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IntroductIon

results

  Methods

Highly pathogenic avian influenza viruses (HPAIV)  emerge from low pathogenic avian in-
fluenza viruses (LPAIV) following the insertion of nucleotides coding for basic amino acids 
at the hemagglutinin (HA) cleavage site (Fig. 1A). This has occurred at least 51 times in 
parallel fashion in independent viruses of the H5 and H7 subtypes over the past 60 years 
(Fig. 1B).

These repeated insertions by the influenza RNA-dependent RNA-polymerase (RdRp) hint 
at a peculiarity of this genomic region driving insertions. Most HPAIV insertions can be ex-
plained by the duplication of a stretch of neighboring sequence by the RdRp, but the exact 
mechanism underlying this phenomenon remains unknown.

Here we propose that insertions are caused by transient RNA structures trapping the RdRp 
on insertion-prone sequences (Fig. 2). We investigate the impact of these two factors on 
insertion nature and frequency using a next-generation sequencing based approach and 
HA mutants designed with guidance of in silico predictions based on our model.

Influenza RdRp replication was performed in a transfection-based HA 
ribonucleoprotein replication system to avoid selection biases at the 

protein or virus level and allow more freedom in mutant design.

Insertions were quantified using a customized circular next-gen-
eration sequencing method (Acevedo and Andino 2014, PMID: 
24967624). For each condition, the insertions due to initial tran-
scription by cellular polymerases (in absence of influenza RdRp) 
were quantified and subtracted as background insertions.

HA sequence or structure mutants were designed using a 
self-developped bioinformatics tool predicting putative transient 

RdRp-trapping stems. The predictions were based on our trapped 
polymerase model (Fig. 2) and are shown as stem-stability heat-

maps on the graphs below (Figs. 3, 4).
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 the trapped polyMerase Model

Figure 2. Schematic representation of the trapped polymerase model as molecular mechanism underlying insertions by the influ-
enza RdRp at the HA cleavage site. The RdRp (PB1 in blue; PB2 in orange; PA in green) replicates the viral genome into product RNA 
(in red). Due to the close proximity of the template entry and exit channels, local structures based on complementary sequences in the 
template can form around the RdRp. The RdRp is trapped in the loop region, resulting in increased rates of stuttering and backtracking, 
leading to insertions in the RNA product (Gultyaev et al. 2019, PMID: 31456885).

 conclusIons and perspectIves

Figure 1. Emergence of highly pathogenic avian influenza virus. (A) Overview of the differences between 
LPAIV and HPAIV with an example of H5 RNA/protein sequences before and after insertion. HA is functional only 
after cleavage at the site indicated with scissors. (B) All available unique avian H5 LPAIV HA sequences and repre-
sentative sequences of HPAIV emergences were aligned using MUSCLE 5 and a maximum likelihood was constructed 
using RAxML. A time-scaled phylogeny was estimated using TreeTime and branch lengths are based on the inferred H5 evolu-
tionary rate with the scale given by the white concentric rings. HPAIV sequences are labelled in red on the tree.

No insertions were observed when using classical H5 or H6 LPAIV 
HA sequences (Fig. 3A, B). The H5 LPAIV sequence was replaced 
by a homopolymer-rich sequence known to be insertion-prone, and 
two distinct insertion peaks were observed (Fig. 3C). 

The left peak corresponded to stuttering insertions (repeated inser-
tion of same nucleotide), the right peak to backtracking insertions 
(duplication of a stretch of nucleotides). Each peak aligned with a 
hotspot in transient stem stability predicted by our model. 

When the homopolymer stretch region of Fig. 3C was reverse-com-
plemented, the positions of the peaks were inverted (Fig. 3D), sug-
gesting that the RNA loop sequence determines the nature of the 
insertions introduced. 

We identified a region in HA predicted to form strong transient stems, 
but without homopolymer stretches. No insertions were observed 
in this region (Fig. 3E). When the insertion-prone H5 sequence was 
added between the predicted stem stability hotspots, the charac-
teristic two-peak phenotype was observed (Fig. 3F).

Figure 3. The RNA loop sequence impacts the frequency of insertions. Height of the bars shows the number of insertions per 1000 reads, color of the bars indicates the size of 
the insertions, and the position of the bar their location. Homopolymer stretches are shown and highlighted in red. For each nucleotide position, the Gibbs free energy of predicted 
putative transient stems trapping the RdRp as it replicates this nucleotide is represented by heatmaps for both cRNA and vRNA.

Figure 4. The stability of transient RNA stems as predicted by our model impacts the frequency of insertions. Using the same representation as Fig. 3.

Guided by an in-house bioinformatics script based on our model, the HA construct from Fig. 3C was mutated to sup-
press the formation of transient RNA stems, leading to a reduction in insertion frequency (Fig. 4A).

Conversely, a region of H5 HA with naturally few transient structures was identified. Introducing the insertion-prone 
H5 sequence led to some stuttering but barely any backtracking (Fig. 4B). Mutations in the surrounding regions to in-
crease the stability of transient RNA stems increased the frequency of backtracking and led to a two-peak phenotype 
(Fig. 4C).

The mechanisms underlying the repeated emergence of 
HPAIV remain unknown, despite decades of study. Here we 
show that insertions by the influenza RdRp are due to a com-
bination of insertion-prone sequences and the formation of 
transient RNA structures. The observed results are compati-
ble with our detailed molecular trapped-RdRp model.

Using this experimental system and model, we are current-
ly investigating why the emergence of HPAIV is restricted to 
two out of 16 avian influenza HA subtypes. In the long term 
this research could help identify risk-markers for the LPAIV to 
HPAIV conversion, allowing focussing of surveillance efforts 
on viral strains that pose a high risk to human and animal 
welfare.
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