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An Influenza Primer

The 1918 pandemic flu was a staggering public health crisis. For this reason it is of substantial interest to know the evolutionary history of the 1918 pandemic influenza strain. In the last decade, understanding how particularly virulent flu strains arise has become a larger concern, especially with the emergence of several avian flu strains that can infect humans in a limited fashion, but with high mortality rates. The concern is that one of the current avian flu strains will acquire both the ability to efficiently infect humans as well as the capacity to spread from human to human. Pandemic flus result when influenza viruses, to which most humans are immunologically naïve, acquire the abilities to infect and to be transmitted among humans.

Many strains of influenza have 11 genes, listed in the table below:

	Genome segment
	Gene
	Name/function
	Phylogeny constructed

	1
	PB2
	Transcriptase subunit – cap binding
	yes

	2
	PB1
	Transcriptase subunit - elongation
	yes

	2
	PB1-F2
	Apoptosis inducer
	limited

	3
	PA
	Transcriptase – protease activity
	yes

	4
	HA
	Hemagglutinin – host cell recognition
	yes

	5
	NP
	Nucleoprotein – RNA binding and transport
	yes

	6
	NA
	Neuraminidase – virus release
	yes

	7
	M1
	Matrix protein 1
	yes

	7
	M2
	Matrix protein 2
	yes

	8
	NS1
	Non-structural protein 1 – RNA transport, splicing and translation, anti-interferon protein
	yes

	8
	NS2/NEP
	Non-structural protein 2 - nuclear export of vRNA
	yes


All of these genes have been sequenced in multiple variants of the 1918 flu. Genomic sequences from the 1918 flu were isolated via polymerase chain reaction (P.C.R.) on samples from 1918 flu victims who were buried in the permafrost or from fixed tissue samples from the lungs of patients killed by the 1918 flu. In addition, the genome sequences of many modern clinical and field isolates from humans, pigs, and birds have been determined. All of the eleven genes play important roles in the influenza life cycle.

The hemagglutinin (HA) and neuraminidase (NA) proteins play important roles in host cell entry and exit; HA is required for host cell recognition, and NA is required for release of new viruses from the infected cell. There are 16 known HA types, and 9 known NA types, all of which are present in birds. In contrast, human influenza viruses only have one of three HA types (H1, H2, and H3) and one of two NA types (N1 and N2). Swine flus have one of two HAs (H1 or H3) and one of two NAs (N1 or N2).

Much of the research into how influenza viruses acquire the ability to cross species boundaries has focused on HA and NA. However, the ability to effectively and efficiently cross the species barrier does not reside completely in the HA and NA genes. For example, the three RNA polymerase genes (PB1, PB2, and PA) are known to play an important role in cross-species adaptation.

Influenza viruses can infect a variety of birds and mammals. Avian viruses are present in many wild waterfowl (ducks, geese, etc.). However, avian influenza viruses rarely sicken the birds that carry them, as the birds have significant immunity to the flu viruses they carry. Thus, avian hosts serve as a reservoir of influenza viruses. 

One way in which flu viruses can become more virulent or expand their host range is by accumulating mutations during RNA replication. Influenza viruses are RNA viruses. Since RNA replication is inherently error prone, the influenza genome acquires mutations at a high rate. Nucleotide substitutions in flu genes can enhance virus virulence and modify species specificity. This is called antigenic drift.

A second way in which flu viruses can increase their virulence and expand host range is via a process called antigenic shift (or re-assortment). Antigenic shift can occur when two different flu viruses infect the same host cell. Because the flu genome is fragmented, the progeny viruses from multiply infected cells can contain a mixture of genetic material from the heterologous infecting viruses. Avian and swine viruses usually do not infect humans, and swine and human viruses usually do not infect birds. However, because pigs can be infected by swine, avian, and human flu viruses, swine can serve as a “mixing vessel” in which different flu viruses can be re-assorted. The pandemic influenza outbreaks in 1957 (called the Asian flu) and 1968 (called the Hong Kong flu) were the result of re-assortment events.

In the past ten years there have been a number of humans who have been infected with avian flu viruses. Since humans usually have very little immunity to avian flu viruses, the mortality rate for these individuals is usually high. The pathology of avian flu virus infection in humans often resembles that seen with the 1918 influenza pandemic. Recent molecular evidence suggests that the H5N1 avian flu (>250 human cases in the last ten years) may be evolving the ability to cross the species boundary between birds and humans. For this reason, the epidemiological community is closely monitoring H5N1 virus strains for signs of increased virulence and signs of increased ability to cross the species barrier.

In an effort to understand the origins of the 1918 pandemic flu virus, multiple research groups have performed varying phylogenetic analyses of 10 of the 11 influenza genes from the 1918 flu. It is of particular interest to determine the origins of the 1918 flu so that the effects of a similar pandemic flu virus might be mitigated through virus monitoring and quick, appropriate public health responses. 

The provided research paper describes phylogenetic analyses of the PA, PB1, and PB2 genes, which encode the three components of the influenza RNA-dependent RNA polymerase enzyme.

For this milestone you will need to read the attached paper Taubenberger et al., Nature 437:889-93, as well as two criticisms of the work and a response to the criticisms by the authors of the original paper (Nature 440:E8-10).

Task 1:
Interpreting phylogenetic analyses of the 1918 influenza
This paper and most of the other papers in which influenza phylogenies are analyzed primarily perform phylogenetic analyses of influenza viruses using nucleotide sequence data. (It is worth noting that protein sequence phylogenies of influenza proteins have also been performed in some of these papers, though usually as a supplement to the nucleotide-based phylogenies) 

Why might researchers routinely choose to use nucleotide sequence data to construct influenza phylogenies instead of protein sequence data?
Thorough phylogenetic analyses have been performed using 10 of the 11 genes from the 1918 flu virus. All 10 analyses have provided data similar to that shown in the Taubenberger et al. paper for the three polymerase genes: the 1918 flu genes are either located within and near the root of the swine flu clade, or are located within and near the root of the human flu clade. From these analyses, it has been concluded that the 1918 virus was not a re-assortment virus like the 1957 and 1968 pandemic flus.

If the 1918 flu virus were a re-assortment virus, would you expect phylogenetic analyses of the 10 genes to provide such consistent results? Why?
Because thorough phylogenetic analyses of the 1918 flu were not as clear as the researchers had hoped, they used several other metrics to attempt to elucidate the origin of the 1918 flu. These metrics include analyzing transition:transversion ratios, analyzing the ratios of synonymous and non-synonymous substitutions, and considering the percent difference observed at fourfold degenerate sites.

Transition substitutions (nucleotide substitutions between purines or between pyrimidines) occur more frequently than transversions (other substitutions). On average the transition/transversion ratio (Ti/Tv) is greater than one (recall that transitions are twice as likely as transversions). Transitions are more frequent than transversions in coding sequences, as most silent mutations are transitions, and transversions more often result in  non-synonymous changes. The Ti/Tv ratio is usually greater for more related species than for less related species, and thus is sometimes used to suggest the relatedness between pairs of aligned sequences. 
What does the Ti/Tv ratio data in the paper suggest about the relatedness of the 1918 flu polymerase genes to avian flu polymerase genes relative to the relatedness of avian flu polymerase genes to other avian flu polymerase genes? Be sure to address PA, PB1, and PB2 in your answer.
The rate of synonymous mutations in coding sequences is usually ~5x greater than the rate of non-synonymous mutations. Synonymous evolution is generally faster than non-synonymous evolution because fewer synonymous mutations are deleterious than non-synonymous mutations, and more synonymous mutations are neutral than non-synonymous mutations. However, under conditions of natural selection, the numbers of non-synonymous mutations can increase (while the number of synonymous changes remains steady), since non-synonymous mutations in coding sequences change amino acids and therefore are more likely to change the function of a protein in an adaptive way.

Thus, the ratio of synonymous mutations (S) to non-synonymous mutations (N) can be used as an indicator of whether a gene is experiencing selective pressure. For example, a flu gene under selective pressure to adapt to a new type of host might have an increase in non-synonymous mutations, and thus the S/N ratio would decrease for genes experiencing selection. Endemic flus (such as bird flu) have high S/N ratios, since they are near evolutionary stasis. In contrast, flus which are experiencing constant selective pressure to adapt have low S/N ratios. In general, S/N ratios are consistent within flu clades.

From the S/N ratio data presented in the paper, what can you conclude about the levels of apparent selection experienced by the 1918 flu polymerase genes relative to those observed for avian flus. What does this suggest about the origins of the 1918 flu?

Fourfold degenerate sites are nucleotide positions in coding sequences at which a nucleotide change to any other nucleotide is a synonymous change. Fourfold degenerate sites are not subject to selective pressure at the protein sequence level, and therefore nucleotide substitutions at fourfold degenerate sites can accumulate rapidly. In the paper, the authors find that the 1918 flu polymerase genes have a higher percent difference at fourfold degenerate sites than avian flu polymerase genes. From this they conclude that the source of the1918 flu must have been evolutionarily isolated from avian flu viruses currently in the databases. Explain the reasoning behind this conclusion.
From the three polymerase phylogenetic trees in the paper, what do you conclude about the relatedness of the 1918 flu polymerase sequences to the swine, human, and avian flu viruses?

The authors of the paper present what appears to be a phylogenetic paradox. The phylogenetic trees based on both nucleotide and protein (data in other papers) sequence data indicate that the 1918 influenza is located within and near the root of the human or swine clades, which is likely a result of the fact that there are considerable numbers of nucleotide sequence differences between the 1918 flu genes and the avian genes. However, they spend a significant part of their paper showing that the number of amino acid differences between the 1918 flu polymerase proteins and the avian polymerase protein consensus sequences are quite limited.

How is it possible that the protein phylogenies cluster the 1918 flu virus into similar clades as the nucleotide phylogenies do, even though the protein sequences of the 1918 flu polymerases seem to be very similar to the avian polymerase consensus sequences?

Task 2:
Differences in interpretation of phylogenetic trees.

The Taubenberger et al. paper has endured its share of criticism. Both of the Brief Communications in the second attached document express differing opinions about the interpretation of the phylogenies presented in the original paper. The authors of the second comment take particular exception to the original paper and its conclusions.

What are the main objections raised by Gibbs and Gibbs? How do Taubenberger et al. address these criticisms?

What are the main objections raised by Antonovics et al.? How do Taubenberger et al. address these criticisms?
Now that you have read some of the literature about the 1918 flu virus, what do you think is the most likely origin of the 1918 pandemic flu virus?

