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Evolutionary Network Analysis Approach for Understanding 
Host-Influenza A Virus Relationships

Department of Policy Management
臼居優希

Abstract

H ost cells have coexisted w ith  viruses from  ancient times, thereby both o f  host and virus have affected each 

other's evolution. Influenza A  virus ( I A V )  undergoes rem arkably rapid evolution to evade host defense 

systems, whereas host has developed various antiviral responses such as antibodies and R N A  silencme 

systems. Recently, tw o  research groups nave reportea that hum an m ic ro R N A s  (m iR -3 2 3 , m iR -4 91  and 

m iR -6 5 4 ) bind to influenza A  virus polym erase p subunit (P B 1 ) m R N A  and m iR -le t-7 c  also binds to M l  

m R N A , inhibiting the replication o f  I A V  respectively. These observations suggested that host m ic ro R N A s  

(m iR N A s ) have a potential as an antiviral system against IA V , how ever, it remained unclear whether or not 

IA V  has conserved m iR N A -ta rg e t sites during their dynam ic evolution. Here, w e investigated evolutionary 

relationships between host m iR N A s  and IA V  b y  using IA V  sequence data for about a hundred years. Firstly, 

large-scale evolutionary networks detected both o f  dynam ic m utations b y  interspecies-transmission processes 

and gradual mutations after transm itting to new  hosts. Secondly, conservation analysis based on Shannon’s 

inform ation theory proved that m iR N A -ta rg e t sites in PB1 and M l  m R N A s  were significantly conserved in 

human, swine and avian IA V s . M eanw h ile , m iR -3 2 3  and m iR -4 9 1  were conserved in hum an and swine 

genome, and m iR -le t-7 c  was conserved in hum an, swine, and avian genome. O u r results suggest that 

regulatory relationsnips o f  host m iR N A s  have been evolutionarily conserved in a broad host range, even 

though I A V  mutate rapidly. W e  proposed fo llo w in g  hypotheses:( 1 ) host m iR N A s  targeted im m utable regions 

o f IA V  m R N A , or (2 ) IA V  m ight subvert host defense system to evade from  host im m une systems.

Keywords : microRNA, Influenza A virus, PB1, Ml, evolution, host-virus interaction
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1 .Introduction
Influenza A  viruses ( IA V s )  undergo rem arkably rapid evolution to evade host defense systems, 

whereas host has developed various antiviral responses such as antibodies and R N A  silencing systems. 

M ic ro R N A  (m iR N A )  is a class o f  small non-coding R N A  m olecules (~ 2 2  nucleotides length) w h ich  play 

important roles in the cell (L e w is  et al., 2005; Rosalind et al., 1993). Recently, It has become clear that host 

m iR N A s  are strongly related to the battle o f  between host and pathogen in some virus infections, and also 

IA V  infection (X ia o  and Rajew sky, 2009). In  2010, Song et al. reported that three hum an m iR N A s  (m iR -3 2 3 , 

m iR -4 9 1 , and m iR -6 5 4 ) bind to almost the same 3 r coding regions in  the H 1 N 1  IA V  PB1 m R N A , inhibiting 

the replication o f  the H 1 N 1  IA V  through degradation o f  PB 1 m R N A  in M D C K  cells (S o n g  et al., 2010). 

Afterw ards, M a  et al. elucidated that m iR -le t-7 c  directly targets the 3 r untranslated regions (3" U T R )  o f  IA V  

M l  com plem entary R N A  ( c R N A )  and dow n-regulate M l  expression at both o f  c R N A  and protein level. 

T h e y  also showed that m iR -le t-7 c  inhibit IA V  replication in A 5 4 9  cells (M a  et al., 2012). These researches 

have sh e d ligh t on host-derived m iR N A s  that inhibit the IA V  replication. H ow ever, there is a crucial fact that 

IA V  evolve m ore rapidly than host im m une systems (Taubenberger and M orens, 2013). Indeed, the IA V  has 

caused pandem ic outbreaks several times (G a o  et al., 2013; N o v e l S w in e -O rig in  Influenza et al., 2009). 

Therefore, it is im portant issue to clarify whether or not regulatory relationships between host and IA V s  via  

m iR N A s  have been evolutionarily conserved during the rapid evolution o f  IA V .

Th e  aim  o f  this study is to c larify the evolutionary relationships between host and IA V s  v ia  host 

m iR N A s  during the I A V ^  dynam ic evolution. E vo lu tio na ry  b io lo gy is a pow erful approach to understand the 

evolutionary relationships between hosts and pathogens, thus w e  constructed large-scale evolutionary 

networks o f  IA V s  b y  using a large am ount o f  IA V  sequence data. Large-scale evolutionary networks could 

detected both o f  dynam ic mutations by interspecies-transmission processes and gradual mutations after 

transmitting to ne w  hosts. A cco rd in g ly , w e perform ed a conservation analysis o f  the relationships between 

host m iR N A s  and IA V . E n tro p y  analysis proved that m iR N A -ta rg e t sites in PB 1 and M l  m R N A s  were 

significantly conserved in hum an, swine and avian IA V s . M ea n w h ile , m iR -3 2 3  and m iR -4 9 1  w ere conserved 

in hum an and sw ine genom e, and m iR -le t-7 c  was conserved in hum an, swine, and avian genom e. O u r  results 

suggest that regulatory relationships o f  host m iR N A s  have been evolutionarily conserved in a broad host 

range, even though I A V  mutate rapidly.
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2. Materials & Methods
2.1 Evolutionary analysis of influenza A virus
2.1.1 Sequence data

319,011 influenza A  virus genomes during 1902-2013 were retrieved from  the N C B I  Influenza Virus 

Resource on September 14, 2013 (B a o  et al., 2008). E x clu d in g  laboratory strains, o n ly  strains w hich  have 

complete eight segments and isolated year inform ation were selected. 20,072 complete strains (9 ,320 human, 

1,837 swine and 8,915 avian IA V s ) were used for this analysis.

2.1.2 Spectral Clustering for constructing evolutionary networks
W e calculated the sequence sim ilarity scores (B a sic  Loca l A lig n m e nt Search To o l [ B L A S T ]  bit

scores) for all the influenza A  virus PB1 proteins from  1902 to 2013 based on a round-robin  B L A S T P  

( B L A S T  2 .2 .2 5 ) analysis w ith  a cut o ff at E  value <  le -5 . T h e  sequence sim ilarity scores are defined as 5  bit 

( x ,ア) and indicate the bit score between the “ database”  sequence jc and the “ query” sequence T h e  bit score 

were norm alized according to the fo llow ing equation:

sim(x, y) m ax {bit score (x, y ) , Ut score (y, x)) 
m ax (bit score (x, x ) , bit score (y, y)) (1)

w ith  0 <  Sim (j!：, y)  < 1 , where Sim  (x, y)  represent the norm alized sequence sim ilarity between tw o  sequences 

x and y. Each Sim  (x, y)  value was then calculated against all pairs o f  PB1 proteins, and a weighted- 

undirected graph clustering algorithm  using S C P S  0.9.5, and netw ork graph was visualized from  the 

clustering results b y  using Cytoscape 2.8.2 (N e p u sz et al., 2010; Sm oot et al., 2011).

2.2 Conservation analysis of target site by microRNA
2.2.1 Entropy analysis of influenza A virus mRNAs and conservation analysis of host miRNAs

In  order to measure the variability o f  influenza A  virus nucleotides, w e used Shannon entropy

m ethodology. E n tro p y H (x)  was calculated according to the fo llo w ing  equation:

H = -  ゆめ....... (2)
i=a,t,g ,c

, where p  (/) represent the probability o f  genom e position (/). Th e  entropy value increases w ith  n (jc), the total 

num ber o f  variants observed at position x, it is also sensitive to the relative frequency o f  the variants, such 

that it decreases w hen one variant is clearly dom inant. O n ly  sequences that contain a valid  am ino acid at 

position x  w ere used for the entropy com putation, and alignm ent gaps w ere ignored. H ost m iR N A  sequences 

were obtained from  m iR B ase, and were aligned b y  using C lu s ta lW  (K o zo m a ra  and GrifFiths-Jones, 2011).
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3. Results and Discussions
3.1 Evolutionary network of influenza A virus PB1 proteins during 1902-2013

In  this study, a total o f  20,072 com plete strains o f  avian, swine and hum an IA V s  w ere examined, and

w e  constructed large-scale evolutionary networks o f  IA V s  b y  spectral clustering m ethodology. These large- 

scale evolutionary networks are effective to understand the location o f  a specific I A V  in the entire IA V  

evolution. O n ly  evolutionary netw ork o f  PB1 proteins is shown in the thesis digest (F ig  1 ) . PB1 is more 

h ig h ly  conserved protein than external H A  and N A  protein. Therefore, the evolutionary netw ork o f  IA V  PB1 

proteins is not divided. T h is  netw ork is classified into v ira l categories b y  the difference o f  host species 

(hum an, sw ine and avian) (F ig  1 A ) .  Especially, the most o f  avian IA V s  located in the center o f  the network, 

whereas the groups o f  swine and hum an influenza viruses located peripherally and they extended in straight 

line individually , deriving from  avian influenza v ira l gene pool. These straight evolutions are due to the high 

selective pressure w hen viruses adapt to m am m alian hosts. A ls o , swine IA V s  are m ore settled in contrast 

w ith  hum an IA V s , w h ich  are due to the lim ited transmission caused b y  swine IA V s 5 inability to m ove to 

farther areas.

In  F igure  I B ,  the netw ork o f  PB1 proteins was classified into 10 groups, w h ic h  im plies that there are 

various different characters o f  PB1 proteins. It was reported that 2009 pandem ic influenza P B 1 proteins were 

derived from  hum an H 3 N 2  viruses v ia  triple reassortment swine H I N 2  and H 1 N 1  viruses. In  this network, 

G ro u p  3 (2009 pandem ic influenza) is connected w ith  G ro u p  4 (T r ip le  reassortment sw ine flu ), but they also 

have connections w ith  G ro u p  6 (Spanish flu  and its progeny viruses). It was k n o w n  that European avian-like 

swine (H 1 N 1 )  occurred in reassortment w ith  avian H 9 N 2  viruses (B i  et al., 2 010), and there are also detected 

the interactions between G ro u p  10 (European avian-like sw ine) and G ro u p  7 (a via n  H 9 N 2  viruses) in this 

network.

Figure 1 :Evolutionary network of influenza A virus PB1 proteins during 1902-2013. Total 
20,0 7 2  amino acid sequences of influenza A virus PB1 protein were classified based on the 
sequence similarity. The dot symbol represents each PB1 protein of influenza A virus strain, and 
the line indicated the sequence similarity. (A) The network is colored by host species. (B) The 
network is colored by clusters, and is classified into 1 0  clusters: (1) consisting of avian flu during 
1902-2013, (2) consisting of highly pathogenic H5 N1 avian influenza viruses (HPAIVs) between 
2 0 0 1  and 2 0 1 3 ，⑶  mainly consisting of 2 0 0 9  pandemic influenza, ⑷  consisting of human H3 N2  

between 1971 and 2011 (Hong Kong flu and its progeny viruses) and swine H3 N2  between 1 9 7 7  
and 2 0 1 3  (Triple reassortment swine flu), (5) consisting of human H3 N2  between 1 9 9 7  and 2 0 1 2  
(progeny viruses of Hong Kong flu), (6) consisting of human H1N1 between 1 9 4 8  and 2 0 0 9  
(Spanish flu and its progeny viruses), (7) consisting of avian H9 N2, H6 N1, H6 N2, H5 N1, H6 N6  

during 1997-2012, (8) consisting of avian H9 N2  between 1 9 9 4  and 2010, (9) consisting of swine 
H1N1, H1N2  between 1 9 7 0  and 2 0 1 0  (Classical swine flu), (10) consisting of swine H1N1 and 
H1N2  between 1 9 9 8  and 2 0 1 2  (European avian-like swine flu).
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Figure 2: Conservation of miRNA-target site on influenza A virus PB1 mRNAs. (A) Entropy 
values were calculated based on Shannon entropy theory with 7,350 nucleotide sequences of 
human influenza A virus PB1 mRNAs. The x-axis represents the nucleotide position of influenza A 
virus genomes (nt). The red and white heat map indicated the entropy (bit) values which measured 
the variability of viral genomes at single position. The red rectangle represents the lower 
conserved sites and white ones indicated the highly conserved sites. The chart is divided into 
codon and sum of entropy values at the 3 0  nucleotides length. Host miRNA-targeting sites were 
enclosed in the star bar. (B) Entropy valued were calculated using 1 ,491 swine, 1,629 chicken, 

5,993 wild birds-infecting influenza A virus PB1 mRNAs. (C) Binding pattern of host miR-323 and 
viral PB1 mRNA were predicted by using RNAhybrid, and Conservation of host miRNAs between 
human and swine.

3.2 miRNA-target sites were conserved in influenza A viruses
T o  measure the conservation o f  m iR N A -ta rg e t sites b y  host m iR N A s , w e perform ed entropy

calculation analysis o f  PB1 m R N A s  based on Shannon’s entropy. T h e  Shannon’s entropy values at each 

nucleotide position o f  avian, swine and hum an IA V s  are shown in F igu re  2. A s  a result o f  entropy calculation 

analysis, m iR N A -ta rg e t sites w ere h igh ly conserved in hum an IA V s , and also conserved am ong swine and 

avian IA V s . Conservation analysis o f  host m iR N A s  revealed that tw o  o f  three host m iR N A s  (m iR -3 2 3 , 

m iR -4 9 1 ) are conserved am ong hum an and swine. H o w e ve r, avian species {Gallus gallus, Taeniopygia 
guttata) do not have three m iR N A s  (m iR -3 2 3 , m iR -4 91  and m iR -6 5 4 ). It m ight be caused b y  the shortage o f  

the registration num ber in avian m iR N A s . Indeed, 2,578 Homo sapiens m iR N A s , 326 Sus Scrofa m iR N A , 

996 Gallus gallus and 334 Taeniopygia guttata are registered in m iR B ase (Version. 20).
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3.3 Biological meanings of host microRNAs^ regulation against influenza A viruses
These results raised up the a ne w  question that w h y  the regulatory relationships between host

m iR N A s  and IA V s  have been conserved during the extrem ely dynam ic evolution o f  IA V s . Currently, w e 

propose tw o  contrasting hypotheses to this q u e stio n ;( 1 ) host has targeted the im m utable regions o f  IA V s . (2 ) 

IA V s  utilize host m iR N A ^  regulation in order to modulate the am ount o f  viral replication.

IA V s  are segmented viruses that possess eight-segmented genome in each vira l particle. It was 

suggested that IA V s  ensure correct packaging o f  the eight segments b y  vira l R N A -R N A  interactions 

(G a va zz i et al., 2013; N o d a  et al., 2012). T h e  3 ' coding regions on PB1 m R N A s  are part o f  packaging signal 

sites, and m iR N A -ta rg e t site also cover these packaging signal sites (M a rsh  et al., 2008). H ow e ve r, it is 

endurable for IA V s  to put sequence substitutions in m iR N A -ta rg e t sites i f  genom e-packaging mechanisms 

occur b y  R N A -R N A  interactions. Because R N A -R N A  interactions require on ly  the conservation o f  second 

R N A  structures, not sequence mutations. Th u s , the reason o f  conservativeness o f  m iR N A -ta rg e t sites 

requires additional explanation.

It is co m m o n ly  know n  that the m utation rate o f  IA V s  is extrem ely higher than that o f  host. A ccord in g  

to D a rw in ia n  evolution theory, populations that have resistance to unfavorable environm ents have been 

selected. Therefore, IA V s  that are able to evade from  h o s t-m iR N A s 's  regulations should be selected if  host 

m iR N A s  inhibit I A V  propagation. H ow ever, the regulatory relationships between host m iR N A  and IA V s  

have been evolutionary conserved for over one hundred years and beyond the host species. C onsidering these 

results, it is supportive that host m iR N A ^  gene regulation is profitable for IA V s . Viruses cannot replicate and 

metabolite anym ore w ithout host cells, and there are always active o f  the trade-ofF relation o f  viral 

pathogenicity and its propagation rates during v ira l infection (K e rr  and Best, 1998). Therefore, IA V s  m ight 

have a strategy to make the most o f  the progeny, keeping an adequate num ber o f  host alive.

4. Conclusion

Elucidating  o f  the revolutionary relationships between host and viruses by large-scale evolutionary 

network enable us to understand evolutionary history o f  IA V s  clearly and also detect both o f  the dynam ic and 

gradual mutations. T h is  evolutionary approach revealed that regulatory relationships between host and IA V s  

via  m iR N A  has been evolutionarily conserved for about a one hundred years in stead o f  extrem ely high 

mutation rates o f  IA V s , Furtherm ore, the evolutionary conservation relationships o f  host m iR N A s  conserved 

over the host species. Im portantly, this study w il l  provide us novel biological meanings o f  host m iR N A 5s 

regulations against viruses and hints to deal w ith  theses severe pathogens in the future.
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