3.5. Ratio between adaptive and intrinsic robustness

In comparing our finding to that in Ref. 4, we quantified the ratio between the adap-
tive robustness of HCV stem-loops, ηm−ηc, and its intrinsic robustness, ηc−ηs. The
values that were obtained for all genotypes are listed in Table 3. As can be observed
from the results, for core stem-loops we obtain positive values for intrinsic robust-
ness: in SL337 most of the robustness comes from the adaptive robustness, while
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Table 2. Robustness analysis of IRES IIIabc (a), SL248 (b) and SL337 (c) stem-loops,
for each one of the six HCV genotypes.

Pearson
No. of correlation

Genotype sequences m − ηcη c − ηsη coefficient P -value

(a) IRES IIIabc

All genotypes 200 0.10±0.04 −0.01 ± 0.02 −0.70318 5.31 × 10−31

1 1 0.13 −0.01 — —
2 43 0.13±0.02 −0.02 ± 0.02 −0.71796 5.98 × 10−08

3 48 0.07±0.04 0.01 ± 0.02 −0.7687 1.77 × 10−10

4 43 0.09±0.05 −0.02 ± 0.02 −0.73411 2.12 × 10−08

5 8 0.10±0.01 −0.02 ± 0.01 −0.52735 0.0896
6 57 0.12±0.02 −0.01 ± 0.02 −0.5233 2.96 × 10−05

(b) SL248

All genotypes 695 0.03±0.02 0.14±0.03 −0.79632 1.88 × 10−153

1 59 0.03±0.02 0.14±0.02 −0.62862 9.77 × 10−08

2 138 0.04±0.02 0.11±0.04 −0.81647 3.02 × 10−34

3 164 0.03±0.03 0.14±0.03 −0.85447 6.14 × 10−48

4 141 0.02±0.02 0.16±0.02 −0.80399 3.50 × 10−33

5 12 0.03±0.02 0.13±0.02 −0.84403 0.0006
6 181 0.03±0.02 0.14±0.03 −0.81946 3.88 × 10−45

(c) SL337

All genotypes 401 0.08±0.03 0.04±0.04 −0.58857 9.6 × 10−39

1 35 0.06±0.02 0.09±0.02 −0.70531 2.23 × 10−06

2 109 0.06±0.02 0.05±0.03 −0.56761 1.23 × 10−10

3 69 0.11±0.02 0.01±0.02 −0.44659 0.0001
4 49 0.07±0.02 0.04±0.03 −0.79646 7.76 × 10−12

5 10 0.07±0.02 0.02±0.04 −0.71781 0.0194
6 129 0.08±0.04 0.02±0.03 −0.43117 3.38 × 10−07

Table 3. Comparison of adaptive versus intrinsic robustness
for IRES IIIabc, SL248 and SL337 stem-loops.

IRES IIIabc SL248 SL337

Percent of robust
sequences

97.5% 97.4% 98.3%

Percent of non-robust
sequences

2.5% 2.6% 1.7%

Percent of significantly
robust sequences

68% 3.6% 30.2%

Percent of significantly
non-robust sequences

0% 0.1% 0%

in the SL248 stem-loop most of the robustness comes from the intrinsic robustness.
In the IRES IIIabc stem-loop we obtain intrinsic robustness close to zero and even
negative, which means that all of the robustness in this stem-loop comes from the
adaptive robustness. In IRES IIIabc the dinucleotide composition of the sequence
appears to be as robust as the secondary structure of this stem-loop (or even more,
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ηs ≥ ηc), and indeed, in HCV, IRES is highly conserved in both sequence and
structure. For example, an indication for the important role of primary sequence
in IRES can be found in several works, e.g. Ref. 27. In order to verify that these
results do not come from the long sequence of the IRES IIIabc stem-loop in our
analysis, we partitioned the IIIabc (112 nt), and checked the smaller stem-loop IIIb
(46 nt). The results obtained are the same as that for the full IIIabc stem-loop.

4. Discussion

We have reported on a detailed statistical analysis for the IIIabc, SL248 and SL337
functional stem-loops, which encompass all six HCV genotypes. The core protein
is a multifunctional protein that besides composing the viral nucleocapsid, which
packages the viral genomic RNA, is found to be modulating a number of cellular
regulatory functions like apoptosis (promoting host’s cell death) and cell prolifera-
tion by physical interaction and inhibition of tumor suppression genes (p53).28 In
addition, a more specific role has been attributed to SL248 in replication. It has
been shown that a combination of mutations induced in a number of stem-loops in
the core encoding region, including a mutation in SL248, delayed viral replication
kinetics and reduced viral titers.21 Considering the known location and properties
of all three stem-loops analyzed, no evidence was found to speculate in advance
that one stem-loop should be more mutationally robust than the others. The com-
putational results show that stem-loop III from IRES is more mutationally robust
than core stem-loops SL248 and SL337, and that for IRES most of the robustness
calculated comes from the adaptive robustness. This might be attributed to an evo-
lutionary origin, but alternative hypotheses cannot be ruled out when comparing
in between these stem-loops.

Focusing on the mutational robustness of the three representative HCV stem-
loop structures, this study provides further evidence for direct evolution of increased
robustness in HCV. Theoretically, it is possible that selection might have favored
a more stable folding and these more stable structures may happen to be more
robust to mutations. In such a case the increased robustness is a secondary effect of
selection for another feature (for example, thermodynamic stability, which is posi-
tively associated with mutational robustness10,12). However, viral RNA secondary
structure motifs in general and HCV motifs in particular, such as the stem-loops
taken in this study, need to be sufficiently flexible to unfold for processes like repli-
cation or translation in HCV,21 making thermodynamic stability less likely as the
primary effect. Moreover, deleterious mutations have been shown in HCV func-
tional elements that lead to increased thermodynamic stability (e.g. Ref. 20). In
addition, no correlation was found between GC content and mutational robust-
ness in the HCV sequences examined in our study. Even though these arguments
support direct selection for mutational robustness in HCV, a larger set of experi-
mentally studied RNA secondary structure elements is required in order to reach
a conclusive statement. Nevertheless, by using a larger number of sequences than
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previous studies,1 our findings strongly suggest the possibility of direct selection for
robustness in an important class of viral RNAs. Furthermore, it suggests that HCV
RNA sequences are more suitable than miRNAs for robustness studies that involve
reliable folding predictions by energy minimization. This is because as shown in
this study, enough HCV sequences that fold in a similar way to what is obtained
in biological experiments can be collected for performing a proper statistical anal-
ysis, whereas for miRNAs it was shown in Ref. 29 that out of a representative
set of 10 microRNA precursors, the majority of experimentally determined struc-
tures differ from those predicted. In principle, more types of biologically relevant
RNA molecules other than viral RNAs can be taken for assessing their mutational
robustness, but caution is advised and the reliability of the predictions should also
be considered.

Supplementary Material

The Supplementary Material consists of four files: a general figure file, a table
for IRES file, a table for SL337 file, and a table for SL248 file. The files can be
downloaded from http://www.worldscinet.com/jbcb/.
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