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Better fit of codon usage of the polymerase and 

nucleoprotein genes to the chicken host for H7N9 than 

H9N2 AIVs 
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Dear Editor, 

Recently, the evolution of H7N9 AIVs has been widely stud-

ied in this journal. 1,2 The six internal genes (PB2, PB1, PA, NP, M,

and NS) of H7N9 are from chicken H9N2 avian influenza viruses. 3 

Genotypic analysis of these six internal genes revealed that the

most frequent genotypes of H9N2 genotypes did not become the

major genotypes in H7N9, thus it appears that H7N9 prefer some

genotypes for these genes. 4 The cause for this preference remains

unknown, as is whether this preference helped H7N9 become a

successful AIV subtype. Increased replication, i.e. the efficient pro-

duction of new viruses, is one of the critical factors that influences

infection. The translation of viral proteins requires host tRNAs. 5 

Matching viral and host codon usage could enhance the translation

of viral proteins. 6 Codon usage preference was suggested to play a

role in the evolution of AIVs, 7 thus, we compared codon usage of

H7N9 and H9N2 to their hosts. 

Genomes of H7N9 and H9N2 AIVs were downloaded from the

NCBI Influenza Virus Resource at the National Center for Biotech-

nology Information (NCBI) ( www.ncbi.nlm.nih.gov/genomes/FLU ),

the Influenza Research Database (IRD) ( www.fludb.org/brc/home.

spg?decorator=influenza ), and the Global Initiative on Sharing

Avian Influenza Data ( www.gisaid.org ). Redundant sequences, lab-

oratory strains and short ( < 95% of the corresponding gene) se-

quences were removed. Our final dataset contained 667 chicken-

isolated H7N9 genomes, 1051 human-isolated H7N9 genomes, and

704 chicken-isolated H9N2 genomes. Open reading frames (ORFs)

for all eight viral genes (PB2, PB1, PA, HA, NP, NS, MP, and NA)

were used. 

The codon adaptation index (CAI) quantifies the similarity of

the codon frequency of a set of test sequences (e.g., viral se-

quences) with those from a reference set of sequences, 8 which

are typically highly expressed host genes. A greater similarity of

codon usage of the viral sequences to the highly expressed host

genes predicts adaptation of the viral genes to their hosts, and high

expression. CAI values range from 0 to 1, with higher CAIs indi-

cating better adaptation to the hosts. HA, NA, NS, and MP genes

from H7N9 do not show better fits to the chicken compared to

those from H9N2, but the NP, PA, PB1, and PB2 do have better
https://doi.org/10.1016/j.jinf.2019.05.012 

0163-4453/© 2019 The British Infection Association. Published by Elsevier Ltd. All rights r
ts ( P < 0.05) ( Fig. 1 A). Replication and transcription of AIVs are

atalyzed by the viral polymerase complex, which is composed of

he PB2, PB1, and PA proteins. 9 Together with the polymerase pro-

eins, the NP encapsulates the viral RNA to form the ribonucleo-

rotein complex (RNP), which is the minimal functional unit of

he viral genome for transcription and replication. The six inter-

al genes of H7N9 are from chicken H9N2 avian influenza viruses,

owever, the polymerase (PA, PB1, and PB2) and nucleoprotein

NP) genes of H7N9 AIVs show much better fit for chicken than

9N2. This better fit of their codon usage should help the repli-

ation of H7N9 within chicken hosts. Genotypic analysis of the

ix internal genes revealed that H7N9 prefer some genotypes, 4 

ith this preference explaining the difference in codon usage be-

ween H7N9 and H9N2. A better fit for codon usage by these geno-

ypes should help H7N9 persist in poultry since their emergence

n 2013. 

The effective numbers of codon (ENc), a measure of codon bias,

alues range from 49 to 57. Values of ENc greater than 40 indicate

hat weak bias prevail in all genes from both H7N9 and H9N2 AIVs.

n ENc-plot mapping analysis was used to identify factors that in-

uence codon usage bias. ENc values for each gene were plotted

gainst their corresponding GC3 content ( Fig. 1 B). All plotted val-

es lie considerably below the solid curve, indicating that in ad-

ition to mutational pressure, factors such as selection for transla-

ional efficiency also influence codon usage patterns in AIVs. We

herefore constructed a neutrality plot to identify the effects of

atural selection and mutation pressure on the codon usage pat-

erns by plotting P12 (GC12) values of the synonymous codons and

3 (GC3) values. According to this neutrality plot analysis, natu-

al selection accounts for the majority (81 −98%) of total selection

ressure acting on the evolution of codon usage in the NP, PA, PB1,

nd PB2 genes. 

Unlike many novel AIV subtypes that quickly disappear, H7N9

ecame the dominant AIV subtype in China soon after its emer-

ence in 2013. 10 H7N9 AIVs frequently reassort with H9N2. 3 Our

ffort s discovered that, although the six internal genes for H7N9

ere attained from H9N2, the polymerase (PA, PB1, and PB2) and

ucleoprotein (NP) genes of H7N9 have a better fit to codon us-

ge for expression in chicken than those of H9N2. The preference

f the internal gene genotypes that have a better fit to codon us-

ge of the host may help H7N9 persist in poultry and become a

uccessful subtype in China. 
eserved. 
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Fig. 1. (A) Codon adaptation index (CAI) analysis of all eight H7N9 and H9N2 AIV genes to their hosts. Chicken-isolated H7N9 AIVs are shown in red, human-isolated H7N9 

in blue, and chicken-isolated H9N2 in grey. (B) ENc denotes the effective number of codons, and GC3 denotes the GC content on the third position of synonymous codons. 

The solid blue line represents the expected curve derived from the positions of strains if codon usage was only determined by GC3 composition (i.e., without selection). 

Points on or close to the curve means that the bias was caused by mutation pressure, otherwise, the varied positions are due to natural selection or other factors. 

A

 

S  

d  

u  

S

C

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1  

 

 

 

 

 

 

 

 

 

h

©

L

T

D

 

A

a  

t  

n  

d  

i  

f  

c  

H  

d  

t

cknowledgments 

This work was supported by grants from the National Natural

cience Foundation of China (No. 31822056 ), Natural Science Foun-

ation of Guangdong Province (No. 2014A030306046 ), and start-

p funding from the South China Agricultural University to Yongyi

hen (No. K15408 ). 

onflict of interest 

The authors declare not conflict of interest. 

eferences 

1. Pu Z. , Luo T. , Yang J. , Shen X. , Irwin D.M. , Liao M. , et al. Rapid evolving H7N9
avian influenza A viruses pose new challenge. J Infect 2019; 78 (3):249–59 . 

2. Hou G. , Li J. , Wang S. , Cheng S. , Peng C. , Chen J. , et al. Hemagglutinin charac-

teristics, changes in pathogenicity, and antigenic variation of highly pathogenic
H7N9 avian influenza viruses in China. J Infect 2019; 78 (2):158–69 . 

3. Lam T.T. , Zhou B. , Wang J. , Chai Y. , Shen Y. , Chen X. , et al. Dissemination,
divergence and establishment of H7N9 influenza viruses in China. Nature

2015; 522 :102–5 . 
4. Xiang D. , Pu Z. , Luo T. , Guo F. , Li X. , Shen X. , et al. Evolutionary dynamics of

avian influenza A H7N9 virus across five waves in mainland China, 2013-2017. J

Infect 2018; 77 (3):205–11 . 
5. Kumar N. , Bera B.C. , Greenbaum B.D. , Bhatia S. , Sood R. , Selvaraj P. , et al. Rev-

elation of influencing factors in overall codon usage bias of equine influenza
viruses. PLoS One 2016; 11 (4):e0154376 . 

6. Carnero E. , Li W. , Borderia A.V. , Moltedo B. , Moran T. , Garcia-Sastre A. . Op-
timization of human immunodeficiency virus gag expression by newcastle

disease virus vectors for the induction of potent immune responses. J Virol

2009; 83 (2):584–97 . 
7. Luo W., Tian L., Huang C., Li J., Shen X., Murphy R.W., et al. The codon usage

bias of avian influenza A viruses. J Infect 2019. doi: 10.1016/j.jinf.2019.05.003 . 
8. Sharp P.M. , Li W.H. . The codon Adaptation Index–a measure of directional syn-

onymous codon usage bias, and its potential applications. Nucleic Acids Res
1987; 15 (3):1281–95 . 

9. Neumann G. , Kawaoka Y. . Transmission of influenza A viruses. Virology

2015; 479-480 :234–46 . 
0. Zhang X. , Luo T. , Shen Y. . Deciphering the sharp decrease in H7N9 human in-

fections. Trends Microbiol 2018; 26 (12):971–3 . 

Wen Luo, Yiliang Li, Shu Yu, Xuejuan Shen

College of Veterinary Medicine, South China Agricultural University,

Guangzhou 510642, China 

Lin Tian 

Guangdong Provincial Hospital of Chinese Medicine, Zhuhai 519015,

China 
ear Editor, 

A recent study in this journal revealed that avian influenza

 viruses (AIVs) H5Nx (N1, N6 and N8) showed pathogenicity, 1 

nd accordingly had different adaptation to the codon usage pat-

ern of its hosts. 2 AIVs classify into 16 hemagglutinin (HA) and 9

euraminidase (NA) subtypes. 3 The abundance and distribution of

ifferent subtypes varies greatly. 4 Subtype H5 is the most often

solated AIV, followed by H7 and H9. 4 It remains unclear which

actor(s) associate with this abundance in birds. Considered that

odon usage pattern was suggested to influence the adaptation of

5Nx AIVs, 2 in this study, we calculated the codon adaptation in-

ex (CAI) to assess how well AIV HA subtypes H1–H16 and NA sub-

ypes N1–N9 correspond to host codon usage patterns. 
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Fig. 1. (A) The abundance of 16 HA subtypes of avian influenza viruses isolated from ducks. (B) The abundance of 9 NA subtypes of avian influenza viruses isolated from 

ducks. (C) Codon adaptation index (CAI) of 16 HA subtypes. (D) Codon adaptation index (CAI) of 9 NA subtypes. All available sequences of each subtype were collected from 

NCBI Influenza Virus Resource. 
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The specific distribution of subtypes varied between different

surveillance studies depending on species, time and place. We

counted all available sequences of each subtype isolated from

ducks to roughly estimate relative abundance. Surveillance data of

different subtypes were collected from NCBI Influenza Virus Re-

source. As shown in Fig. 1 (A), HA subtypes H3, H5, and H6 had

relatively more sequences than the other subtypes, while H13, H14,

H15 and H16 were rare. While, NA subtypes N1 and N2 generally

had far more sequences than N4 and N5 ( Fig. 1 (B)). Subtypes such

as H5 and H7, which cause severe illness, have received greater

attention than those that cause mild or subclinical disease. Thus,

the former had more records and sequences in the databases, and

this biased statistics on relative abundance. Although AIVs have

been isolated from > 100 species, most surveillance studies focused

on Galliformes (domestic poultry), Anseriformes (ducks, geese, and

swans) and Charadriiformes (shorebirds), which are thought to be

the reservoir community for AIVs. 5 Many limitations in the current

surveillance system have also contributed to sampling bias. 6 There-

fore, the available sequence numbers of each subtype ( Fig. 1 (A) and

(B)) only roughly reflected its actual abundance. 

Viruses depend on their hosts’ cellular structure and

metabolism to replicate and assemble. Codon usage patterns

of viruses reflect the evolutionary changes that allow them to
ptimize their survival and fitness to their hosts. 7 Thus, we com-

are the codon usage bias of AIVs to their hosts. Codon adaptation

ndex (CAI) which predicts the level of gene expression and the

daptation of viral genes to their hosts, was performed with the

ocal version of CAIcal server ( http://genomes.urv.cat/CAIcal/ ).

odon usage patterns of all subtypes of AIVs were calculated for

he common host–duck. HA and NA showed different patterns.

or HA subtypes, H5 and H6 had more isolated sequences, while

hey had lower CAI values than did other subtypes ( Fig. 1 (A) and

C)). While for NA subtypes, N1 had the most sequence records

mong NA subtypes ( Fig. 1 (B)), yet CAI values show that N1

0.827 ± 0.007) had the highest CAI values ( Fig. 1 (D)). Because

nfluenza virus replication is based on its host’s expression, virus

odon usage must coevolve with its host to use host resources

fficiently. 8 It is expected that the common infectious NA subtypes

f AIVs are better adapted to host expression system. However,

A gene showed a reversed pattern. HA which is responsible

or binding virus to sialic acid-containing cell-surface receptors

nd for membrane fusion during virus entry into host cells, is

he major antigenic influenza surface glycoprotein for neutral-

zing antibodies. The deoptimization codon usage of HA may

educe immune stimulation to the host immune system. Deop-

http://genomes.urv.cat/CAIcal/
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imization of codon usage may reduce competition with host

ell translation, reflecting another strategy of adaptation, which

as found in Epstein-Barr virus. 9 Especially, most of the H5

IVs are highly pathogenic. Reduce their immune stimulation to

heir hosts would be help for their persistence and expansion in

oultry. 

The molecular bases for efficient virus replication and trans-

ission are complex and multifactorial. 10 Codon usage patterns of

iruses were widely suggested to reflect the evolutionary changes

hat allow them to optimize their survival and fitness to their

osts, 2 , 7 , 8 little is known about differences in codon usage among

IV subtypes. In conclusion, our analyses of codon usage bias in all

ubtypes of AIVs discover variation in codon usage bias of different

IV subtypes. The abundance of NA subtypes roughly correlates

ith their adaptation of codon usage bias to the host. However,

A gene showed a reversed pattern. Therefore, multiple evolution-

ry forces appear to drive the codon usage of AIVs. 
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ear Editor , 

We read with interest the recent communication by Guo et al.

oncerning avian influenza virus pathogenicity. 1 Swine has been

onsidered an intermediate host for avian influenza viruses to

dapt to humans. Cross-species transmissions caused by novel re-

ssortant swine-originate influenza A virus (S-OIV) are of partic-

lar concern after the 2009 pandemic caused by pdH1N1 virus

nd epidemic outbreaks caused by H3N2v. 2,3 The genesis of these

iruses shows that reassortant is the major driving force for pro-

ucing highly infectious variants. 4,5 

China breeds over 40% of the world’s swine (USDA/FAS). A

eroprevalence study shows 14.6% and 18.8% percent of swine in

outhern China are serum positive against H1 and H3 influenza A

iruses. 6 These indicate high viral contamination and the risks of

ross-species transmissions in China. In this study, we retrospec-

ively screened the ILI (Influenza Like Illness) samples collected

etween 2015 and 2017 in Guangdong China and a swine-origin

3N2 influenza A virus was isolated from a clinical case in 2017.

he phylogenetic and antigenic analyses found it is a novel reas-

ortant with different antigenicity from seasonal H3N2 viruses. 

etrospective surveillance 

Based on the influenza-like illness (ILI) surveillance network

f Guangdong, we screened the 7732 H3 positive samples col-

ected in 2015 (2183), 2016 (1336), and 2017 (4231). Virus isola-

ion was prepared, and 764 H3N2 strains were isolated and applied

or whole genome sequencing. 7 The primary phylogenetic analy-

is showed that one strain (A/GD/277/H3N2/2017, accession num-

er MK117067-MK117074) is comprised of gene segments distinct

rom other seasonal H3N2 strains but more closely related to the

wine-origin influenza viruses (S-OIVs) H3N2. 

pidemiology and antigenicity of the swine-origin H3N2 virus 

A/GD/277/H3N2/2017 was sampled from a ten-year-old girl ad-

itted to hospital in March 2017 with influenza symptoms and

ischarged 2 days later. History of direct swine contact could

ot be verified. Serum samples were obtained from the child in
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Fig. 1. Phylogenetic analyses of the HA gene segment. (A) Maximum likelihood (ML) tree inferred from swine H3N2 viruses collected in 2012-2017. Phylogenetic lineages 

were named according to the locations of lineage strains (Fig. S1A). The Asian lineage (Asian L) was highlighted with blue. (B) Bayesian Maximum Clade Credibility (MCC) tree 

of HA gene inferred from swine H3N2 viruses and closely related human H3N2 viruses. Branch colors represented the most probable ancestral species. A/GD/277/H3N2/2017 

and A/Ho Chi Minh/459.6/2010 clinical strains were highlighted with red dots, and their closely related sequences were also marked. The combination of internal genes for 

A/GD/277/H3N2/2017 and closely related strains were shown on the right of MCC tree. Black circles indicate posterior support > 0.95. EA H1N1: Europe-avian like H1N1; 

pdH1N1: 2009 pandemic H1N1 virus; TR: Triple Reassortant H3N2 virus. 
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August 2018 with written informed consent. Hemagglutination-

inhibition analysis of A/GD/277/H3N2/2017 and four other con-

temporary seasonal H3N2 viruses revealed the serum tilter to

A/GD/277/H3N2/2017 was 640 but with no measurable ( < 10) inhi-

bition by antiserum against other 5 contemporary seasonal H3N2

viruses. The phylogenetic relation between A/GD/277/H3N2/2017
nd the other 5 tested seasonal H3N2 viruses was shown in

ig. 1 B (Guangdong Seasonal H3N2 2017). The antigenicity test

onfirmed the S-IOV infection in this child patient and further in-

icated that A/GD/277/H3N2/2017 virus was antigenically distinct

rom influenza A(H3N2) viruses currently circulating in the human

opulation. 
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hylogenetic analysis 

Maximum likelihood trees were first performed for all available

3N2 gene segments by using Raxml. 8 A sub-dataset including

he closely related sequences of A/GD/277/H3N2/2017 was gener-

ted for estimating the molecular clock phylogeny of HA gene with

EAST v2.3. 9 Due to the population structure, the MSCOT model

as applied to investigate transmissions between swine and hu-

an populations. 10 

The HA phylogeny based on 2012–2017 swine H3N2 sequences

howed the endemic circulation of S-OIV viruses ( Fig. 1 A). In par-

icular, two major established lineages of H3N2 virus (American L1

 American L2) were found in the American swine population; a

mall lineage (European L) comprised strains from Italy and Spain

015–2016, and an Asian lineage comprised swine strains circulat-

ng in Southeast Asia 2010–2014 ( Fig. 1 A). A/GD/277/H3N2/2017

ell into the Asian lineage ( Fig. 1 B). The most closely related

equences of A/GD/277/H3N2/2017 were found on H3N2 swine

trains circulating in southern China (Guangdong, Guangxi, Hong

ong) 2012–2014 ( Fig. 1 B & Fig. S1). Notably, the phylogeny of HA

howed there was at least another spillover infection caused by

his Asian swine lineage since the H3N2 strain (KJ955515, A/Ho

hi Minh/459.6/2010) isolated from a clinical sample in Vietnam

lso fell into this clade. Limited by the surveillance data in Asia af-

er 2015 (Fig. S1), the dominant H3N2 lineage in the current Asian

wine population was still elusive. However, the strains causing

pillover infections in Vietnam in 2010 and in China in 2017 were

lustered with Asian S-IOVs in 2010–2014 (Fig. S1B) suggesting this

ineage has been firmly established in the Asian swine popula-

ion. The TMRCA (time to the most common ancestor) was esti-

ated as early as 2004 (95% HPD, 20 03–20 08) ( Fig. 1 B). There are

 few amino acid differences between A/GD/277/H3N2/2017 and

losely related swine strains. Site 138 (H3 numbering) in the 130-

oop is of particular concern since the loop plays a determinable

ole in the interaction of the sialic acid receptor. All closely related

wine strains preserve Asp at site 138, which changed to Ser in

/GD/277/H3N2/2017. Fundamental experiments were required to

urther determine whether N138S was related to this species trans-

ission. 

The N2 phylogeny was similar to H3. The phylogenetic analy-

is on six other internal genes indicated A/GD/277/H3N2/2017 as

 reassortant of A/Swine/NS1402/GX/2013-like viruses and Europe-

vian-like H1N1 viruses. As shown in Fig. 1 B, seven out of eight

ene segments could be found in A/Swine/NS1402/GX/2013-like

iruses. In contrast, the M gene was separated from these H3N2

iruses but closely related to the Europe-avian-like H1N1 (EA

1N1) viruses ( Fig. 1 B and Fig. S2). Current data suggested

/GD/277/H3N2/2017 was a novel reassortant H3N2 virus with its

 segment adopt from EA H1N1 strains and other segments from

ndemic H3N2 S-OIVs. 

onclusion 

Cross-species transmissions raise public concerns on increasing

athogenicity of avian influenza virus. As an intermediate host, a

arge gap still exists in the epidemiological and genetic knowl-

dge of influenza viruses in swine populations. In this study, we

how that the A/GD/277/H3N2/2017 that caused infection in a

hild in 2017 and A/Ho Chi Minh/459.6/2010 from clinical sam-

les in Vietnam in 2010 are both from a swine H3N2 lineage

hich established in Southeast Asia as early as 2004 ( Fig. 1 B).

oreover, A/GD/277/H3N2/2017 emerged as a novel reassortant

nd has a distinct antigenicity from contemporary seasonal H3N2

iruses. These results suggest (1) a long-term successive circu-

ation of H3N2 in swine population in Asia; (2) most of hu-

an population may naïve to A/GD/277/H3N2/2017-like viruses.
/GD/277/H3N2/2017 contains internal segments close to swine

3N2 strains circulating in neighboring regions except for M seg-

ents from pdH1N1. These data suggest the local circulation of S-

IV H3N2 viruses in Asia contributes to the emergence and spill-

ver infection of the reassortant S-OIV H3N2 virus. Considering

he high prevalence of S-OIVs and large swine populations, active

olecular surveillance in China, as well as other Asian regions, is

equired. This will provide us a full picture of S-OIVs’ prevalence

nd genetic diversity rather than waiting for humans to serve as

entinels to detect new reassortant S-OIVs. 
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Dear Editor, 

Recently, a study in this journal suggested that the 2014 H1N1

pandemic 20 09 ( H1N1/pdm20 09) had gene communication with

2016/2017 H3N2. 1 The influenza A H1N1/pdm2009 virus, a novel

swine-derived, triple reassortant virus, was rapidly transmitted

between humans and spread to 168 countries, resulting in over

123,0 0 0 human deaths globally from March to December 2009. 2 , 3 

Since then, it has replaced the previous seasonal H1N1 and cir-

culated as a seasonal virus along with the H3N2 virus, posing

substantial risks to human populations, 4 creating an opportunity
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No gene communication of HA gene between the human 

H3N2 and H1N1 pandemic 2009 influenza A viruses 
Fig. 1. Phylogenetic relationships of human H3N2 and H1N1/pdm2009 IAVs. (A) Phyloge

Phylogenetic network of HA gene for human H3N2 and H1N1/pdm2009 IAVs. The numbe
or coinfection and therefore recombination or reassortment be-

ween them. Occasional case reports have documented heterosub-

ypic coinfection in humans, 5 , 6 however, only one reassortment

vent was confirmed. 7 Recombination between their HA genes has

ot been reported. 

HA molecules are categorized into two groups: group 1 (H1,

2, H5, H6, H8, H9, H11, H12, H13, H16, H17, and H18) and group

 (H3, H4, H7, H10, H14, and H15). 8 H1 is in group 1 while H3 is

roup 2, and these two different phylogenetic groups are separated

y a large phylogenetic distance ( Fig. 1 (A)). Thus, the suggested

ene communication between H1N1/pdm2009 and H3N2 re-

orted in the Li et al study is unexpected. 1 To examine this in

ore detail, we collected all available H1N1/pdm2009 and H3N2

equences from the NCBI ( https://www.ncbi.nlm.nih.gov ), GISAID

 https://www.gisaid.org ) and FluDB ( https://www.fludb.org ) pub-

ic databases, and recalculated a phylogenetic network for the HA

ene ( Fig. 1 (B)). Our results show that H1N1/pdm2009 and H3N2

ave a very large phylogenetic distance in the phylogenetic net-

ork. The link between the 2016/2017 H3N2 and 2014 H1N1/

dm2009 sequences has 824 nucleotide changes (marked in bold

n the Fig. 1 (B))! This suggests that in the Li et al study, they

id not use a weighted genetic distance ratio for their phyloge-

etic network, and thus reached the incorrect conclusion that 2014

1N1/pdm2009 had gene communication with 2016/2017 H3N2. 1 

ur results show that the HA gene sequences from H1N1/pdm2009

nd H3N2 have very large phylogenetic distance, and that gene

ommunication is not detected. 
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ear Editor, 

A recent study in this journal identified three H5 highly

athogenic avian influenza A viruses (HPAIVs) with differing NA

ubtypes (N1, N6 and N8) and revealed that while the three iso-

ates were all highly pathogenic in chickens and ducks only the

5N1 and H5N6 subtypes showed high pathogenicity in mice,

ith no mortality observed for H5N8. 1 This suggests differences

n their pathogenicity potential. Since the emergence of H5N1 in

hina in 1996, it has continued to evolve and reassort with other

A subtypes, including N2, N6, and N8. 2 –5 These NA subtypes
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vian influenza A viruses H5Nx (N1, N2, N6 and N8) show 

ifferent adaptations of their codon usage patterns to 

heir hosts 
f H5Nx HPAIVs show distinct differences in epidemiology and

athogenicity. Viruses depend on their hosts’ cellular structure and

etabolism for replication and assembly. Most viral genomes do

ot encode tRNAs, and, consequently, translation of viral proteins

equires host tRNAs. 6 As influenza virus replication is based on

ost machinery, viral codon usage must coevolve with the host to

llow efficient use of host resources. 7 Here, we compare codon us-

ge among the different NA subtypes (N1, N2, N6, and N8) of H5Nx

IVs. 

All available HA and NA sequences of H5Nx (N1, N2, N6,

nd N8) were downloaded from the Influenza Virus Resource at

he National Center for Biotechnology Information (NCBI) ( www.

cbi.nlm.nih.gov/genomes/FLU ), the Global Initiative on Sharing

vian Influenza Data ( www.gisaid.org ) and the Influenza Research

atabase (IRD) ( www.fludb.org/brc/home.spg?decorator=influenza ).

edundant sequences were removed. Laboratory strains and short

 < 95% of the corresponding gene) sequences were also excluded.

ur final dataset contained 5504, 899, 1161, and 552 HA sequences

nd 4064, 672, 905, and 478 NA sequences for H5N1, H5N2, H5N6,

nd H5N8, respectively. 

First, the codon adaptation index (CAI) was employed to pre-

ict the level of gene expression and the adaptation of viral genes

o their hosts. The CAI analysis of HA and NA from H5Nx AIVs was

erformed using the CAIcal server ( http://genomes.urv.cat/CAIcal/ ).

ndex values range from 0 to 1, where a score of 1 represents the

endency of a gene to always use the most frequently used syn-

nymous codons in the host. 8 Higher CAI values for all HA and NA

ubtypes in ducks indicates that the AIVs were more adapted to

he codon usage patterns found in ducks than in humans. For the

A gene, N1 had the highest mean CAI value, followed by N2, N6,

nd N8 ( Fig. 1 A), indicating that N1 was significantly ( P < 0.001)

etter adapted to the codon usage pattern of its hosts, followed by

2, while N6 and N8 were less adapted. No significant difference

n codon usage was seen for the HA genes based on the CAI anal-

sis ( Fig. 1 B). 

The correspondence analysis (CA) was then used to verify the

odon usage differences among the N1, N2, N6, and N8 of H5Nx.

elative synonymous codon usage (RSCU) values for the 59 rele-

ant codons were calculated for all NA subtypes using the program

odonW (available at http://sourceforge.net/projects/codonw/ ). CA 

as then used with the RSCU values for the different NA segments

f H5Nx AIVs and its host (duck) sequences. Here, the first three

xes from the CA analyses provide a 3-dimensional visualization

f the relationships among the sequences. The three principal axes

ccount for 46.66%, 14.99% and 7.21% of the total variation, respec-

ively ( Fig. 1 C). The different NA segments from H5Nx AIVs are lo-

ated in different positions in the 3-dimensional graph. N1 and N2

re located closer to each other, compared to N6 and N8. In ad-

ition, N1 and N2 are located closer to the duck than N6 and N8,

hich indicates that the codon usage patterns of the N1 and N2

egments are more similar to duck than N6 and N8. This result

s consistent with the CAI analyses of the different NA subtypes

 Fig. 1 A). 

A neutrality plot was used to estimate the effects of natu-

al selection and mutation pressure on the codon usage patterns

y plotting P12 (GC12) values of the synonymous codons and P3

GC3) values. 9 According to the neutrality plot analysis, natural se-

ection accounts for the majority (98%) of total selection pressure

n the evolution of codon usage in the HA genes. In contrast, natu-

al selection accounts for 52%, 69%, 49% and 66% of the total selec-

ion pressure for N1, N2, N6, and N8, respectively, indicating that

he role of natural selection in the shaping codon usage patterns

s much lower for NA than for HA ( Fig. 1 D). The HA protein is the

ain target recognized of host immune system, which likely ac-

ounts for the intense natural selection pressure acting upon HA

ene. 
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Fig. 1. (A) Codon adaptation index (CAI) analysis of NA subtypes (N1, N2, N6, and N8) to their hosts; (B) Codon adaptation index (CAI) analysis of HA sequences from H5N1, 

H5N2, H5N6, and H5N8 to their hosts. (C) Correspondence analysis (CA) of host (duck) and the different NA subtypes (N1, N2, N6, and N8) of H5Nx AIV. H5N1, H5N2, 

H5N6, and H5N8 are shown in green, red, orange, and grey, respectively. The duck is shown in yellow. (D) Neutrality plots for the HA and NA genes from H5Nx AIVs. GC12 

stands for the average GC content in the first and second position of codons, while GC3 refers to the GC content in the third position. Dots and regression lines for HA, N1, 

N2, N6, and N8 are shown in red, green, brown, purple, and yellow, respectively. (Linear regression, HA: Y = 0.43 − 0.02 ∗X; N1: Y = 0.26 + 0.48 ∗X; N2: Y = 0.33 + 0.31 ∗X; N6: 

Y = 0.25 + 0.51 ∗X; N8: Y = 0.31 + 0.34 ∗X). 
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In conclusion, we found that for the HA gene, which encodes

the main target recognized by the host immune system, natural

selection accounts for 98% of the total selection pressure. Codon

usage in the N1 subtype is best adapted to its host, consistent with

their prevalence and circulation in poultry since 1996. The current

epidemic NA subtypes (N6 and N8) are less adapted to the codon

usage of their host compared with N1. H5N6 has become the dom-

inative H5Nx in China, and has a series of genotypic markers that

are associated with cross-species transmission from avian to hu-

mans. 10 The poorer adaptation of the codon usage in N6 and N8

to its hosts is consistent with the much fewer number of cases of

human infection. 
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ear Editor, 

Recent study in this journal reported that the first case of

uman infection with H7N4 avian influenza virus (AIV) was con-

rmed in China. 1 Subsequently, 11 H7N4 AIVs were isolated from

oultries, 4 viruses isolated from chickens and 7 viruses isolated

rom ducks. Presently, H7N4 AIVs were only identified from USA,

ustralia, Italy, Canada, Netherlands, Germany, Keara, Thailand,

nd China. 2 Most of the H7N4 AIVs were low pathogenicity, except

hose isolated from Australia in 1997. In the present study, we

erformed a genetic analysis of these H7N4 AIVs in China during

018. 

The human-origin H7N4 AIV, A/Jiangsu/1/2018, and the other

1 poultry-origin H7N4 AIVs, that identified from China in 2018,

s well as the reference sequences downloaded from the Na-

ional Center for Biotechnology Information (NCBI) ( https://www.

cbi.nlm.nih.gov ), and the Global Initiative on Sharing Avian In-

uenza Data (GISAID) database ( https://www.gisaid.org ). The phy-

ogenetic trees of all eight genes were reconstructed, respec-

ively, using the neighbor-joining method with 10 0 0 bootstrap

ests in MEGA 6.06. As shown in Fig. 1 , the HA and NA genes of

/Jiangsu/2018 and the other 11 poultry-origin H7N4 AIVs were

lustered with Eurasian lineage, closely relating to the viruses iso-

ated from Thailand in 2010. All internal genes are also grouped

nto Eurasian lineage (Supplementary Fig. S1A–F). The HA , NA ,

B2, PB1, PA, NP, M, and NS genes of A/Jiangsu/2018 shared 99.2-

9.5%, 99.4-99.8%, 99.7-99.9%, 100%, 99.8%, 100%, 99.6-100%, and

00% nucleotide identity with all 11 poultry-origin H7N4 AIVs.

y Blast in GISAID and NCBI, the HA, NA, PB2, PB1, PA, NP, M,

nd NS genes of all 12 H7N4 AIVs isolated from China in 2018

re most closely related to A/duck/Ibaraki/1/2015 (H7N2) isolated
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enetic characterization of H7N4 avian influenza virus in 

hina in 2018 
rom Japan, A/mallard/Chany/126K-2/2014 (H8N4) isolated from 

ussia, A/duck/Miyazaki/450,307/2016 (H1N1) isolated from Japan, 

/pintail/Russia_ Primorje/222/2015 (H11N9) isolated from Russia, 

/duck/Bangladesh/30,827/2016 (H3N8) isolated from Bangladesh, 

/duck/Dongting/D76-1/2016 (H5N7) isolated from China, A/black- 

ecked crane/Zhaotong/ZT-12/2013 (H1N2) isolated from China, 

/teal/Russi_Primoje/390/2016 (H1N1) isolated from Russia, re- 

pectively. Previous study has demonstrated that wild birds act

n important role in the unexpected emergence of novel AIVs

n poultry, and mammals. 3 China locates in the middle of the

entral Asian Flyway and East Asian–Australasian migratory fly-

ay.Thus, the results of the homology analysis indicating that

he migratory birds might cause these multi-reassortant viruses in

hina. 

We also investigate the amino acid mutation sites that re-

orted to be associated with host adaptation, pathogenesis, recep-

or specificity, and antiviral resistance in all 12 H7N4 AIVs. No mu-

ations E119V, I222L, and R294K in the NA protein, as well as S31N

n the M2 protein were not found in these viruses, indicating that

hey remained sensitive to amantadine and oseltamivir ( Table 1 ).

ased on the deduced amino acid sequence of the HA gene, the

A cleavage site pattern PELPKGR/G, a typical motif, observed in

ow pathogenicity AIVs. The mutations Q226L, and G228S were not

dentified in the HA proteins of all 12 H7N4 AIVs, indicating that

hey preferred to bind to α-2,3-linked sialic acid AIV receptor. 4 

irulence-related signatures, such as the 90 amino acid PB1-F2

rotein and the P42S substitutions in the NS1 protein, were identi-

ed in all 12 H7N4 AIVs isolated from China in 2018. Previous re-

earch has demonstrated that the substitutions A588V, E627K, and

701N in the PB2 protein associated with increased virulence in

ammals. 5 , 6 The substitution E627K was observed in the PB2 pro-

ein of the A/Jiangsu/1/2018, but not the other 11 poultry-origin

7N4 AIVs. This is maybe the reason that A/Jiangsu/1/2018 trig-

ered a case of human infection. 

Beside H7N4 AIV, human infection with H5N1, H5N6, H7N9,

10N8 and H9N2 AIVs have been reported in China, especially

7N9 resulting in over 1500 laboratory-confirmed human cases. 7 

everal studies have confirmed that exposure to live poultry sig-

ificantly increases the risk of human infection with AIV. 8 , 9 The

ivalent H5/H7 vaccine successfully prevents chickens from H7N9

IV infections, and thus preventing human infections. 10 To pre-

ent human infection with AIV, we should strengthen surveil-

ance, control these viruses in poultry, and avoid exposure to live

oultry. 
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Fig. 1. Phylogenetic trees of the open reading frame of HA (A) and NA (B) genes of H7N4 AIVs isolated from China in 2018. The trees were constructed by the neighbor- 

joining method with 10 0 0 bootstrap replicates in MEGA 6.06. For each node, only the bootstrap values ( > 50%) are shown above the branches. The human-origin H7N4 AIV 

was indicated with red font. 

Table 1 

Molecular analysis of the human-original and the other avian-original H7N4 AIVs isolated from China in 2018. 

Protein Molecular feature or amino 

acid substitution 

Function Human-original H7N4 AIV 

strain (A/Jiangsu/1/2018) 

Avian-original H7N4 AIVs 

in China a 

HA Multibasic cleavage site Expand viral tropism PELPKGR/G PELPKGR/G 

H160A Increased binding to human-type 

influenza receptor 

A A 

G186V Increased binding to human-type 

influenza receptor 

G G 

Q226L Increased binding to human-type 

influenza receptor 

Q Q 

G228S Increased binding to human-type 

influenza receptor 

G G 

NA E119V Oseltamivir resistance E E 

I222L Oseltamivir resistance resistance I I 

R294K Oseltamivir and zanamivir resistance R R 

PB2 A588V Increased virulence in mice A A 

E627K Increased virulence in mice K E 

D701N Increased virulence in mice D D 

PB1 I368V Increased transmission in ferrets I I 

PB1-F2 87–90 aa in length Increased pathogenicity in mice 90 aa 90 aa 

PA T97I Increased virulence in mice T T 

L336M Increased polymerase activity in mice L L 

M2 S31N Amantadine resistance S S 

NS1 P42S Increased virulence in mice S S 

D92E Increased virulence in mice D D 

N205S Altered antiviral response in host S S 

G210R Altered antiviral response in host G G 

a All the other 11 avian-original H7N4 AIVs were isolated from China in 2018. 
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ear Editor, 

The emergence of novel avian influenza A viruses is frequently

eported in this journal, 1,2 while other emergent diseases, e.g.,

frican swine fever (ASF), which also cause great losses in recent

ears. African swine fever is caused by the African swine fever

irus (ASFV). ASFV is the only member of the Asfarviridae family,

nd the genus Asfivirus. 3 Infections of swine with ASFV show high
eferences 

1. Tong XC , Weng SS , Xue F , Wu X , Xu TM , Zhang WH . First human infection by a

novel avian influenza A(H7N4) virus. J Infect 2018; 77 (3):249–57 PubMed PMID:
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sine at 627 position in PB2 protein does not change virulence of the 2009 pan-
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6. Li Z , Chen H , Jiao P , Deng G , Tian G , Li Y , et al. Molecular basis of repli-

cation of duck H5N1 influenza viruses in a mammalian mouse model. J Vi-
rol 2005; 79 (18):12058–64 PubMed PMID: 16140781. Pubmed Central PMCID:

PMC1212590 . 
7. Xiang B , Zhu W , You R , Chen L , Li Y , Liang J , et al. Human infections with avian

influenza viruses in mainland China: a particular risk for southeastern China. J
Infect 2017; 75 (3):274–6 PubMed PMID: 28502581 . 

8. Yu H , Wu JT , Cowling BJ , Liao Q , Fang VJ , Zhou S , et al. Effect of closure of

live poultry markets on poultry-to-person transmission of avian influenza A
H7N9 virus: an ecological study. Lancet 2014; 383 (9916):541–8 PubMed PMID:

24183056. Pubmed Central PMCID: PMC3946250 . 
9. Teng Y , Bi D , Guo X , Hu D , Feng D , Tong Y . Contact reductions from live poultry

market closures limit the epidemic of human infections with H7N9 influenza. J
Infect 2018; 76 (3):295–304 PubMed PMID: 29406153 . 

0. Zhang X , Luo T , Shen Y . Deciphering the sharp decrease in H7N9 human infec-

tions. Trends Microbiol 2018; 26 (12):971–3 PubMed PMID: 30472993 . 

Bin Xiang, Libin Chen, Jie Song, Peng Xie, Qiuyan Lin, Ming Liao,

Chenggang Xu 

∗, Tao Ren 

∗

College of Veterinary Medicine, South China Agricultural University,

Guangzhou 510642, China 

National and Regional Joint Engineering Laboratory for Medicament

of Zoonosis Prevention and Control, Guangzhou, China

Key Laboratory of Animal Vaccine Development, Ministry of

Agriculture, Guangzhou, China 

Key Laboratory of Zoonosis Prevention and Control of Guangdong

Province, Guangzhou, China 

∗Corresponding authors at: College of Veterinary Medicine, South

China Agricultural University, Guangzhou 510642, China.

-mail addresses: chgangxu@126.com (C. Xu), rentao6 86 8@126.com

(T. Ren) 

Accepted 20 April 2019 

Available online 25 April 2019 

ttps://doi.org/10.1016/j.jinf.2019.04.012 

2019 The British Infection Association. Published by Elsevier 

td. All rights reserved. 

hylogeographic patterns of the African swine fever virus 
orbidity and mortality (up to 100%). At present, there is no effec-

ive vaccine to prevent ASF and thus it is a great threat to global

ig production. Since its first described in Kenya in the 1920s, ASF

as been recorded in most sub-Saharan African countries, and has

pread outside Africa to Europe (Spain, Portugal, Italy, and France)

n the 1950s, although it was subsequently eradicated from those

ountries. More recently, ASF was export to Georgia in 2007, and

hen spread throughout Eastern Europe, including Russia, Belarus,

kraine, Estonia, Lithuania, Latvia, Romania, Moldova, Czech Re-

ublic, and Poland. 4 The virus has continued to spread worldwide,

nd has now been reported in 37 countries or regions. On August

, 2018, China – the world’s largest pork producer, reported its

rst ASF outbreak. ASF has now been reported across all provinces

f China, leading to the deaths of more than 1 million pigs. At

east three other Asian countries, Cambodia, Mongolia and Viet-

am, have reported ASF outbreaks to the OIE ( http://www.oie.int/ ).

owever, how ASF was able to quickly spread across the world re-

ains a mystery. Here, to address this question, we studied the

hylogeographic patterns of this virus. 

The ASFV genome is 170-193 kilobase pairs in length. 5 A

air of genes (p72 and p54) has been widely used to exam-

ne ASFV phylogenetic relationships. 6–8 Genotypes for p72 have

een classified for the identification of circulating ASFVs. There-

ore, we collected all 716 p72 and 680 p54 available gene se-

uences from NCBI ( http://www.ncbi.nlm.nih.gov/ ) to investigate

he phylogeographic patterns of ASFVs. A Median-joint network

f the p72 sequences was constructed using Network 5.0 ( http://

ww.fluxus-engineering.com/sharenet.htm ). The phylogenetic net- 

ork could be divided into the 24 previously described genotypes

I-XXIV, Fig. 1 (A)). Genotypes I and II are the most widely dis-

ributed genotypes, with 31.4% of the sequences belonging to geno-

ype I (225 of the 716 sequences) and 15.1% belonging to geno-

ype II (108 of the 716 sequences). East Africa and South Africa

ave their own unique ASFV lineages, suggesting independent evo-

ution of this virus in these two regions. As shown in Table 1 ,

or the p72 gene, ASFVs from East Africa and South Africa have

he most genotypes (15 and 14, respectively), the largest numbers

f unique genotypes (8 and 8, respectively), the greatest haplo-

ype diversity (0.78 and 0.951, respectively), and highest nucleotide

iversity (0.03022 and 0.02188, respectively). Similarly, for p54,

SFVs from East Africa and South Africa have the greatest hap-

otype diversity (0.835 and 0.974, respectively) and highest nu-

leotide diversity (0.15120 and 0.16511, respectively). Since the

argest genetic diversity in ASFVs is found in East Africa and South

frica, this supports the conclusion that East Africa and South

frica are the two main origin regions for ASFVs. 

Although ASFVs have invaded other parts of the world from

frica several times, and have disseminated to many countries and

egions, all of the sequences that have been isolated outside Africa

elong to genotypes I and II. Genotype II is now endemic in east

urope and Russia, and constitutes the 2018 outbreak in China.

t is unknown whether these two particular genotypes are better

dapted to these regions, or whether their presence is simply due

o founder effects (random export events). ASFVs are DNA viruses,

hus have much lower mutation rates than RNA viruses. The nu-

leotide diversity of p72 is much lower than p54 gene ( Table 1 ),

uggesting that p72 is a better conserved gene. This further ex-

lains the lack of genetic diversity seen in p72 in regions outside

f Africa ( Table 1 ). 

In the current and previously affected areas, domestic pigs, wild

oar, wild African suids (warthogs, bush pigs, and giant forest

ogs), and Ornithodoros ticks have been infected through different

ransmission models. Ornithodoros ticks and African suids act as

he biological vectors and reservoirs for ASFVs. 9 In South and East

frica, the complex transmission cycle of involving African suids,

omestic pigs, and ticks results in most of the ASFV genotypes be-
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Fig. 1. Phylogenetic network for the p72 gene from ASFV. (A) Phylogenetic network displaying the geographical distribution of where the viruses were isolated. (B) Phyloge- 

netic network marked for host information. 

Table 1 

Genetic diversity of p72 and p54 genes in ASFV. 

Gene Region N 

a nHT b HTdiv c pdiv d Genotypes Unique genotypes 

P72 East Africa 325 38 0.78 0.03022 I, II, IX, V, VIII, X, XI, XII, XIII, XIV, XV, XVI, XVII, XXI, XXIII X, XI, XII, XIII, XIV, XV, XVI, XXIII 

West Africa 73 3 0.054 0.0 0 014 I 

South Africa 126 40 0.951 0.02188 I, II, III, V, VI, VII, VIII, XIX, XVII, XVIII, XX, XXI, XXII, XXIV III, VI, VII, XIX, XVIII, XX, XXII, XXIV 

Central Africa 79 3 0.453 0.02402 I, IX 

Eastern Europe 36 1 0 0 II 

Western Europe 3 1 0 0 I 

South Europe 42 1 0 0 I 

Northern Europe 24 1 0 0 II 

America 4 1 0 0 I 

Asian 4 1 0 0 II 

P54 East Africa 320 62 0.835 0.15120 

West Africa 75 7 0.488 0.10150 

South Africa 91 48 0.974 0.16511 

Central Africa 62 7 0.650 0.07178 

Eastern Europe 30 1 0 0 

Western Europe 2 1 0 0 

South Europe 89 27 0.547 0.0446 

Northern Europe 2 1 0 0 

America 4 1 0 0 

Asian 5 1 0 0 

Notes : 
a Number of sequences. 
b Number of haplotypes. 
c Haplotype diversity. 
d Nucleotide diversity. 
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ng shared ( Fig. 1 (B)). In other regions, transmission cycles seem

o without the involvement of ticks. 9 Considering the rapid expan-

ion and the sporadic, long-distance outbreaks, direct contact with

nfected pigs may play a limited role in the spread of ASF. ASFVs

an survive long periods in frozen meat and in undercooked pork

roducts, thus swill-feeding and pig/pork transport might play pri-

ary roles in transmission. Infections are more likely to occur in

mall-scale and backyard farms with low biosecurity, with farm-

rs then often attempting to limit their economic losses by an

mergency sale of affected pigs to traders, markets, and meat pro-

ucers, when ASF clinical symptoms are found in some animals.

hus, these sites could act as “amplifying spots”, and play impor-

ant roles in the rapid transmission of ASF. In addition, infections

n wild boars were reported in European and Asian countries, in-

luding China. Due to the maintenance of ASFVs in wild boars, ASF

n now endemic in Eastern Europe and is far from being elimi-

ated. Wild boars are distributed across Eurasia, thus the establish-

ent of ASFVs in wildlife could intensify the spread of this disease,

nd make control more difficult. 

Improving biosecurity on farms, forbidding swill-feeding, strict

nimal movement control, and increased disease awareness by pig

armers should greatly help in disease control. Vaccination is one

f the best control measures for infectious diseases. Inactivated

accines to date have been unsuccessful for ASFVs. Live attenuated

accines often produce a stronger and longer-lasting immune re-

ponse than inactive vaccines. However, a traditional live attenu-

ted ASFV vaccine caused a chronic disease outbreak. 10 Generating

n attenuated vaccine through the sequential deletion of virulence

enes is the most promising approach, however, extensive investi-

ation is required to test the safety and efficacy of any attenuated

accine before it can used in the field. 
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