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A B S T R A C T   

Group A rotavirus (RVA), possessing a genome of 11 segmented double-stranded RNAs, is considered to undergo 
selective packaging, in which one copy of each genomic segment is incorporated into a virion. The selective 
packaging is thought to be mediated by formation of supra-molecular complex for 11 positive-sense RNAs 
(+RNAs) through inter-segmental interaction of complementary nucleotide sequence regions, termed the 
bundling signal. Here, genomic sequences for mammalian and avian RVA isolates were analyzed to identify co- 
evolving pairs of complementary nucleotide sequence regions containing compensatory divergences and poly-
morphisms, allowing for existence of slightly deleterious mutations partially disrupting complementarity. In the 
predicted secondary structure of +RNAs, intra-segmental co-evolving pairs mostly constituted stems, and were 
involved in formation of pan-handle structure in the VP1, VP3, and NSP4 segments and stem-loop structure at the 
5′ terminal region in the VP7 segment, at the 3′ terminal region in the VP6 and NSP4 segments, and in the middle 
of the NSP2 segment. Inter-segmental co-evolving pairs between the 5′ terminal region each in the VP3 and NSP3 
segments, the middle and 5′ terminal regions in the NSP1 and NSP2 segments, respectively, and the 5′ and 3′

terminal regions in the NSP2 and NSP3 segments, respectively, tended to constitute loops, suggesting that these 
pairs may interact as bundling signals.   

1. Introduction 

Group A rotavirus (RVA) is an etiological agent of acute gastroen-
teritis in young mammals and birds (Bishop et al., 1973). The genome of 
RVA consists of 11 segmented, double-stranded RNAs (dsRNAs), each of 
which encodes viral protein 1 (VP1), VP2, VP3, VP4, VP6, VP7, non- 
structural protein 1 (NSP1), NSP2, NSP3, NSP4, or NSP5/6 (Dessel-
berger, 2014). Due to a low particle-to-plaque forming unit ratio (two- 
five) and an equimolar synthesis of 11 dsRNAs as well as 11 negative- 
sense RNAs (-RNAs) in infected cells, RVA is considered to undergo se-
lective packaging; i.e., one copy of each genomic segment is incorpo-
rated into a virion (Hundley et al., 1985; Patton, 1990; Joklik and Roner, 
1995). 

During the replication cycle of RVA, genomic segments are incor-
porated into a virion in the form of 5′ capped, 3′ non-polyadenylated, 
positive-sense RNA (+RNA) (McDonald et al., 2016). The +RNAs of 
genomic segments are known to form stem-loop structure typically 
within ~200 nucleotides at the 5′ and 3′ terminal regions and pan- 
handle structure via 5′ and 3′ terminal long-range interaction (Tortor-
ici et al., 2006; Li et al., 2010). Upon incorporation into a virion, 11 
+RNAs are thought to be bundled as a supra-molecular complex through 
inter-segmental interaction of complementary nucleotide sequence re-
gions, termed the bundling signal (Goto et al., 2013; Borodavka et al., 
2017; Fajardo et al., 2017). Bundling signals may be a target for anti- 
viral drugs to inhibit the replication cycle of RVA. In addition, 
compatibility of bundling signals between RVA strains may be an 
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indicator for occurrence of reassortment (McDonald et al., 2016). 
However, the nucleotide sequences of bundling signals in RVA are 
largely unknown. 

Complementary nucleotide sequence regions that are functionally 
relevant may co-evolve neutrally or nearly neutrally through compen-
satory mutations under the constraint for maintaining complementarity 
(Kimura, 1983, 1985). Compensatory mutations in bundling signals may 
suppress reassortment between wild-type and mutant strains, and may 
eventually promote speciation (Matthijnssens and Van Ranst, 2012; 
McDonald et al., 2016). Although reassortment is known to occur within 
mammalian RVA as well as within avian RVA (Ward et al., 1990; 
Schumann et al., 2009), mammalian and avian RVAs are considered to 
have evolved independently along with their hosts without reassortment 
(Ito et al., 2001; Trojnar et al., 2009). Thus, inter-segmental co-evolving 
pairs of complementary nucleotide sequence regions containing 
compensatory divergences between mammalian and avian RVAs were 
considered as candidates for bundling signals in a previous study 
(Suzuki, 2014). 

It should be noted, however, that compensatory mutations in 
bundling signals may cause not only compensatory divergences between 
populations but also compensatory polymorphisms within populations 
(Kimura, 1983, 1985). In addition, mutations partially disrupting 
complementarity in bundling signals may exist within populations, 
because generally the proportion of slightly deleterious mutations may 
attain ~10 % (Fay et al., 2001). The purpose of the present study was to 
analyze genomic sequences for mammalian and avian RVA isolates to 
identify co-evolving pairs of complementary nucleotide sequence re-
gions containing compensatory divergences and polymorphisms, 
allowing for existence of slightly deleterious mutations partially dis-
rupting complementarity. 

2. Materials and methods 

2.1. Sequence data 

2.1.1. Smaller data set 
Nucleotide sequences of 11 genomic segments for 88 mammalian 

and two avian RVA isolates, which were analyzed in a previous study 
(Suzuki, 2014) to identify co-evolving pairs of complementary nucleo-
tide sequence regions containing compensatory divergences between 
mammalian and avian RVAs without allowing for existence of slightly 
deleterious mutations disrupting complementarity, were re-analyzed in 
the present study (supplementary Table S1). Multiple sequence align-
ment has been performed for each genomic segment, and lack of reas-
sortment between mammalian and avian RVAs has been confirmed by 
phylogenetic analysis; i.e., mammalian and avian RVA isolates always 
formed distinct clusters in the phylogenetic tree (Suzuki, 2014). 

2.1.2. Larger data set 
To examine the effect of the number of genomic sequences on effi-

ciency of identifying co-evolving pairs of complementary nucleotide 
sequence regions, the complete nucleotide sequences of 11 genomic 
segments for 241 mammalian and 12 avian RVA isolates were retrieved 
from the International Nucleotide Sequence Database (INSD) on 
February 22, 2022 (supplementary Table S2). For each genomic 
segment, multiple sequence alignment was performed for the total of 
253 nucleotide sequences using the computer program MAFFT (version 
7.475) (Katoh et al., 2002) with default settings. Phylogenetic tree was 
constructed by the neighbor-joining (NJ) method with the p distance, 
which was known to produce reliable topologies when closely related 
sequences were analyzed (Nei and Kumar, 2000; Yoshida and Nei, 2016) 
using MEGA (version 10.1.8) (Kumar et al., 2018), and was visualized 
using FigTree (version 1.4.4) (Rambaut, 2018). Reliability of interior 
branches was assessed by the bootstrap method with 1000 re-samplings. 
In the phylogenetic trees, mammalian and avian RVAs always formed 
distinct clusters, except for VP4 (supplementary Figs. S1–S11), in which 

one reassortment event may be inferred to have occurred shortly after 
divergence of mammalian and avian RVAs. Nevertheless, lack of reas-
sortment between mammalian and avian RVAs was largely supported 
(Ito et al., 2001; Trojnar et al., 2009). 

2.2. Data analysis 

2.2.1. Identifying co-evolving pairs of complementary nucleotide sequence 
regions containing compensatory divergences between mammalian and avian 
RVAs 

Multiple alignments of nucleotide sequences for 11 genomic seg-
ments of mammalian and avian RVA isolates were analyzed to identify 
co-evolving pairs of complementary nucleotide sequence regions con-
taining compensatory divergences between mammalian and avian 
RVAs. For this purpose, pairs of complementary mono-nucleotide posi-
tions within and between genomic segments were detected by exam-
ining complementarity for each of mammalian and avian RVA isolates. 
Here, only U-A and C-G were regarded as complementary, though U-G 
may form a wobble base pair, to reduce false-positives in identifying co- 
evolving pairs of complementary nucleotide sequence regions that were 
functionally relevant. In addition, proportion q of mammalian and avian 
RVA isolates was allowed to be non-complementary to take into account 
existence of slightly deleterious mutations partially disrupting comple-
mentarity. Since the proportion of slightly deleterious mutations may 
attain ~10 % (Fay et al., 2001), q was set to be 0 and 0.1. In practice, 
among number i of mammalian or avian RVA isolates, j, which was the 
smallest integer equal to or greater than i × q, were allowed to be non- 
complementary. Among the pairs of complementary mono-nucleotide 
positions, co-varying pairs were defined as the pairs in which comple-
mentary bases observed in mammalian RVA isolates were different from 
those observed in avian RVA isolates. The proportion of co-varying pairs 
among all pairs of complementary mono-nucleotide positions was 
designated p. 

The pairs of complementary mono-nucleotide positions detected 
above should include not only interacting pairs but also non-interacting 
pairs. Since compensatory mutations maintaining complementarity may 
be neutral or nearly neutral for interacting pairs, interacting pairs may 
tend to become co-varying pairs during evolution. As a result, the pro-
portion of co-varying pairs among interacting pairs may become greater 
than that among non-interacting pairs, and p may represent an inter-
mediate value. Thus, among the pairs of complementary nucleotide 
sequence regions, which were composed of two or more contiguous 
pairs of complementary mono-nucleotide positions, those containing a 
greater number of co-varying pairs than expected from p may be co- 
evolving and interacting. For each pair of complementary nucleotide 
sequence regions with the length of x bases, a statistical test was con-
ducted to examine whether the number of co-varying pairs contained (y) 
was significantly greater than expected from p based on the binomial 
probability. Bonferroni correction for multiple testing was performed 
with the total number of the pairs of complementary nucleotide 
sequence regions with the length of x bases for ensuring 5 % family-wise 
false-positive rate (Sokal and Rohlf, 1995). 

2.2.2. Identifying co-evolving pairs of complementary nucleotide sequence 
regions containing compensatory polymorphisms within mammalian and 
avian RVAs 

Multiple alignments of nucleotide sequences for 11 genomic seg-
ments of mammalian and avian RVAs were also analyzed to identify co- 
evolving pairs of complementary nucleotide sequence regions contain-
ing compensatory polymorphisms within mammalian RVA. For this 
purpose, pairs of complementary mono-nucleotide positions within and 
between genomic segments were detected by examining complemen-
tarity for each of mammalian RVA isolates, allowing for non- 
complementarity in j isolates as described above (Fay et al., 2001). 
Among the pairs of complementary mono-nucleotide positions, co- 
varying pairs were defined as the pairs in which each of two or more 
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different pairs of complementary bases were observed in more than j 
mammalian RVA isolates. The proportion of co-varying pairs among all 
pairs of complementary mono-nucleotide positions was designated p. 
Pairs of complementary nucleotide sequence regions containing a 
greater number of co-varying pairs than expected from p were identified 
as described above (Sokal and Rohlf, 1995). Co-evolving pairs of com-
plementary nucleotide sequence regions containing compensatory 
polymorphisms within avian RVA were identified in a similar manner. 

2.2.3. Predicting secondary structures for co-evolving pairs of 
complementary nucleotide sequence regions 

Intra-segmental and inter-segmental co-evolving pairs of comple-
mentary nucleotide sequence regions that are functionally relevant may 
constitute stems and loops, respectively, in the secondary structure of 
+RNAs for genomic segments. In particular, inter-segmental co-evolving 
pairs that were considered to be functionally relevant may be candidates 
for bundling signals. Secondary structure was predicted for +RNA of 
each genomic segment for human isolate Wa (Wyatt et al., 1980; 
Wentzel et al., 2013) and pigeon isolate PO-13 (Minamoto et al., 1988; 
Ito et al., 2001), which were prototypes of mammalian and avian RVAs, 
respectively, based on the minimum free energy using RNAfold (version 
2.4.18) (Gruber et al., 2008) with default settings. In addition, consensus 
secondary structure was predicted taking into account sequence varia-
tion among 241 mammalian and 12 avian RVA isolates based on the 
minimum free energy using RNAalifold (version 2.4.18) (Gruber et al., 
2008) with default settings. Since the length of nucleotide sequences 
was limited to 3000 bases in RNAalifold, the 5′ and 3′ terminal 1500 
bases each were concatenated for the VP1 segment. The predicted 
consensus secondary structures for mammalian and avian RVAs were 
similar to the predicted secondary structures for Wa and PO-13, 
respectively, unless otherwise stated below. 

3. Results 

3.1. Smaller data set 

Genomic sequences for 88 mammalian and two avian RVA isolates 
were analyzed to identify co-evolving pairs of complementary nucleo-
tide sequence regions containing compensatory divergences between 
mammalian and avian RVAs. When slightly deleterious mutations dis-
rupting complementarity were not allowed to exist by setting q = 0, 
seven pairs were identified as co-evolving (supplementary Table S3). 
After eliminating overlaps, three pairs remained; two intra-segmental 
pairs with six and three bases long within the VP7 segment and one 
inter-segmental pair with six bases long between the NSP2 and NSP3 
segments (supplementary Table S4). Both of the intra-segmental pairs 
constituted stems in the secondary structure of the VP7 segment in Wa 
(supplementary Fig. S12) and PO-13 (supplementary Fig. S13), sug-
gesting that the VP7 segment may form functional stem-loop structure at 
the 5′ terminal region. In the secondary structure of the NSP2 and NSP3 
segments, the inter-segmental pair was involved in intra-segmental 
base-pairings in Wa (supplementary Fig. S12) but loops in PO-13 (sup-
plementary Fig. S13), suggesting that the pair may interact as a bundling 
signal at least in avian RVA. These results were the same as reported in 
Suzuki (2014). When slightly deleterious mutations partially disrupting 
complementarity were allowed to exist by setting q = 0.1, one intra- 
segmental pair with six bases long within the VP3 segment was identi-
fied as co-evolving (supplementary Tables S6 and S7), in addition to one 
inter-segmental pair between the NSP2 and NSP3 segments identified 
above. The intra-segmental pair within the VP3 segment constituted a 
stem in PO-13 (Fig. 1). In addition, the pair constituted a stem in the 
consensus secondary structure for mammalian RVA (supplementary 
Fig. S14), suggesting that the pair may be involved in formation of pan- 
handle structure in the VP3 segment. 

Co-evolving pairs of complementary nucleotide sequence regions 
were also identified as the pairs containing compensatory 

polymorphisms within 88 mammalian RVA isolates. When q was set to 
be 0, six intra-segmental and three inter-segmental pairs were identified 
as co-evolving (supplementary Tables S7 and S8). All of six intra- 
segmental pairs, including one pair with six bases long within the VP1 
segment, two pairs with three and two bases long within the VP6 
segment, and three pairs with three bases long within the NSP4 segment, 
constituted stems in Wa (Fig. 1, supplementary Fig. S12), supporting 
formation of pan-handle structure in the VP1 segment and stem-loop 
structure at the 3′ terminal region in the VP6 and NSP4 segments. In 
contrast, all of three inter-segmental pairs, i.e., one pair each between 
the VP1 and NSP3 segments, VP2 and NSP3 segments, and NSP3 and 
NSP5/6 segments, were only two bases long (supplementary Tables S7 
and S8). As for the pairs between the VP1 and NSP3 segments and VP2 
and NSP3 segments, positions 115–116 of the VP1 segment and posi-
tions 365–366 of the VP2 segment were both paired with positions 
665–666 of the NSP3 segment. In addition, although positions 115–116 
of the VP1 segment and positions 365–366 of the VP2 segment were 
involved in loops, positions 665–666 of the NSP3 segment were involved 
in intra-segmental base-pairings (supplementary Fig. S12). As for the 
pair between the NSP3 and NSP5/6 segments, positions 515–516 of the 
NSP3 segment were involved in a loop, but positions 145–146 of the 
NSP5/6 segment were involved in intra-segmental base-pairings (sup-
plementary Fig. S12). Thus, these pairs may not interact as bundling 
signals. When q was set to be 0.1, six intra-segmental pairs were iden-
tified as co-evolving; five pairs within the VP6 segment and one pair 
within the NSP4 segment (supplementary Tables S9 and S10). All of six 
pairs constituted stems in Wa (Fig. 1), supporting formation of stem-loop 
structure at the 3′ terminal region in the VP6 segment and pan-handle 
structure in the NSP4 segment. 

Co-evolving pairs of complementary nucleotide sequence regions 
were further identified as the pairs containing compensatory poly-
morphisms within two avian RVA isolates. When q was set to be 0, one 
intra-segmental pair with 11 bases long within the NSP4 segment was 
identified as co-evolving (supplementary Tables S11 and S12). The pair 
constituted a stem in PO-13 (Fig. 1), supporting formation of stem-loop 
structure at the 3′ terminal region in the NSP4 segment. The analysis 
with q = 0.1 was not applicable, because of the small number of genomic 
sequences analyzed (two). 

3.2. Larger data set 

In the analysis of genomic sequences for 241 mammalian and 12 
avian RVA isolates to identify co-evolving pairs of complementary 
nucleotide sequence regions containing compensatory divergences be-
tween mammalian and avian RVAs with q = 0, two pairs were identified 
as co-evolving (supplementary Tables S13 and S14). Both of these pairs, 
i.e., one intra-segmental pair within the VP7 segment and one inter- 
segmental pair between the NSP2 and NSP3 segments, were identified 
in the analysis of smaller data set. When q was set to be 0.1, one intra- 
segmental pair within the VP3 segment and one inter-segmental pair 
between the NSP2 and NSP3 segments were identified as co-evolving 
(Tables 1 and 2), as observed in the analysis of smaller data set. How-
ever, two inter-segmental pairs between the VP3 and NSP3 segments 
and NSP1 and NSP2 segments were additionally identified as co- 
evolving (Tables 1 and 2). As for the pair between the VP3 and NSP3 
segments, positions 34–37 in both Wa and PO-13 of the VP3 segment 
and positions 158–161 in Wa and positions 201–204 in PO-13 of the 
NSP3 segment tended to constitute loops (Fig. 1), suggesting that the 
pair may interact as a bundling signal. As for the pair between the NSP1 
and NSP2 segments, positions 172–176 in Wa and positions 167–171 in 
PO-13 of the NSP2 segment were involved in loops, but positions 
664–668 in Wa and positions 783–787 in PO-13 of the NSP1 segment 
were involved in intra-segmental base-pairings (supplementary 
Figs. S12 and S13). However, in the consensus secondary structure for 
the NSP1 and NSP2 segments in mammalian RVA, the pair constituted 
loops (supplementary Fig. S15), suggesting that the pair may interact as 
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Fig. 1. Local secondary structures around nucleotide positions involved in intra-segmental (blue) and inter-segmental (orange) co-evolving pairs of complementary 
nucleotide sequence regions in the VP3 (A), VP6 (B), NSP3 (C), and NSP4 (D) segments for Wa and in the VP3 (E), NSP3 (F), and NSP4 (G) segments for PO-13. The 
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a bundling signal at least in mammalian RVA. 
Co-evolving pairs of complementary nucleotide sequence regions 

were also identified as the pairs containing compensatory poly-
morphisms within 241 mammalian RVA isolates. When q was set to be 0, 
one intra-segmental pair within the VP6 segment and one inter- 
segmental pair between the NSP3 and NSP5/6 segments were identi-
fied as co-evolving (supplementary Tables S15 and S16), as observed in 
the analysis of smaller data set. However, two intra-segmental pairs 
within the VP4 and NSP1 segments were additionally identified as co- 
evolving. Although positions 217–218 and positions 958–959 of the 
VP4 segment did not constitute a stem, positions 1529–1530 and posi-
tions 1550–1551 of the NSP1 segment constituted a stem in Wa (sup-
plementary Fig. S12), supporting formation of stem-loop structure at the 
3′ terminal region in the NSP1 segment. When q was set to be 0.1, three 
intra-segmental pairs within the VP6 segment were identified as co- 
evolving (supplementary Tables S17 and S18), as observed in the anal-
ysis of smaller data set. 

Co-evolving pairs of complementary nucleotide sequence regions 
were further identified as the pairs containing compensatory poly-
morphisms within 12 avian RVA isolates. When q was set to be 0, three 
intra-segmental pairs within the NSP4 segment were identified as co- 
evolving (supplementary Tables S19 and S20). All of three pairs 
constituted stems in PO-13 (Fig. 1), supporting formation of pan-handle 
structure and stem-loop structure at the 3′ terminal region in the NSP4 
segment. When q was set to be 0.1, two intra-segmental pairs within the 
NSP4 segment were identified as co-evolving (supplementary tables S21 
and S22), as observed with q = 0. Two intra-segmental pairs within the 
NSP1 and NSP2 segments were additionally identified as co-evolving. 
Although positions 1427–1429 and positions 1536–1538 of the NSP1 
segment did not constitute a stem in PO-13 (supplementary Fig. S13), 
positions 334–342 and positions 415–423 of the NSP2 segment 

constituted a stem in the consensus secondary structure for avian RVA 
(supplementary Fig. S16), supporting formation of stem-loop structure 
in the middle of the NSP2 segment. 

4. Discussion 

4.1. Improving efficiency for identifying co-evolving pairs of 
complementary nucleotide sequence regions 

In a previous study, genomic sequences for 88 mammalian and two 
avian RVA isolates, corresponding to the smaller data set in the present 
study, were analyzed to identify co-evolving pairs of complementary 
nucleotide sequence regions containing compensatory divergences be-
tween mammalian and avian RVAs, without allowing for existence of 
slightly deleterious mutations disrupting complementarity (Suzuki, 
2014). In the present study, slightly deleterious mutations partially 
disrupting complementarity were allowed to exist ~10 % among 
mammalian and avian RVA isolates (Fay et al., 2001). Since the p value 
obtained with q = 0.1 was greater than that obtained with q = 0, co- 
evolving pairs identified with q = 0.1 tended to be longer and contain 
more compensatory divergences than those identified with q = 0. Co- 
evolving pairs of complementary nucleotide sequence regions were 
also identified using compensatory polymorphisms within mammalian 
and avian RVAs. Compensatory polymorphisms may be useful for 
identifying bundling signals that were not only incompatible but also 
compatible (Heiman et al., 2008; Hutchinson et al., 2010; Boyce et al., 
2016; McDonald et al., 2016) or different in genomic locations (Gavazzi 
et al., 2013; Gerber et al., 2014) between mammalian and avian RVAs. 
In addition, the data set was updated to include genomic sequences for 
241 mammalian and 12 avian RVA isolates, corresponding to the larger 
data set in the present study. Some pairs of complementary nucleotide 

Table 1 
Numbers of pairs of complementary nucleotide sequence regions in 241 mammalian and 12 avian RVA isolates obtained with q = 0.1.   

yb          

xa 8 7 6 5 4 3 2 1 0 Total 
8 0c 0 0 0 0 0 0 0 1 1 
7 N.A.d 0 0 0 0 0 0 1 7 8 
6 N.A. N.A. 0 0 0 2 0 2 25 29 
5 N.A. N.A. N.A. 0 0 3 2 10 355 370 
4 N.A. N.A. N.A. N.A. 0 5 3 68 3057 3133 
3 N.A. N.A. N.A. N.A. N.A. 6 36 607 31,104 31,753 
2 N.A. N.A. N.A. N.A. N.A. N.A. 834 9617 726,921 737,372 
1 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 155,699 10,534,646 10,690,345  

a Length of pairs of complementary nucleotide sequence regions. 
b Number of co-varying pairs of complementary mono-nucleotide positions. 
c Numbers of pairs of complementary nucleotide sequence regions identified as co-evolving are bold-faced. 
d Not applicable. 

Table 2 
Nucleotide positions and sequences involved in co-evolving pairs of complementary nucleotide sequence regions in Wa and PO-13 identified in the analysis of 241 
mammalian and 12 avian RVA isolates with q = 0.1.  

xa yb Genomic 
segment 

Positions 
in Wa 

Sequence 
in Wa 

Positions 
in PO-13 

Sequence 
in PO-13 

Genomic 
segment 

Positions 
in Wa 

Sequence 
in Wa 

Positions 
in PO-13 

Sequence 
in PO-13  

6c  3 NSP2 43–48 5’AGCCAU3’ 41–46 5’CGUUAU3’ NSP3 1050–1055 5’AUGGCU3’ 1068–1073 5’AUAACG3’  

6  3 VP3 74–79 5’AGUGUG3’ 74–79 5’GACCUG3’ VP3 2571–2576 5’CACACU3’ 2562–2567 5’CAGGUC3’  

5  3 VP3 74–78 5’AGUGU3’ 74–78 5’GACCU3’ VP3 2572–2576 5’ACACU3’ 2563–2567 5’AGGUC3’  

5  3 NSP1 664–668 5’UAAAU3’ 783–787 5’AUGGU3’ NSP2 172–176 5’AUUUU3’ 167–171 5’ACCAU3’  

5  3 NSP2 43–47 5’AGCCA3’ 41–45 5’CGUUA3’ NSP3 1051–1055 5’UGGCU3’ 1069–1073 5’UAACG3’  

4  3 VP3 74–77 5’AGUG3’ 74–77 5’GACC3’ VP3 2573–2576 5’CACU3’ 2564–2567 5’GGUC3’  

4  3 VP3 34–37 5’CUCU3’ 34–37 5’UCUU3’ NSP3 158–161 5’AGAG3’ 201–204 5’AAGA3’  

4  3 NSP1 664–667 5’UAAA3’ 783–786 5’AUGG3’ NSP2 173–176 5’UUUU3’ 168–171 5’CCAU3’  

4  3 NSP1 665–668 5’AAAU3’ 784–787 5’UGGU3’ NSP2 172–175 5’AUUU3’ 167–170 5’ACCA3’  

4  3 NSP2 43–46 5’AGCC3’ 41–44 5’CGUU3’ NSP3 1052–1055 5’GGCU3’ 1070–1073 5’AACG3’  

a Length of co-evolving pairs of complementary nucleotide sequence regions. 
b Number of co-varying pairs of complementary mono-nucleotide positions. 
c Co-evolving pairs of complementary nucleotide sequence regions retained after eliminating overlaps are bold-faced. 
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sequence regions that were not identified as co-evolving in the analysis 
of smaller data set could be identified in the analysis of larger data set. 
Conversely, however, some of the co-evolving pairs that were identified 
in the analysis of smaller data set were missed in the analysis of larger 
data set. Since more sequence variants were included in the larger data 
set than in the smaller data set, it may be critical to distinguish neutral or 
nearly neutral polymorphisms from slightly deleterious mutations for 
efficiently identifying co-evolving pairs in the larger data set. 

4.2. Intra-segmental co-evolving pairs of complementary nucleotide 
sequence regions 

In the predicted secondary structure of +RNAs, intra-segmental co- 
evolving pairs of complementary nucleotide sequence regions mostly 
constituted stems within the 5′ and 3′ terminal ~200 nucleotides of 
genomic segments (Li et al., 2010). In mammalian RVA, the pairs 
appeared to be involved in formation of pan-handle structure in the VP1 
and NSP4 segments and stem-loop structure at the 5′ terminal region in 
the VP7 segment and at the 3′ terminal region in the VP6 and NSP4 
segments. In avian RVA, the pairs appeared to be involved in formation 
of pan-handle structure in the VP3 and NSP4 segments and stem-loop 
structure at the 5′ terminal region in the VP7 segment, at the 3′ termi-
nal region in the NSP4 segment, and in the middle of the NSP2 segment. 
Interestingly, in both mammalian and avian RVAs, some of the pairs 
appeared to support formation of loops by means of constituting stems at 
their bases, implying functional importance of loops as well as stems 
(Boyce et al., 2016; Suzuki, 2016). 

4.3. Inter-segmental co-evolving pairs of complementary nucleotide 
sequence regions 

In the predicted secondary structure of +RNAs, inter-segmental co- 
evolving pairs of complementary nucleotide sequence regions between 
the 5′ terminal region each in the VP3 and NSP3 segments, the middle 
and 5′ terminal regions in the NSP1 and NSP2 segments, respectively, 
and the 5′ and 3′ terminal regions in the NSP2 and NSP3 segments, 
respectively, tended to constitute loops, suggesting that these pairs may 
interact as bundling signals. These hypotheses may be tested by exam-
ining effects of mutations disrupting and restoring complementarity in 
these pairs on efficiency of genome packaging (Gavazzi et al., 2013; 
Komoto et al., 2020). 

On the other hand, some of inter-segmental co-evolving pairs did not 
appear to be involved in loops. It should be noted, however, that in 
viroplasms where bundling of +RNAs is thought to occur, NSP2 binds to 
+RNAs and unwinds intra-segmental helices to facilitate inter- 
segmental interaction (Taraporewala and Patton, 2001; Borodavka 
et al., 2017). Thus, some of inter-segmental co-evolving pairs predicted 
to be involved in intra-segmental base-pairings based on the minimum 
free energy (Gruber et al., 2008) may interact in viroplasms. In fact, it 
was found that the NSP5/6 segment preferentially bound to the VP3, 
VP6, NSP1, and NSP3 segments in the presence of NSP2 (Borodavka 
et al., 2017). In particular, positions 495–507 of the NSP3 segment and 
positions 88–99 of the NSP5/6 segment were found to interact. In the 
present study, one inter-segmental co-evolving pair identified in 
mammalian RVA was comprised of positions 515–516 of the NSP3 
segment and positions 145–146 of the NSP5/6 segment, which were 
closely located to the interacting positions described above. However, in 
the predicted secondary structure based on the minimum free energy 
(Gruber et al., 2008), positions 145–146 of the NSP5/6 segment were 
involved in intra-segmental base-pairings, although positions 515–516 
of the NSP3 segment were located in a loop. Nevertheless, positions 
145–146 of the NSP5/6 segment appeared to be located in a loop in the 
presence of NSP2 (Borodavka et al., 2017). These observations sug-
gested a possibility that the inter-segmental co-evolving pair between 
the NSP3 and NSP5/6 segments may also interact as a bundling signal. 

4.4. Small number of candidates for bundling signals 

Since at least 10 bundling signals are required for bundling 11 
genomic segments of RVA, the number of candidates for bundling sig-
nals identified in the present study appeared to be relatively small. It 
should be noted that influenza A virus (IAV), which possesses an eight- 
segmented -RNA genome, is considered to undergo selective packaging 
in a similar manner to RVA (Noda et al., 2006; Fournier et al., 2012). For 
IAV, however, it has been reported that at least one genomic segment 
was missing in most viral particles (Brooke et al., 2013), suggesting that 
bundling signals may not be fully equipped to ensure bundling of all 
genomic segments. Thus, both selective and random packaging (semi- 
selective packaging) may operate in IAV (Suzuki, 2016). If this was also 
the case for RVA, the number of bundling signals may be smaller than 
10. 

Nevertheless, it was still likely that the method adopted in the pre-
sent study had a relatively low sensitivity for identifying bundling sig-
nals, because pan-handle structure and 5′ and 3′ terminal stem-loop 
structures, which were supposed to exist in 11 genomic segments 
(Tortorici et al., 2006; Li et al., 2010), were not identified in some 
genomic segments. In the method, bundling signals were assumed to be 
inter-segmental pairs of complementary nucleotide sequence regions, 
which were co-evolving under the constraint for maintaining comple-
mentarity. In addition, bundling signals should be sufficiently long 
without gaps and contain significant amount of compensatory di-
vergences or polymorphisms to be detected by statistical analysis. 
However, these assumptions may not always be satisfied. It has been 
proposed for IAV that many regions throughout each genomic segment 
interact with multiple regions in other segments to construct a large 
inter-segmental interaction network (Le Sage et al., 2020). The network 
was considered to be flexibly reorganized in response to mutations 
without reducing replication efficiency. If this was also the case for RVA, 
bundling signals may not co-evolve because the constraint for main-
taining complementarity in each bundling signal may be relatively 
weak. Bundling signals having additional functions, such as protein- 
coding, also may not co-evolve, because compensatory mutations may 
not be neutral or nearly neutral (Boyce et al., 2016; Suzuki, 2016). In 
addition, some bundling signals may be short and contain gaps (Li et al., 
2010; Le Sage et al., 2020). It may be necessary to further improve the 
method by relaxing the assumptions for identifying missing bundling 
signals in RVA. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.genrep.2022.101709. 
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