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Abstract. Influenza A virus is characterised by remarkable genome di-
versity in multiple virus strains. New strains are continuously evolved,
occasionally leading to dangerous outbreaks and pandemics. Local RNA
secondary structures were predicted in several regions of the influenza A
virus genome. The conserved structures may be functional in either ge-
nomic negative-sense RNA (e.g. involved in vRNA packaging) or positive-
sense mRNA, regulating gene expression. As thousands of genomic se-
quences are available, it is important to estimate the extent of struc-
ture conservation and statistically significant structural constraints. Such
constraints are detected using calculations of mutual information and
entropy values for the paired nucleotide positions in the conserved struc-
tures. Furthermore, these calculations demonstrate the presence of evolu-
tionarily conserved alternative conformations such as pseudoknot/hairpin
equilibria or alternative hairpins. Remarkably, conformational transitions
in some of the influenza virus lineages that determined major virus out-
breaks can also be predicted. The analysis of influenza virus RNA struc-
ture evolution shows that it has an epochal character resembling the
evolution of its antigenic properties.

1 Introduction

Influenza A virus is an important pathogen infecting various animals, including
humans. Wild aquatic birds are the main reservoir of the virus, that continuously
produces new strains able to cause a disease in other species [1]. Especially
dangerous are the outbreaks of novel virus variants in humans and in poultry.

The virus genome consists of eight negative-sense RNA segments. The in-
fluenza A viruses are classified according to the subtypes of two segments en-
coding the surface glycoproteins, haemagglutinin (HA) and neuraminidase (NA).
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The main known subtypes of human viruses are H1N1, circulated in 1918-1957
and since 1977, H2N2 (1957-1968) and H3N2 (since 1968). All these subtype
changes resulted in pandemics, and in 2009 a pandemic was caused by a novel
H1N1 variant. More subtypes (H1-H16 and N1-N9, with various combinations)
circulate in birds, occasionally leading to major outbreaks in poultry and pre-
senting continuous threat for humans [1]. Various virus subtypes are able to
exchange their genomic segments upon infection of host cells, leading to gener-
ation of new gene constellations via reassortment.

Similar to what is observed in other RNA virus genomes, it has been sug-
gested that influenza A virus genome, including its protein-coding parts, has
regions of functional higher-order RNA structures [2-5]. Existence of such struc-
tures may be an important factor in virus evolution. Here, we attempt to deter-
mine potential contribution of structural constraints in the virus genome evolu-
tion using structural models that present the evidence of coordinated variation in
the paired nucleotides (covariations). The patterns of influenza A virus genome
variation can be studied using available data on thousands of different strains,
circulated in different periods of time in various hosts [6]. In order to detect
statistically significant correlations, we use the calculations of mutual informa-
tion (MI) and entropy values for the sequence alignment positions. In this work,
we focus on two smallest segments of influenza A virus genome, that were sug-
gested to have conserved structured domains, in particular, because of regulation
of alternative splicing [2-5, 7-8].

2 Methods

The sequences of M segment (segment 7, 1027 nucleotides) and NS segment (seg-
ment 8, 890 nucleotides) were retrieved from the NCBI Influenza Virus Resource
[6]. Conserved structures were predicted using RNAalifold program [9] with var-
ious datasets of representative strains. Repeated prediction of local structural
elements by RNAalifold in different datasets and the presence of compensatory
changes (covariations) was used to identify potential conserved structures. It
should be emphasized that the actual number of functional structures could be
higher, but here we restricted our analysis only to those that could be reliably
supported by covariations and thus reveal the evolutionary constraints imposed
by RNA folding. The alternative structure formation was also studied by the
free energy minimization program Mfold [10].

The covariations detected in the representative datasets were further eval-
uated using all available sequences. The segment sequences were aligned using
the multiple alignment program of the NCBI Influenza Virus Resource [6], using
the options to sort the strains according to virus subtype, host, time of isolation,
geographic origin etc. This allowed us to detect important evolutionary transi-
tions. The numbers of database sequence entries containing specific nucleotide
combination at the putatively paired positions were counted and used for mu-
tual information calculations. In order to minimize the influence of the database
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bias on the computation, the overrepresented 2009 pandemic H1N1 strains were
filtered out.

The MI and entropies in the alignment columns were calculated as described
by Gutell et al. [11]. The mutual information at two nucleotide positions x and
y was calculated as follows:

M(x, y) = Σf(bxby) ∗ log4
f(bxby)

f(bx) ∗ f(by)
, (1)

where f(bx) and f(by) are nucleotide occurrence frequencies (bx, by = A, G, C, or
U) and f(bxby) are the frequencies of nucleotide combinations at the positions
x and y. For given x and y, the summation is taken over all observed bxby
combinations. This value is maximum M(x,y) = 1 for the perfect correlation
with f(AU) = f(UA) = f(GC) = f(CG) = 1/4, and the minimum M(x,y) = 0 if
no correlation is seen, that is, if for all combinations f(bxby) = f(bx) ∗ f(by).

As M(x,y) may have low values even at correlated positions due to strong
sequence biases, the ratios R1(x, y) and R2(x, y) [11], that take the entropy terms
for each of the positions into account, were calculated. The formula for M(x,y)
can be rewritten in the following way:

M(x, y) = H(x) +H(y) −H(x, y), (2)

where H is an entropy term

H = Σf(b) ∗ log4[f(b)] (3)

that describes variation at a nucleotide position or in a base pair. The entropy
values allow to estimate the correlation at two (probably biased) positions using
two ratios: R1(x, y) = M(x, y)/H(x) and R2(x, y) = M(x, y)/H(y). Both ratios
are between 0 and 1, higher values correspond to more significant correlations.
In general, the values are not equal to each other.

3 Conserved structures in the M segment

Conserved structures have previously been predicted in several regions of the M
segment [4, 5, 7, 8]. These structures are located in the regions of splice sites and
in the packaging signal region. A host-specific covariation has been suggested to
occur in the hairpin predicted in the packaging signal region [4]. In this hairpin,
the base pair at positions 970 and 991 is predominantly UA in avian strains,
while human viruses have mostly CG (Fig. 1).

The study of all currently available M segment sequences confirms statistical
significance of the 970/991 covariation. Indeed, the overwhelming majority of
avian and swine strains contain UA base pair and human viruses have predom-
inantly CG (Fig. 1). The number of exceptions from this rule is very small: 204
out of 20894 sequences, that is, less than 1%. The total number of sequences with
a non-Watson-Crick pair at this position is even smaller: 86 (0.4%). This is re-
flected in the mutual information value (0.47), which can be considered as rather
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Fig. 1. Conserved hairpin in the packaging signal region of the influenza A virus M
segment. Host-specific covariation 970/991 is boxed.

high, taking into account that the nucleotides at both positions mostly fluctuate
between only two possibilities. Both ratios R1(x, y) and R2(x, y) between mutual
information and entropy values at the two positions (see Methods), that take
this bias into account, reach the value of 0.96, thus close to the maximum of 1
corresponding to a perfect correlation.

Such high values indicate a significant correlation between two nucleotides,
suggesting a considerable constraint on variability of two nucleotides, imposed
by RNA structure. Interestingly, the early human strains (isolated in 1918 and
1933) still contain the avian-like UA pair, presumably inherited from an avian
precursor of these viruses [e.g. 1]. In the later human viruses, an UA pair is
observed only in two Memphis strains of 1978 and 1979, apparently formed via
CA mismatch (Fig. 1), other UA-containing M segments of human viruses have
swine origin [e.g. 12, 13]. Several covariations at the positions 970-991 and two
other base pairs in the hairpin stem have occurred in avian and human viruses
(Fig. 1). Being independent evolutionary events, these covariations further con-
firm functionality of the predicted structure and its influence on the sequence
variability. However, bearing in mind the number of analyzed sequences, popu-
lation size and circulation time, the number of independent covariation events is
rather small. It should be noted that the presence of C970-G991 pairs in swine
strains in contrast to the predominant UA pair is determined by human virus
origin of some swine virus lineages [e.g. 14].

Small number of compensatory changes preserving the base-pairing was also
observed in the structures suggested in the splice site regions of M segment,
where single mutations outnumber covariations [5, 8]. This conclusion is consis-
tent with our calculations of mutual information values showing that structural
constraints are considerably weaker in these conformations than those in the
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967-994 hairpin. Thus, the best values for covariations from the data of Moss
et al. [8], are M(x,y)=0.08; R1(x, y) = 0.17 and R2(x, y) = 0.15, showing no
significant correlation between paired positions.

4 Conserved structures in the NS segment

4.1 Alternative structures in the NS 3’ splice site region

Two alternative structures, a pseudoknot and a hairpin (Fig. 2A,B) have pre-
viously been suggested in the 3’ splice site region of NS segments of influenza
viruses [2, 3]. Both structures are supported by covariations between sequences
from two distinct clusters of influenza A virus NS segments (clade A and clade
B) and influenza B virus NS segments. Furthermore, the folding of these alter-
natives in vitro was shown by experiments with model oligonucleotides [2].

A conformational transition shifting the equilibrium between two alternatives
have been suggested to occur in the lineage of avian influenza A H5N1 viruses
that have spread over the world and remain endemic in Asia. The transition is
caused by a single G-to-C mutation at position 563 (Fig. 2), that destabilises
the pseudoknot in favour of more stable hairpin, and can be induced in in vitro
experiments [2]. The C563 mutation is stably nested in several lineages of highly
pathogenic H5N1 viruses since 2001 and is present in all available NS sequences
from H5N1 infections of humans since then.

Fig. 2. Alternative structures in the 3’ splice site region of influenza A virus NS mRNA.
The substitutions in the strains of avian influenza outbreaks as compared to the avian
clade A consensus are indicated.

Analysis of recent outbreaks of avian influenza infecting humans indicates
that similar conformational shifts may be an important feature of virus adap-
tation, and a folding ensemble in the 3’ splice site region may be even more
complicated. Thus, highly pathogenic H7N3 viruses that caused an outbreak in
Mexico in 2012 [15] contain three mutations in this region as compared to the
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consensus for avian viruses: A564, C565 and G578 (Fig. 2). Remarkably, the
C565 and G578 substitutions constitute a covariation stabilising another hair-
pin competing with both pseudoknot and the hairpin sharing the stem with
the pseudoknot (Fig. 2C). The alternative hairpin, folded between nucleotides
558-585, is conserved in all influenza A NS segments, suggesting that it may be
important player in the competition between folding alternatives. Recent H7N9
viruses that caused a severe outbreak in China in 2013 [16], also exhibit compen-
satory changes at positions 564 and 579 in this hairpin (Fig. 2C). Furthermore,
the substitutions A540 and A562, observed in these H7N9 viruses and in the
H9N2 strains from which they inherited NS segments by reassortment [16], are
expected to considerably destabilise the pseudoknot (Fig. 2A).

Thus, in these three important outbreaks of avian influenza the equilibrium
is expected to shift from pseudoknot to one or both alternative hairpins (Fig. 2).
Moreover, analysis of available sequences shows that the substitutions leading
to these shifts are rare in other avian strains. The C563 is unique for highly
pathogenic H5N1 viruses. The C565-G578 compensatory change, besides three
sequenced NS segments from Mexican 2012 H7N3 outbreak, is observed in only
one other avian clade A NS sequence (out of 9138 available ones), and each of
these substitutions is a quite uncommon one. The A564-U579 combination is
almost unique for H7 and H9 viruses: it occurs in 63 and 153 out of total of 710
and 1289 strains, respectively (8.9% and 11.9%, respectively), while it is present
in only 13 out of 7139 strains (0.18%) from all other avian clade A lineages. The
pseudoknot-destabilising mutation G540 is abundant only in H7 and H9 viruses:
97 and 241 strains, respectively, while only 12 cases are seen in other viruses.
Similarly, A562 occurs in 94 H7 strains, 51 H9 strains and 36 viruses from other
groups.

Interestingly, although the A564-U579 covariation is more frequent in H9
than in H7 strains, the 564/579 base pair seems to be more important for H7
viruses. The nucleotide substitutions at these positions do not seem to correlate
in H9 strains (M(x,y) = 0.017; R1(x, y) = 0.058; R2(x, y) = 0.035), but the
correlation values are higher in H7 : M(x,y) = 0.08; R1(x, y) = 0.30; R2(x, y) =
0.20.

Similar structures can be folded in the clade B NS segments of influenza A
viruses, albeit the 558-585 hairpin is considerably less stable thermodynamically
as compared to that in clade A. Remarkably, highly pathogenic H5N1 viruses
seem to destabilise the clade B pseudoknot as well. All 20 clade B NS segments
of this lineage contain A at position 524, apparently destabilising the pseudoknot
junction, because the overwhelming majority of clade B NS segments (2254 out of
2293 available sequences) contain a GA non-canonical pair at positions 524/563
that is a covariation as compared to UG pair in clade A (Fig. 2A) [2].

4.2 Alternative structures in the NS 5’ splice site region

A structured domain, predicted in the 5’-proximal part of NS mRNA intron
[17], has been shown to be conserved in both clade A and B segments [4, 5].
The predicted folding in the region 107-174 (or 81-148 in the numbering from
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the start of the NS1 protein reading frame) has been evidenced by structure
probing in vitro [18]. Here we show that the 107-174 domain is a part of larger
structured domain that encloses the 5’ splice site located upstream at positions
56/57. This conclusion is based on the analysis of possible structures in this
region and covariation patterns, given below.

The suggested larger domain (46-182) as predicted by free energy minimiza-
tion is shown in Fig. 3. It consists of an extended stem-loop 107-174 till nu-
cleotides 94-182 and an adjacent stem-loop structure between positions 46-93.
The closing stem of the 94-182 is conserved in clade A NS segments of human
and avian strains. Moreover, a strong indication to importance of this stem is
obtained from the covariation at the terminal base pair 94-182 (Table 1).

The avian strains have predominantly the CG pair at these positions. The
CG pair is also present in the majority of the human H1N1 viruses. However,
during circulation of human H2N2 strains (1957-1968) the pair undergoes a co-
variation transition: in 1961-1962 it becomes an UG wobble pair, and since 1963
it is predominantly CG. The CG pair is also inherited by H3N2 human viruses
that substituted the H2N2 subtype in 1968. Mutual information calculations, in
particular, the M(x,y) ratios to position entropies, show that the nucleotides at
positions 94 and 182 do correlate in avian and human strains: M(x,y) = 0.37;
R1(x, y) = 0.86 and R2(x, y) = 0.79. However, this constraint disappears in swine
strains (Table 1), and mutual information values are not significant.

Table 1. Number of clade A NS segment sequences from human, avian and swine
influenza A virus strains with various nucleotide combinations at positions 94-182

strains CG CA UG UA CC CU UC UU GG GA

avian 8683 269 15 1 35 6 - - 1 -
human H1N1 1512 6 1 2 15 5 - - - -
human H2N2 1957-1960 55 - 1 1 - - - - - -
human H2N2 1961-1962 - - 6 1 - - - - - -
human H2N2 1963-1968 1 - - 54 - - - - - -
human H3N2 1968-now 3 10 2 4210 14 9 4 - - 3

total avian+human 10254 285 25 4269 64 20 4 - 1 3
swine 375 165 1 66 1172 259 3 1 - -

The remarkable conservation of the 94-182 pair in avian and human viruses
and its disappearance in swine strains turn out to correlate with alternative fold-
ings in the 5’-proximal stem-loop 46-93 (Fig. 3). In avian and human viruses,
the 94-182 base pair contributes to the so-called coaxial stacking [19] at the
junction of two helices in the predicted domain structure. Predictions using free
energy minimization by Mfold program [10] clearly demonstrate that without
this coaxial stacking the bottom helix of the 46-93 stem-loop is not formed at
all because of its positive free energy contribution. However, upon the folding of
the 94-182 structure the formation of the 46-93 stem is favoured thermodynam-
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Fig. 3. The predicted structure in the 46-182 region of influenza A virus NS mRNA.
The minimum free energy prediction yielded by Mfold [10] for the avian consensus
sequence and the main changes in the 5’ splice site region in human and swine viruses
are shown. The 5’ splice site (5’ss) is indicated by arrow. Covariations are boxed.
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ically: in avian strains the free energy gain is 2.2 kcal/mol according to Mfold
predictions.

Such coaxial stacking contributions may be very considerable, because stack-
ing free energies at the junctions of two helices are even lower than those between
base pairs in the regular double helices. Indeed, according to the coaxial stack-
ing measurements with model oligonucleotides [19], the stabilisation of the 46-93
stem by C94-G182 pair is 4.3 kcal/mol. Thus, the presence of the 94-182 base
pair is expected to affect the RNA conformation in the 5’ splice site region
(nucleotides 56/57).

Predictions of possible alternative foldings further confirm a correlation be-
tween 94-182 base-pairing and the 5’ splice site conformation. While the folding
in the region 46-93 of the NS segment of the first known human strain of 1918
is still identical to the conserved avian structure, this structure is changed in
later human viruses (Fig. 3). Nevertheless, a coaxially stacked conformation at
the 46-93/94-182 junction is still possible in all human strains. Two substitu-
tions (U50 and A83), occurring simultaneously with CG transition to UA at
position 94-182, rearrange the interior of the 46-93 folding. This conformation
is conserved in subsequent human strains and is supported by a covariation at
positions 53-83, undergoing a slow transition during 1977-1992 from UA via CA
mismatch to CG pair. Due to a large number of CA mismatches, only one of cor-
relation values is relatively high for this base pair: R1(x, y) = 0.6, while R2(x, y)
= 0.36 and M(x,y) = 0.1.

The absence of correlation between nucleotides 94 and 182 in swine viruses
also correlates with the folding of the splice site region. In contrast to early
swine strains with avian-like structure, in later classical swine viruses the 46-
93 stem-loop structure is disrupted in favour of more stable alternative 57-94
stem-loop (Fig. 3). Apparently, a conformation of the 5’ splice site is changed.
This conformation is thermodynamically stable in the absence of coaxial stacking
and, consistently, a pressure to keep the 94-182 pairing disappears. Moreover,
several mutations disrupt the whole closing stem of domain 94-182, while the 57-
94 stem-loop is retained in subsequent swine viruses. However, two synonymous
mutations (G86 and A89) in the 2009 H1N1 pandemic human strains, which
received their NS segments from classical swine viruses by reassortment [20],
destabilize this conformation in favour of a structure more similar to that in
human viruses (Fig. 3). Interestingly, this structure in the 2009 pandemic strains
contains a convergence covariation at positions 50-86 as compared to this pair
in the human H3N2 strains.

5 Discussion

The presented results show that influenza A virus genome segments encode RNA
structures that impose significant constraints on sequence evolution. These con-
straints are seen in high values of mutual information M(x,y) and/or of M(x,y)
ratios to entropy values at the alignment positions of paired nucleotides. It
should be noted that many covarying positions are biased (for instance, fluc-
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tuating mostly between only two nucleotide types, unequally represented in the
available data), leading to relatively low M(x,y) values. However, this problem
can be solved by using ratios of M(x,y) to entropies that take variations at the
paired positions into account. The detected constraints suggest that predicted
structures perform important functions in the virus replication.

Similar to what is observed in other RNA viruses, these functions may be
diverse. For instance, the location of the M segment hairpin (Fig. 1) in the re-
gion known to include packaging signals, strongly suggests its involvement in the
packaging of viral RNA in the virion. Moreover, this hairpin is thermodynami-
cally stable in negative-sense vRNA. However, it is also stable in positive-sense
mRNA, thus some other regulatory role in gene expression cannot be excluded.

The presence of conserved conformations in the regions of both 5’- and 3’-
splice sites of two intron-containing segments of the influenza virus genome
strongly suggests involvement of RNA structure in splicing regulation. Further-
more, a number of specific conformational changes indicate that such a regulation
is an important feature of virus adaptation. Thus, the shift from pseudoknot to
alternative hairpin conformations at the NS gene 3’ splice site is predicted to ac-
company several important outbreaks of avian influenza affecting humans (Fig.
2). The regulatory structures at the 5’ splice site, suggested by thermodynamic
and comparative analysis, undergo host-specific evolution, evolving a variety of
topologies (Fig. 3). Interestingly, the swine-origin NS segments of human 2009
H1N1 pandemic viruses seem to return to human-like conformation, presumably
adapting their splicing to human cells. Adaptation of the influenza virus RNA
splicing to different environments has also been suggested previously [21-23]. In
particular, alterations in the NS mRNA structure were suggested to correlate
with the reduced splicing in neurovirulent strains [21].

The predicted lineage-specific conformational shifts in various regions of the
influenza virus genome suggest an epochal character of virus RNA structure
evolution. Similar to evolution of influenza virus antigenic properties [24], the
evolution of RNA folding occurs with relatively long periods (epochs) of stable
phenotypic features (in this case RNA topologies), punctuated by rare confor-
mational shifts.

The number of observed nucleotide covariation events is also relatively small.
Partially it is explained by virus RNA protein-coding properties: many of these
covariations lead to amino acid changes that may affect virus fitness. On the
other hand, high mutual information values show that RNA folding dictates
correlated substitution patterns at multiple positions in the viral genome. Apart
from importance of the covariations in providing evidence for structure function-
ality, they may have implications in the virus phylogeny reconstruction, as many
phylogenetic approaches are based on an assumption of uncorrelated mutations
that may be invalid [25]. The used method for estimating significance of mu-
tual information with a correction for sequence bias can help in understanding
influenza virus adaptation and evolution.
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