Deep Dive: Oct 15

Submitted by admin on Wed, 10/15/2014 - 11:39

Ebola Deep Dive Discussion: Outline, Figures, and Notes

Outline:

* Background Information and Definitions

* Impact of Ebola Mutations

* Ebola 2014 Mutation Rate: Comparison to previous Ebola outbreaks & Other Viruses
* Superinfection: Mathematical Properties / Evolutionary Dynamics

* Ebola Virulence vs Infectivity: Confounding Variables

* Recombination: Evidence for Horizontal Gene Transfer in Ebola

NOTE: This post represents notes from a 'deep dive' scientific conference call regarding the Ebola 2014 outbreak.

Definitions and Background Information:
Virulence: A virus's adverse impact on host fitness (ie. host mortality and morbidity)
Infectivity: A virus's inherent ability to spread (ie. reflected in basic reproduction number)

There have long been discussions on virulence vs infectivity. Currently, the consensus is that these two parameters are absolutely related
within a virus to some sort of fitness optimum, but the confounding variables present make straightforward analysis impossible. The
important point is to understand that Virulence and Infectivity are linked, and form a sort of 'optimum’ for a virus under a given set of
conditions.

The Ebola Polymerase is an RNA-Dependent RNA Polymerase, which means that it is far more error prone than DNA viruses. This reduces
the reproductive fidelity per cycle and introduces genetic instability in the form in single-nucleotide polymorphisms (SNPs), insertions, and
deletions. Additionally, recent evidence has indicated the Ebola RdRp is capable of engaging in genetic recombination. This gives Ebola a

rich source of genetic change from which to explore it's optimum fitness landscape.

Deep Dive Discussion 1:

- The Ebola 2014 viral outbreak is of a has a common genetic, lineage which goes back to the discovery of the species of the Zaire Ebolavirus
in 1976.

- The Ebola 2014 outbreak is considered a 'strain' or 'sub-clade' of Ebola Zaire.

- Ebola Zaire viral species are defined by in reference to a 'consensus strain' -- the Mayinga-76 Ebola Virus (named for Ebola victim Nurse
Mayinga N'Seka in 1976).

- The Ebola 2014 outbreak's RNA genome is only 97% similar to the 1976 Ebola Zaire consensus strain.
- This means out of the 20kb Ebola 2014 genome, approx. 600 nucleotides are different from the 1976 consensus strain.

- The Ebola 2014 outbreak's RNA Genome can be considered to be a separate 'clade' within the species of Ebola Zaire due to these genetic
differences.

- The Ebola 2014 outbreak's RNA Genome is most closely related to Ebola strains from 2007-2008 isolated and sequenced in the DRC.

- Computer analysis indicates the Ebola 2014 outbreak and the Ebola DRC 2007-2008 outbreak had a common viral ancestor, perhaps
around 2004.
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Deep Dive Figure 1:
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Ebola 2014 Genetic Lineages

- Notice in the above diagram that Guinea and Sierra Leone both have distinct Ebola 2014 'sub-clades'

- Also notice in the above diagram that the current Ebola 2014 Guinea and Sierra Leone strains are most closely related to the DRC outbreak
in 2007-2008.

- The current 2014 Ebola outbreak and the 2007-2008 DRC outbreak have an unidentified parent lineage, which ultimately goes back
to 1976.

Deep Dive Discussion 2:

- Notice the Ebola 2014 outbreak and the DRC 2007-08 outbreak diverged from common ancestor strain in 2004 (Deep Dive Figure 2A).

+ With only 97% sequence homology to the Mayinga-76 strain, the current Ebola outbreak could be substantially changed it's reproductive fitness -- but this is unknown.
+ Notice on (Figure 2B) we have what looks like 3 or 4 sub-clades ('strains') present in the 2014 Ebola outbreak.

+ We can see an Ebola strain in Guinea ("GN") appeared earliest (Feb - March), but then died out by May 2014. (Fig 2B)

« After the Ebola 2014 (GN) strain disappeared, new Ebola (SLx) strains took it's place. (Fig 2B)

« The Ebola strains from Sierra Leone ("SL1, SL2...") appeared after the GN strain, and these continued to spread in May and June 2014. (Fig 2B)

+ Within the Ebola 2014 outbreak, we are dealing with multiple genetic sub-clades of Ebola ('sub-strains') which circulate and compete. (Fig 2B)

- The resurgence of the Ebola in May 2014 coincided with the appearance of genetically distinct Ebola viral sub-clades SL2 and SL3. (Fig 2B)

» Deep Dive Figure 2B does not tell us about reproductive fitness, but this is a mystery that must be resolved (do these Ebola genetic changes play any role?).

Deep Dive Figure 2:
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Fig. 3. Molecular dating of the 2014 outbreak. (A) BEAST dating of the separation of the 2014 lineage from central African lineages [SL, Sierra Leone;

GN, Guinea; DRC. Democratic Republic of Congo; time of most recent common ancestor (tMRCA). September 2004; 95% highest posterior density (HPD).

October 2002 to May 2006]. (B) BEAST dating of the tMRCA of the 2014 West African outbreak (23 February: 95% HPD, 27 January to 14 March) and the

tMRCA of the Sierra Leone lineages (23 April; 95% HPD, 2 April to 13 May). Probability distributions for both 2014 divergence events are overlaid below.
Posterior support for major nodes is shown.
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Deep Dive Discussion 3:
- Above Deep Dive Figure 3A, we can view the Ebola 2014 Virus Genome, and it's accumulated mutations as of August 28th 2014.

- We can see that circulating Ebola viruses have substantial genetic changes, including non-synonymous mutations (protein changes)
in:

NP gene (nucleoprotein)

VP35 gene (L cofactor/immune suppression)
VP40 gene (Ebola Matrix Protein)

GP gene (Ebola Spike Glycoprotein)

VP24 gene (Minor Matrix Protein)

L gene (Ebola RdRp)

- This means that the Ebola 2014 Virus has protein-changes (red color) to EVERY gene except highly-conserved VP30 -- probably since VP30 is required for

transcription activation.
- We can clearly see the Ebola 2014 Virus Genome has accumulated a substantial number of changes, including non-synonymous mutations.

- What is especially curious (h/t to IBM) is the amount of mutations that accumulated in the intragenic region -- the grey lines between
VP30 and VP24.

- The implication of these non-synonymous mutations in the 2014 Ebola Virus Genome is unknown at this time. They could substantially
impact viral replication, tissue tropisms, virulence, etc.... Or these mutations could have absolutely no effect.

Deep Dive Figure 3:
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- Notice in Deep Dive Figure 3A we see the Ebola virus genome organized from 5' to 3' end divided into a grid of boxes. The rows are
grouped by 2014 viral sub-clade (or 'sub-strain’). . . "GN", "SL1", "SL2", and "SL3". The columns represent genetic changes across the Ebola
-ssRNA genome. The Ebola 2014 "SL3" strain can be distinguished by a unique SNP at position 10,218 in the genome.

- Notice in Deep Dive Figure 3B we see that over time, the Ebola 2014 SL1 strain became less and less dominant in the population, and
burned itself out by June 2014, meaning that by June 2014, both the Ebola SL1 and GN strains were not actively circulating in humans in
West Africa.

- During June 2014, the Ebola SL2 and SL3 strains began to become dominant and co-circulate. Eventually, both became widespread.

- Deep Dive Figure 3C shows that the iSNP at position 10,218 (associated with SL3) became increasingly frequent over the month of June
2014, indicating reproductive success (for whatever reason) of the Ebola 2014 SL3 strain.

- Current 'deep sequencing' data from the ongoing outbreak as of Oct 16 2014 is not available. The diagram referenced here stops analysis at

August 2014.

Deep Dive Discussion 4:

- The phylogenetic tree below contains isolates from patients infected with the Ebola Virus in 2014.

- Their isolates were 'deep-sequenced' and the Ebola RNA sequences were deposited in Genbank.

- Phylogenetic analysis of these Ebola 2014 RNA sequences show (as of August 2014) that there are Four distinct Ebola sub-clades ('strains’)
- The earliest strains, named GN and SL1, correlate with Guinea and Cluster1 respectively.

- The circulating strains, named SL2 and SL3, correlate with Cluster2 and Cluster3 respectively.

- It is undetermined if there is any molecular biological or sociological factor which would favor SL2 and SL3 over GN and SL1.

- Observed data regarding changes in Ebola sub-clades 'strains' may simply represent sampling bias of a small number of isolates.

Deep Dive Figure 4:

Fig. 58.

Phylogenetic tree showing the individual lineages in the 2014 EVD outbreak. A
maximum likelihood tree was created using RAXML and the four main clusters (Guinea,
as well as three Sierra Leone clusters) are displayed. Bootstrap values (500
pseudoreplicates) are shown for each node. Scale bar = nucleotide substitutions/site.
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Deep Dive Discussion 5:

- This diagram shows the Ebola 2014 mutation rate compared to various parameters

- Mutation Rate and Substitution Rate are not technically the same measurement. For simplicity, by mutation rate we mean substitution rate.
- Notice in Deep Dive Figure 5F we have a brown and a blue probability distribution.

- The brown distribution (Figure 5F) shows Ebola mutation rates using 'all prior known human Ebola outbreaks'. This results in a previous 'all-outbreak’ Ebola

substitution (mutation) rate average of about 0.9 x 10 3substitutions / base pair / year.

- The blue distribution shows (Figure 5F) Ebola mutation rates using sequences 'only from the 2014 Ebola outbreak'. This results in a previous 'all-outbreak' Ebola

substitution (mutation) rate average of about 2.0 x 1073 substitutions / base pair / year.

- The wide probability distribution of Ebola 2014 mutation rate ranges from as low as 1.0 x 10”3 subs/bp/year to as high as 3.1 x 1073 subs/bp/year.
- This data indicates that the Ebola 2014 outbreak is undergoing genetic mutation at a rate 220% to 330% faster than previous Ebola outbreaks.

- Part of this may reflect an acceleration of genetic change in order for the virus to be adaptable to human hosts, as it explores the fitness landscape.

Deep Dive Figure 5:
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- Notice in Deep Dive Figure 5G that a significant fraction of Ebola 2014 viral mutations were detected and sequenced WITHIN patients (Fig
5G, Within Hosts).

- What this means if someone is infected with a single copy of Ebola, by the time they are sick, they may actually posses MULTIPLE Ebola
viral-substrains within themselves. (Fig 5G)

- In other words, an original Ebola genome might be in a host liver cell, but a mutated Ebola genetic copy might be in the same host's spleen
cell. This is how fast the virus is changing. (Fig 5G)

- Another important point from Figure 5G is that a substantial fraction of intra-host Ebola genetic mutation involves non-synonymous
mutations, which can result in changes to amino acid residues which comprise the Ebola proteins. Amino acid substitutions can have no
effect, they can be beneficial for the virus, or they can be detrimental to the virus.

- This is how the virus explores the 'fitness landscape'.

- Lastly, in Figure 5H, notice that from May to June 2014, the virus acquired significant genetic variation which seemed to correlate with the
number of hosts it infected. As of June 16th, the Ebola virus had acquired 29 new viral lineages, which seemed to scale very closely with the
number of new Ebola patients. (Fig 5H)

- Bottom Line: The larger the pool of individuals sick with Ebola 2014, the more opportunities the virus will have to adapt for better genetic
fitness (better transmissibility, etc)

Deep Dive Figure 6:
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SUMMARY

¢ The basic reproductive ratio of an infectious agent (parasite) is the number
of secondary infections caused by one infected individual that has been
introduced into a population of uninfected individuals.

+ Parasite evolution tends to maximize the basic reproductive ratio.

¢ [Ifthere is a functional relationship between infectivity and virulence, then
well-adapted parasites need not be harmless. Parasite evolution can lead
to intermediate levels of virulence.

¢ Superinfection means that an already infected host can be infected by
another parasite strain.

EVOLUTIONARY DYNAMICS

¢ Superinfection triggers intrahost competition for increased levels of
virulence and reduced transmission rates.

¢ Superinfection increases the average level of virulence above what would
be optimum for the parasite population.

¢ Superinfection does not maximize the basic reproductive ratio. Even the
strain with the highest Ry can become extinct.

¢ Superinfection leads to a coexistence of parasite strains with many
different levels of virulence within a well-defined range.

¢ Superinfection can maintain strains with very high levels of virulence,
including strains that are so virulent that they themselves could not persist
alone in an otherwise uninfected host population.

¢ Superinfection can lead to very complicated dynamics, such as heteroclinic
cycles, with sudden and dramatic changes in the average level of virulence.

¢ The higher the rate of superinfection, the smaller the number of infected
hosts. Hence superinfection is not advantageous for the parasite popula-
tion as a whole.

Deep Dive Discussion 7:

- This diagram shows how mutation rate and substitution rates relate to Viral classifications.

- Notice that the viruses with the highest substitution rates include are ssRNA viruses (which includes Ebola).

Deep Dive Figure 7:
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Deep Dive Discussion 8:

- Deep Dive Figure 8 shows the average mutation rate of the Influenza A virus NS genes.

- The average mutation rate for Influenza A is 2.6 x 10”3 subs / bp / year. (Influenza A / Seasonal Flu)
- The average mutation rate for Influenza B is 0.5 x 1073 subs / bp / year.

- The average mutation rate for Ebola 2014 is 2.0 x 1073 subs / bp / year. (Ebola 2014 Outbreak)

- Thus, the mutation rate for the Ebola 2014 outbreak is comparable to that of seasonal flu (Influenza A is one of the fastest changing viruses known).

- The future mutations in Ebola will be impossible to predict. This why it is critical to get the outbreak contained.

Deep Dive Figure 8:
TABLE 1. Analysis of mutation rate for NS genes of human influenza viruses
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B 1 B/Aichi/28/99 6.4 = 10° 143 1475765 1 0.7 %1073 1.0 % 10°° 0.8 x 1077
2 B/Aichi/44/01 2.0 = 10° 146 150,672¢ 1] 0 0 0
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5 24 = 10° 136 113,288" 2 1.8 % 1077 26 % 10°° 321077
6 A/Aichi/1/87° 1.2 x 107 138 114,954" 2 1.7 1077 25 % 107" 321077
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Deep Dive Discussion 9:

- The average mutation rate for Ebola 2014 is 2.0 x 10-3 subs / bp / year. (Ebola 2014 Outbreak)

- The average mutation rate for all previous Ebola Outbreaks is under 0.9 x 10-3 subs / bp / year. (Previous Ebola outbreaks)
- The average mutation rate for Influenza A NS genes is 2.6 x 10-3 subs / bp / year. (Seasonal Influenza)

- In Deep Dive Figure 9, we can compare the Ebola 2014 viral mutation rate to 50 other common RNA Viruses.

- In Deep Dive Figure 9, we see that Ebola 2014's viral mutation rate is among the highest mutation rates in the literature for RNA Viruses.
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- In Deep Dive Figure 9, any virus with a mutation rate comparable to Ebola 2014 Virus (2.0 x 10-3 subs / bp / year ) is marked in red.

- The Ebola 2014 Virus is currently mutating at a very fast pace by any metric, so much so that it is changing as fast as Seasonal Flu.

Deep Dive Figure 9:

Table 1. Overll and synonymous substitution rates for a mnge of 50 RNA viruses

Substitutions/site/year” * 10~

Virs Abbreviation Ciene® All sites Synanymous sites
Ficamaviridae
Foot and mouth discase A FMDW-A VPl = L4 (0.EE, 1.9 250036, 4.6)
Foot and mouth disease © FMDV-L Pl 0.73 (040, 1.3) 12(1.8,47)
Foot and mouth disease O FMDV-0 VL 1.3 0066, 1.9) 040, 2.4)
Human enterovirus 71 EVTI VL [ 34427, 4 12(7.9,18)
Swine vesicular disease SVDV o 34428 40 T.0{36,15
Calciviridas
E. brown hare syndmome EBHSV VPO (p) O30, 073 O, 337
Rabhit hemomhagic disease REHDW VPED {p) - 10.59,2.1) 0190, .67
Flaviviridas
Dengue 1 DEMNY-1 E 048 {019, 0.79) L7016, 30
Drengue 2 DENV-2 E 0.62 (049,074 15094 21)
Drengue 3 DENY-1 E 0.72{0.53,091) 21413,3.0)
Drengue 4 DEMY-4 E 077 {059, 110 221513
Japanese encephalitis JPEW E .35 (0,089, 0.53) 080(0.24 1.3
Louping ill LIV E 0098 {0, 0.267 i, 050
St Louls encephalitis SLEV E (pi 0,16 (0,038 03740, L.5F
Tick-bome c‘mc‘phnlilis TBEV E 00,0127 0290, 0.41)°
Yellow fever YEW E 028 (010,044 1260, 1.31)°
Classical swine fever CSFV NS5B (p) -20(1.527) 4942577
Hepatitis HCW El {p) el 10) 049 (0082, 1.5)
Tagaviridae
Barmah Farest BFY EZ {p) Q0T 0,0 16 F 009e (0, L.OF
Eastern equine encephalitis EEEW 205 020 (0016, 0.26) O27(0.21, 06K)
Highlands 1 HIWV El 0.14 (0086, 0.26) 036 (0091, 0.90)
Ross River RRY E2 0.24 {0, 0.51F 07840, Lay
Sinbis SINV E2 il 0,19 0, 0,501 040, 0.83°
Venezuelan equine encephalitis VEEW E3-E2 (p) 012 0, 0221 040, Loy
Western equine encephalitis WEEV El {p) 0055 {0015, 0.16) GOm0y 0, 053¢
Rubella RUBY El 06l {045, 0.76) 0510, 12§
Coronaviridae
Equine arteritis EAV GLApl 0,67 (0,39, 096) Ol L1y
Rhahdaviridae
Rahies EABY Gip) 00, 18" 040, 0.76)°
Vesicular stomatitis VAW Bipi 0015 {0, 0. 297 040, 0.75°
Baramproviridae
Bovine respiratary syncytial BRSV G 0.79 (0,43, 1 6) (056, 5.4)
Human respiratory syncytial A HRESV-A G = | 6(l.3 22 130(18,52)
Human respimtory syncytial B HESV-B G 0.27 (0,088} 48(30,7.3
Measles MY HE 040 (031, 0.4 LO(LTLL 1L4)
Mumps MUY F-SH-HN 0.25 (00437 DA5(0, 147
Mewcastle disease MDDV M-F (pl 00, 0.075)° 040, 035"
Human parainfluenza | HP V-1 HM 0.22 (0037, 0.41) 0704035 1.2)
Filaviridae
Ebala EBOV Gip) 00, 020 D260, L&)
(hrthamyxoviridae
Avian influenza A AFLUV-A NP L1 {04, 1.3) 332440
Classical swine influenza A CSFLUV-A NP L5134 LT 16430,55
Equine influerza A EQFLUWV-A MNP L1046, 1.8) 4201377
European swine influenza A ESFLUV-A MNP 0 (0,0.72F O30, 6.3F
Human influenza A HFLUV-A MNP LE{1.6 21 14423 45
Influenza B FLUY-H HA {p) [l.h (1.3, 1.9} 23(1L7,37
Human influcnza C HFLUV-C HE 0.24 (013,034 080042, 1LY
Bunvaviridas
Rift valley fever REVEY MSs (p) 00,0125 790010, 1.7)
Reoviridae
Bluetongue BTY 53 0.36 (028, 0.48) Dal (036 1.1
Human rotavirus HROTAY Vir4 0.58 (0.23,0.95) L4, 247
Reovirus REOV 53 O30 (0,064 7 LOg0, 247
Birnaviridas
Infectious bursal disease IBDY VEZ () .44 (0, 080 0710, 267
Retraviridae
Human immunodeficiency 1 HIV-1 Gag-Env {p) - 251,40 040, 0.48)°

“(p) indicates partial pene sequences.
P Numbers in parentheses are 0.95 confidence limits,
“In this case the SRDT model was not significantly better than the SR model.




Deep Dive Discussion 10:

- The pages below are extracts from the book Evolutionary Dynamics by Martin Nowak.
- These diagrams show how it is mathematically possible for a pathogen NOT maximize it's Ro under conditions of Superinfection.

- These diagrams also illustrate how it is possible for Nature to permit the evolution of Virulence in pathogens, when it seems such virulence
is not in the pathogen's self-interest.

Deep Dive Figure 10:
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evolutionary dynamics will increase f and reduce v. This represents the con-
ventional wisdom that infectious diseases will evolve to become less virulent.

I general, however, we expect an association between virulence v and in-
fectivity @; usually the harm done to hosts (v) is associated with the produc-
tion of transmission stages { ). For certain functional relations between v and
£ there is an evolutionarily stable degree of virulence, corresponding to the
maximum value of Ry, Other situations allow evolution toward the extreme
values of very high or low virulences. The detailed dynamics depend on the
shape of § as a function of v, It is interesting to note that along some trajecto-
ries where virulence increases, parasite evolution can lead to lower and lower
parasite population sizes (in terms of total number of infected hosts).

If the infectivity is proportional to virulence, 8 = av, where o is some con-
stant, then the basic reproductive ratio, By, is an increasing function of vire-
lence, v. In this case selection will always favor more virulent {and therefore
more infectious) strains.

If the infectivity is a saturating function of virulence, § = av/{c + v), then
the basic reproductive ratio, Ky, is a one-humped function of virulence. The
maximum Ry is achieved at an intermediate optimum level of virulence given
by Vopi = w/eu. If the wirulence of a parasite population is greater than Uppen
then selection will reduce virulence. 1f it is less than Vops then selection will
increase virulence.

EVOLUTIOMARY DYMAMICS
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Figure T4 Superinfection means that an already-infected hest can be infected by
anather parasite strain. There is competition between the two parasite strains in the
superinfected individual; one parasite strain may win this competition and outcompere
thecther. A consequence of superinfection is that natural selection ne lenger raximizes
the basic reproductive ratio. Instead there can be coevistence of different parasite
strains with different levels of vinulence, in general, superinfection beads to increased
wvirulence beyond what would be optimumn for the parasite. Superinfection introduces
competition an twio levels within an infected host and in the populaton of hoses.

1.3 SUPERINFECTION

The analysis of the previous section did not include the passibility of superin-
fection. An infected host is not susceptible to another infection. We will now
remove this limitation and allow for an infected host o be superinfected by
another parasite strain (Figure 11.4),

We will consider a heterogencous parasite population with a range of dif-
ferent virulences, and assume that more virulent strains outcompete less vir-
ulent strains within an infected individual. Thus increased virulence provides
a competitive advantage over other parasites in the same host,

For simplicity, we assume that the infection of a single host is always dom-
inated by one parasite strain, Therefore superinfection means that a more
virulent strain takes over a host infected by a less virulent strain, This can be
described by the following system of ordinary differential equations:

"
i=R—HX—xZﬂ.}U
i=1
f . (11
i— ”
jl‘=y‘(ﬂ|-_r—u—uf+xﬁl-z_uj—r Z w0 i=1....n

J=l i=i+l

EVOLUTION OF VIRULENCE

Here v; denotes the virulence of strain i. We order the strains such that vy =
¥y < ... < v, A more virulent strain can superinfect a host already infected
with a less virulent strain. The parameter s describes the rare at which superin-
fection occurs relative to infection of uninfected hosts. I either the host or the
parasite has evolved mechanisms 1o make superinfection more difficult, then
5 is smaller than one. [f already-infected hosts are more susceptible to acguir-
ing a second infection, then s is greater than one, which means superinfection
occurs at increased rates,
For the numerical simulations shown in Figure 11.5, we assume a functional
relation between virulence and infectivity given by
au;
= P (1
For low virulence, infectivity increases linearly with virulence. For high vire-
lence, there is a saturation of infectivity at a maximum level. The basic repro-
ductive ratio is given by
akwy;

- {1112}

Roj=——— .
! uie 4 vk 4 )

The oprimal virulence, which maximizes Ry, is given by

Uy = e (113}

Figure 11,5 shows the equilibrium population structure of the parasite for var-
ious values of 5 between O and 2, We have assumed b =1, n =1, and § =

Figure 1.5 The equilibrium dstribution of parasite strains with different levels of
virdence. The simulation & parformed .m:or‘ding Tar eqquaticon UHD] with & = | = |,
moe= 50, F =By A+ ), and 5 =0, 002, 1, 2 e indicated, The individual 1y ane
randomly distributed between 0 and 5 In the absence of superinfection, s = 0, the
strain with the maxinwmn basic reproductive rate, Ry, i selected. With superinfection,
5 == M), we find the coexistence of many different strams with different virulences,
wy. within a range w_, and 1, but the strain with the largest K is not selected.
Superinfection does not aptimize parasite repraduction For increasing s, the values
of vy and by, increase, as well. The r-axis denotes virulence, the y-ases indicate
equilibrium frequencies (always scaled to the same largest value).

EVOLUTIONARY DYMAMICS
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Bu; /(1 + ). We simulated n = 100 strains of parasites with virulences ran-
domly distributed between 0 and 5. For this chaice of parameters, the strain
with a virulence closest to 1 has the largest K. Indeed we find that this strain
is selected in the absence of superinfection, s = 0, If superinfection is possi-
ble {5 = 0}, then there is selection of an ensemble of strains with a range of
virulences between two boundaries, vy, and vy With Vg, = Vg, Thus su-
perinfection has two important effects: (i) it shifts parasite virulence to higher
levels, beyond the level that would maximize the parasite’s reproductive rate;
and (i) it leads to a coexistence between a number of different parasite strains
with a range of virulences. There are amusing ups and downs in the equilib-
rium densities of strains, A strain has a high equilibrium frequency if the strain
with a slightly larger virulence has low frequency, and vice versa, Only a sub-
set of strains survive at equilibrium, What determines this complicated and
unexpected equilibrium structure?

1.4 AN AMALYTICAL MODEL OF SUPERINFECTION

Let us now derive an analytical understanding of the complexities introduced
by superinfection. [nstead of using a constant immigration rate & for unin-
fected hosts, we choose a varizble immigration rate that balances exactly the
death of uninfected and infected hosts. This can be done by setting

k=nx+u}'+£|¢y, (1114}
in equation {11.10), The total aumber of infected hosts is given by v =

20y ¥ The sum x + y remains constant and without loss of generality we
choose x + v = 1. We obtain the following system of n equations

i=l "
e [ﬂlu_y}_“_m H(ﬁ' SR> 'gﬂlj)} (11.15)

J=1 =TS

Mote that y remains in the closed interval [0, 1],
System (11.15) is a Lotka-Volterra equation. It can be written in the form

EVOLUTIONARY DYNAMICS
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Deep Dive Discussion 12:

- Contrary to previous thinking, negative-sense ssSRNA viruses can undergo genetic recombination.
- Recombination is where the viral RARp essentially 'swaps' reading from one RNA strand to another, creating a chimeric viral RNA.
- Evidence has emerged to show Ebola Virus has undergone recombination events, event within the last 15 to 20 years.

- This evidence should seriously question our perspective and approach to how viruses evolve, especially if they can 'swap' genetic material so
easily in a non-segmented genome.
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source: Isolates of Zaire ebolavirus from wild apes reveal genetic lineage and recombinants
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