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Genetic diversity through
social heterosis can increase
virulence in RNA viral
infections and cancer
progression
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In viral infections and cancer tumours, negative health outcomes
often correlate with increasing genetic diversity. Possible
evolutionary processes for such relationships include mutant
lineages escaping host control or diversity, per se, creating too
many immune system targets. Another possibility is social
heterosis where mutations and replicative errors create clonal
lineages varying in intrinsic capability for successful dispersal;
improved environmental buffering; resource extraction or
effective defence against immune systems. Rather than these
capabilities existing in one genome, social heterosis proposes
complementary synergies occur across lineages in close
proximity. Diverse groups overcome host defences as
interacting ‘social genomes’ with group genetic tool kits
exceeding limited individual plasticity. To assess the possibility
of social heterosis in viral infections and cancer progression, we
conducted extensive literature searches for examples consistent
with general and specific predictions from the social heterosis
hypothesis. Numerous studies found supportive patterns in
cancers across multiple tissues and in several families of RNA
viruses. In viruses, social heterosis mechanisms probably result
from long coevolutionary histories of competition between
pathogen and host. Conversely, in cancers, social heterosis is a
by-product of recent mutations. Investigating how social
genomes arise and function in viral quasi-species swarms and
cancer tumours may lead to new therapeutic approaches.
1. Introduction
Disease is a competitive game between a host and its invading
pathogens, or similarly, between normal body cells and mutated
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cancer cells. To the degree that one side wins, the other loses. Typically, there is only one ‘host’ side, but
the ‘disease’ side can have multiple players. Different pathogens can co-infect the same host, and cancer
cells mutate to form genetically differentiated cell lineages. Although these players do share a common
goal—to overcome the host’s defences—they may also find themselves in a version of the ‘Tragedy of the
Commons’ game [1–3]. The more resources that one pathogen or one cancer cell lineage draws from its
host, the less is left over for any others. Genotypes that replicate more rapidly are at an evolutionarily
selective advantage over those that are more restrained. If this is a zero-sum competition, it can lead
to the evolution of particularly virulent genomes.

An alternative evolutionary possibility for the disease players is one of social heterosis [4–6]. The
essence of social heterosis is that genetically diverse groups can be more successful and productive
than genetically homogeneous ones. This can result in several ways. First, diverse groups can reduce
within-group competition when individuals no longer completely overlap in their resource needs.
Second, diversity can increase homeostasis through better environmental buffering or defence against
predators or disease. Third, diverse groups can have a larger genetic ‘tool kit’ and, therefore, an
enhanced skill set for productive activity. Social heterosis can produce group phenotypes that are
more expansive and multifaceted than any single genome can be. To the degree that such groups gain
any or all of these benefits, we can consider their entire genetic complement to be a ‘social genome’ [6].

Genetic diversity can also produce enhanced fitness outcomes that are not due to social heterosis. For
example, multiple pathogen clones or cancer cell lineages can interact to produce a ‘rescue’ effect.
Deleteriously mutated pathogens or cancer cells that cannot perform some critical function can still
survive and replicate if the presence of others provides the missing function. This, however, would
not be social heterosis. For social heterosis, genetically diverse assemblages must do more than
survive—they must be more productive than any single, isolated genotype. There must be true
‘complementarity’ that increases group replicative success to be strong evidence for social heterosis.

In higher organisms, social heterosis can reflect both morphological and behavioural diversity, the
latter of which can be considered in the context of overtly cooperative decisions [7]. This is not so in
the case when applying social heterosis to cancer or viral infections. Here, the more applicable
construct is one of an expanded tool kit. Genetically different clones do not decide in any formative
way to cooperate. Instead, social heterosis in a cancer tumour would be a by-product of genetically
differentiated, but physiologically complementary, cells that reside in the same local neighbourhood
(figure 1). Some cells might create a defence against being attacked by the immune system, while
others increase the rate at which resources are extracted from adjacent non-cancerous tissue [8].
Similarly, if viral clones that co-infect the same cell are complementary in using the cell’s resources,
replication rates of all genotypes could be enhanced due to their synergistic skill sets (figure 2).

Although heterogeneity can make a complementary social genome, not all genotypes are likely to
have equal replicative rates. Therefore, a social genome would always be at risk of collapsing from
within-group selection for the best replicator to increase to fixation, even at a cost of eliminating all
the benefits of diversity. Only if the population has across-group variation in genotypes and a mixing
phase in propagule dispersal (i.e. the population exists as structured deme), can group-level selection
counteract individual within-group selection [4,9]. This seriously constrains the possibility of evolution
through social heterosis. Group members reproduce, groups do not. Genotypes, not social genomes,
reproduce. A group of cells comprising a cancer tumour can metastasize through sloughing off
circulating tumour cells (CTCs). Any given CTC, however, may not incorporate the complementary
subsets of genotypes that comprise a social genome. Similarly, co-infecting and complementary
viruses may replicate effectively when together in the same cell, but whether or not their descendent
virions find themselves similarly co-infecting other cells may be stochastic and determined by random
chance. For viruses, when transmission involves getting from one host to another, the ensuing genetic
bottlenecks may also severely limit the inheritance of intact social genomes.

In short, there are reasons why social heterosis might be an important feature in evolutionary
medicine, but there are also reasons why it might not be. In a first attempt to test the relevance of
social heterosis for disease outcomes, Nonacs & Kapheim [6] simulated the evolution of the HIV virus
within hosts, with the possibility that mutations could produce complementary interactions across
separate clone lines. The model outcomes accurately matched a number of features of HIV
progression from a long and variable asymptomatic phase to properties of the viral population at the
point of immune system collapse.

Applied more broadly, the social heterosis hypothesis leads to a number of testable predictions
(table 1). Some are very general and could arise for a variety of reasons, such as pathogen populations
or cancer tumours being polyclonal rather than monoclonal because of replicative dysfunction. Other
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Figure 1. Social heterosis in cancer tumours and metastasis. Genetically diverse ‘neighbourhoods’ within a tumour can replicate
more rapidly due to mutated cell lineages having a greater tool kit in terms of extracting resources from the host or
defending against immune system responses. Although each lineage may only have a specific genetic advantage, the benefits
produced by those enhanced capabilities are shared by all cells in close proximity. Thus, as the tumour grows, genetic diversity
is maintained and entire neighbourhoods can function as complementary social genomes. Metastatic ability and success can
also be enhanced in polyclonal circulating tumour cells (CTCs) relative to monoclonal CTCs.
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predictions, however, are far more specific, such as heterogeneous groups exhibiting replicative
complementation or evolutionary convergence of certain allele combinations across different hosts.
We, therefore, expand on the previous application to HIV by searching the literature for other
potential examples that are consistent with one or more of the social heterosis predictions (table 1).
We consider two very different systems, viral infections, and cancer growth and spread. Each one has
characteristics that seem favourable for creating for social heterosis: (i) the formation of localized
groups of genetically variable virions or cell lineages; (ii) across-group variation in genetic diversity;
and (iii) the potential that heterogeneity correlates with group-level virulence or tumour growth and
metastasis. Finding multiple studies across different types of cancer and taxonomic groups of viruses
that match predictions would suggest that social heterosis is indeed a relevant concept for
evolutionary medicine to consider, especially in regard to future therapeutic practices.
2. Methods
We initially screened the extant literature (to early 2020 in Web of Science, JStor and Google Scholar) on
cancers and viruses for evidence of social heterosis by using the keywords ‘genetic diversity’,
‘cooperation’, ‘synergistic interactions’, ‘mutualistic interactions’, ‘group diversity’, ‘quasispecies’ and
‘group selection’. After identifying relevant studies, we expanded our search to examine papers that
cited these original papers. If the original papers reviewed the literature, we examined papers therein
that seemed appropriate, but had not been identified in our initial search. The literature review is
biased in that we primarily searched for evidence suggestive of social heterosis, rather than a
comprehensive review of all the ways that cancers and viruses could potentially proliferate.
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Figure 2. Social heterosis in viruses. When cells are co-infected by genetically different clones, the DNA or RNA genomes can
interact as a polyploid social genome. With this greater amount of genetic information, the viral infection may enhance
replication for all infecting genotypes and, therefore, release more virions upon cell lysis. Social heterosis can select for and
maintain genetic diversity even under conditions where not all genotypes are replicating at the same rate within cells [4,5]. If
heterogeneous co-infections are overall more productive than homogeneous ones, group-level selection can overcome within-cell
individual-level selection for replicative success. Note that in some viruses, co-infection can also result from more than one
genome being packaged in protein capsids.
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3. Results
The individual studies found in the literature search (tables 2 and 3) are listed with how consistent they
are or are not with predictions from the social heterosis hypothesis (table 1).

3.1. Viral literature
Across virus studies, RNA viruses provide considerably more evidence for social heterosis than do DNA
viruses (table 2). RNA viruses produce a low-fidelity polymerase, resulting in high mutation rates
[110,111]. Over the course of an infection in a host, a single infecting clone can rise to large number of
new clones that vary in one or more mutations from the original genotype (i.e. forming a quasi-
species population). The genetically related variants often centre around a consensus sequence with
their relative frequencies fluctuating over time [25,110]. Diversity may be inherited between hosts via
co-packaging of genomes into single viral units or by a single infecting strain that rapidly re-
establishes diverse populations after a transmission bottleneck [110,112].

For many RNAviral infections, higher diversity is correlated with increased virulence and larger viral
load [111]. Variants may differ in biological characteristics which affect adaptive potential, such as
capacity to escape the host immune system and resist antiviral or antibody treatments [24,111].
Interactions among genetically diverse variants can potentially contribute to replication rate, thermal
stability, interferon release, entry and exit in cells, fighting neutralizing antibodies, antiviral resistance
or other aspects of viral fitness [110]. Synergistic interactions at the population level can also influence
burst size, viral load and chronicity of infection [24]. The presence of certain variants in a population,
even low-frequency ones, can play a large role in infection severity [27].

Certain RNA viruses provide stronger evidence for social heterosis compared with others (table 2). For
example, hepatitis B, influenza, measles, MERS and chikungunya viruses present strong evidence in support
of social heterosis. Hepatitis B exhibits rapid diversification at specific loci during early infection, which
slows down as the disease progresses potentially due to the elimination of non-complementary genomes



Table 1. Social heterosis predictions.

Overall patterns of genetic diversity consistent with social heterosis

(1) Naturally occurring populations of pathogens are always diverse; genetic similarity or relatedness of pathogens negatively

correlates with group-level success. [10].

(2) Diversity is always lowest when pathogens first infect hosts or at early stages of primary tumour growth and then

significantly increases over time.

(3) Diverse pathogen or cancer cell populations are more often associated with increased replication and negative health

outcomes than monoclonal populations.

(4) Transmission bottlenecks can disrupt social genomes, requiring in situ evolution through random mutations and

stochastic co-occurrence of complementary genotypes. This could produce significant variance in pathogen virulence or

metastatic tumour growth across hosts.

(5) Diversity varies across local, interacting neighbourhoods of pathogens or cells. This creates structured deme populations

within hosts compatible with group-level selection.

(6) If host defences collapse or become ineffective, population-level diversity increases at a slower rate, stops increasing or

declines in the presence of a complementary social genome.

Interactions across genotypes or phenotypes consistent with social heterosis.

(1) For pathogens, immediate virulence negatively correlates with the severity of a genetic bottleneck at transmission. For

cancers, the likelihood of metastasis positively correlates with genetic heterogeneity of circulating tumour cells (CTCs).

(2) Complementary interactions occur between genetically different pathogens or cancer cells. Particularly compelling is

where clones genetically differ at the same loci.

(3) No single clone strain, wild-type or consensus sequence will have equal or higher replicative success than at least one

combination of genetically diverse clones.

(4) Genotypes at pathogen infection or early primary tumours may be rare or absent when infections become chronic or

cancers become metastatic.

(5) Not all genotypes will have equal replicative success within a local group or cell aggregation. Genotype fitness may vary

across tissues or in terms of effectively exploiting host resources or evading host immunological defences.

(6) Frequency-dependent selection across genotypes will be weak or non-existent. Absolute co-occurrence of complementary

genotypes has a greater effect than relative frequencies.

(7) For some pathogens or cancers, social genomes require specific allelic combinations or mutation sequences, creating

predictable evolutionary patterns in loci across hosts.
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[19]. In Influenza infections, groups with greater genetic diversity at particular loci were more productive
compared with homogeneous groups, suggesting the presence of synergistic interactions between such
loci [28]. Measles viruses carry multiple genomes which code for different functional proteins that
synergistically interact to increase viral spread in culture [44]. Successful measles infections rely on en bloc
transmission to a new host, where multiple genomes were transmitted at once due to diversity being a
necessity for rapid dispersal [44]. Individuals infected with the highest level of diversity of MERS viruses
became ‘super spreaders’. There is a strong correlation between the co-occurrence of certain variants,
supporting selection beyond the individual level [50]. Aggregates also formed to co-infect cells and create
chimeric plaques [36]. In Chikungunya infections, genomic diversity correlated with higher viral
productivity and disease severity in line with social genome theory [52].
3.2. Cancer literature
In cancer, the evidence for social heterosis is strongly suggestive (table 3). Most tumours are
heterogeneous ecosystems of interactive cell populations [74,113]. In many cancers, increased tumour
diversity correlates with faster growth rate, higher malignancy and higher resistance to therapy
(table 3). Polyclonal seeding occurs when CTC clusters collectively invade instead of single cells and
are associated with improved survival in the bloodstream, higher colonization success in distant
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cre
as
ed

fi
tn
es
s
ga
in
s
am
on
g
vir
us
es
.[
24
]

In
cre
as
in
g
di
ve
rsi
ty
is
a
pr
ec
on
di
tio
n
fo
rs
oc
ial

he
te
ro
sis
.(
O2
)

RN
A:
Fla
viv
iri
da
e

W
es
tN

ile
M
ut
at
ion
s
oc
cu
ra
nd

ac
cu
m
ul
at
e
no
n-
ra
nd
om
ly
ac
ro
ss
ge
no
m
es
.[
25
]

Su
gg
es
tiv
e
fo
rs
pe
cifi
c
so
cia
lg
en
om
e
ev
ol
ut
ion
.(
I7
)

RN
A:
Fla
viv
iri
da
e

Zik
a

Co
nt
in
ue
d
pa
ss
ag
in
g
in
ce
ll
cu
ltu
re
lea
ds
to
di
ve
rse

va
ria
nt
s
w
ith

se
lec
tio
n

fo
rm

ut
at
ion
s
in
NS
1
an
d
th
e
E
pr
ot
ein
.[
26
]

Su
gg
es
tiv
e
of
se
lec
tio
n
co
nv
er
gi
ng

on
so
cia
lg
en
om
e.
(I7
)

RN
A:
Or
th
om
yx
ov
iri
da
e

in
fl
ue
nz
a

Pa
tie
nt
s
w
ith

se
ve
re
sy
m
pt
om
s
ha
d
a
hi
gh
er
nu
m
be
ro
fd
iff
er
en
tv
ira
l

ha
pl
ot
yp
es
.[
27
]

Di
ve
rse

gr
ou
ps
ha
ve
hi
gh
er
pr
od
uc
tiv
ity
.(
I2
)

RN
A:
Or
th
om
yx
ov
iri
da
e

in
fl
ue
nz
a

In
tra
ho
st
di
ve
rsi
ty
as
a
w
ho
le
an
d
on

a
sp
ec
ifi
c
se
to
fg
en
e
se
gm

en
ts

in
cre
as
ed

w
ith

se
ve
rit
y
of
ou
tco
m
e.
[2
8]

Ge
ne
tic

di
ve
rsi
ty
is
im
po
rta
nt
at
sp
ec
ifi
c
lo
ci
(so
cia
lg
en
om
e)
,a
nd

su
ch
gr
ou
ps
ha
ve
hi
gh
er
pr
od
uc
tiv
ity
.(
I2
,I7
)

RN
A:
Or
th
om
yx
ov
iri
da
e

in
fl
ue
nz
a

Hi
gh

ge
ne
tic

di
ve
rsi
ty
du
rin
g
hu
m
an

in
fe
cti
on
s.
Ov
er
re
pr
es
en
ta
tio
n
of

va
ria
nt
s
in
re
po
rte
d
se
qu
en
ce
s
of
H5
N1

vir
us
es
in
hu
m
an
s
an
d
in
cre
as
es

in
pr
op
or
tio
ns
of
se
ve
ra
lv
ar
ian
ts
ov
er
tim

e.
[2
9]

In
cre
as
in
g
di
ve
rsi
ty
is
a
pr
ec
on
di
tio
n
fo
rs
oc
ial

he
te
ro
sis
.P
re
di
cta
bi
lit
y

in
ho
w
di
ve
rsi
ty
in
cre
as
es
su
pp
or
ts
so
cia
lg
en
om
es
.(
O3
,I7
)

RN
A:
Pi
co
rn
av
iri
da
e;

Ap
ht
ho
vir
us

fo
ot
an
d
m
ou
th

Ra
pi
d
in
cre
as
e
in
vir
al
di
ve
rsi
ty
,m

ul
tip
le
sh
ift
s
of
do
m
in
an
tv
ira
lh
ap
lo
ty
pe

du
rin
g
th
e
ea
rly

an
d
tra
ns
iti
on
al
ph
as
es
of
in
fe
cti
on
,w

he
re
as
few

sh
ift
s

oc
cu
rre
d
du
rin
g
pe
rsi
ste
nt
in
fe
cti
on
.[
30
]

Co
ns
ist
en
tw

ith
so
cia
lh
et
er
os
is
pr
ed
ict
ion
s
on

ge
ne
tic

di
ve
rsi
ty
w
ith

a

sta
bl
e
so
cia
lg
en
om
e.
(I4
)

(C
on
tin
ue
d.
)

royalsocietypublishing.org/journal/rsos
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Ta
bl
e
2.
(C
on
tin
ue
d.
)

ge
no
m
e:
fa
m
ily

di
se
as
e

re
su
lts

[st
ud
y]

su
pp
or
tf
or
so
cia
lh
et
er
os
is
(ca
te
go
rie
s
fro
m
ta
bl
e
1)
)

RN
A:
Pi
co
rn
av
iri
da
e;

Ap
ht
ho
vir
us

fo
ot
an
d
m
ou
th

RN
A
ge
no
m
es
ev
ol
ve
to
wa
rd
s
se
gm

en
ta
tio
n
w
ith
in
in
fe
cte
d
ce
lls
.S
tro
ng

se
lec
tiv
e
pr
es
su
re
to
fav
ou
rc
om
pl
em
en
ta
ry
co
-in
fe
cti
on
.[
31
]

M
or
e
su
pp
or
tiv
e
of
a
re
sc
ue

ef
fe
ct
rat
he
rt
ha
n
so
cia
lh
et
er
os
is

co
m
pl
em
en
ta
ry
in
te
ra
cti
on
.(
no
ne
)

RN
A:
Pi
co
rn
av
iri
da
e;

Ap
ht
ho
vir
us

fo
ot
an
d
m
ou
th

In
vit
ro
vir
al
gr
ow
th
an
d
fi
tn
es
s
fi
nd
s
VP
1–
31
G
co
nf
er
s
gr
ow
th
an
d
a
fi
tn
es
s

ad
va
nt
ag
e
in
hu
m
an

ne
ur
on
al
ce
lls
,w

he
re
as
VP
1–
31
D
co
nf
er
s
en
ha
nc
ed

re
pl
ica
tio
n
in
co
lo
re
cta
lc
ell
s.
[3
2]

Di
ffe
re
nt
clo
ne
s
ha
ve
di
ffe
re
nt
‘to
ol
s’
fo
rs
uc
ce
ed
in
g
in
ac
ro
ss

en
vir
on
m
en
ts.

(I2
)

RN
A:
Pi
co
rn
av
iri
da
e;

Ap
ht
ho
vir
us

fo
ot
an
d
m
ou
th

Co
-in
fe
cti
on

w
ith

m
ul
tip
le
qu
as
i-s
pe
cie
s
(in
clu
di
ng

po
lyo
m
av
iru
s,
fo
ot
an
d

m
ou
th
,a
nd

ve
sic
ul
ar
sto
m
at
iti
s)
co
rre
lat
e
w
ith

hi
gh

vir
al
pr
od
uc
tiv
ity

an
d

gr
ou
p
se
lec
tio
n.
[3
3]

Di
ve
rse

gr
ou
ps
ha
ve
hi
gh
er
pr
od
uc
tiv
ity

an
d
di
str
ib
ut
e
in
wa
ys
th
at

all
ow

gr
ou
p-
lev
el
se
lec
tio
n.
(O
3,
O5
)

RN
A:
Pi
co
rn
av
iri
da
e;

Ap
ht
ho
vir
us

fo
ot
an
d
m
ou
th

Na
rro
w
pa
ss
ag
e
bo
ttl
en
ec
ks
re
su
lt
in
im
m
ed
iat
e
an
d
su
bs
ta
nt
ial

in
cre
as
es
in

ob
se
rv
ed

va
ria
nt
fre
qu
en
cie
s,
bu
tw

ith
no

ob
se
rv
ed

po
sit
ive

se
lec
tio
n.

Pa
ss
ag
in
g
lar
ge

po
pu
lat
ion
s
re
su
lts

in
a
slo
we
r,
m
or
e
gr
ad
ua
li
nc
re
as
e
in

ob
se
rv
ed

va
ria
nt
fre
qu
en
cie
s.
[3
4]

Lo
w
ge
ne
tic

di
ve
rsi
ty
in
tra
ns
m
iss
ion

re
qu
ire
s
tim

e
fo
rm

ut
at
ion

to

in
cre
as
e
di
ve
rsi
ty
;l
ar
ge
rf
ou
nd
in
g
po
pu
lat
ion
s
m
ay
tra
ns
m
it
an

in
ta
ct
so
cia
lg
en
om
e.
(O
4)

RN
A:
Pi
co
rn
av
iri
da
e;

Ap
ht
ho
vir
us

fo
ot
an
d
m
ou
th

Sh
ow
s
th
at
ex
te
ns
ive

ge
ne
tic

di
ve
rsi
ty
ev
ol
ve
s
qu
ick
ly.

[3
5]

In
cre
as
in
g
di
ve
rsi
ty
is
a
pr
ec
on
di
tio
n
fo
rs
oc
ial

he
te
ro
sis
.(
O2
)

RN
A:
Pi
co
rn
av
iri
da
e;

En
te
ro
vir
us
es

po
lio

Co
-in
fe
cti
on

co
m
m
on
,1
/1
30
0
vir
us
es
ar
e
a
re
co
m
bi
na
nt
(=

re
sto
re
s
fu
nc
tio
n

in
de
fe
cti
ve
ge
no
m
es
).
Ba
cte
ria

pr
om
ot
e
co
-in
fe
cti
on

(b
en
efi
tt
o

ba
cte
ria
?).

[3
6]

Ge
ne
tic

di
ve
rsi
ty
is
a
pr
ec
on
di
tio
n
fo
rs
oc
ial

he
te
ro
sis
.E
ffe
cts

m
ay
be

m
or
e
re
sc
ue

an
d
m
ut
ua
lis
m
th
an

so
cia
lh
et
er
os
is.
(O
2)

RN
A:
Pi
co
rn
av
iri
da
e;

En
te
ro
vir
us
es

po
lio

Vi
ra
lm

ut
at
ion

rat
es
ha
ve
ev
ol
ve
d
to
be

hi
gh
er
as
a
re
su
lt
of
se
lec
tio
n
fo
r

vir
us
es
w
ith

fa
ste
rr
ep
lic
at
ion

kin
et
ics
.S
ug
ge
sts

m
or
e
ra
pi
d
pr
od
uc
tio
n
of

m
ut
an
ts,

rat
he
rt
ha
n
ge
ne
tic

di
ve
rsi
ty
,i
s
th
e
im
po
rta
nt
fac
to
r.
[3
7]

Sh
ow
s
th
e
m
ut
at
ion

rat
es
th
at
pr
od
uc
e
hi
gh

ge
ne
tic

di
ve
rsi
ty
m
ay
be

an
ev
ol
ve
d,
ad
ap
tiv
e
tra
it.
(O
1)

RN
A:
Pi
co
rn
av
iri
da
e;

En
te
ro
vir
us
es

po
lio

Hi
gh
-fi
de
lit
y
m
ut
an
ts
ha
ve
re
du
ce
d
gr
ow
th
in
m
ice

an
d
ar
e
ou
tco
m
pe
te
d
by

low
-fi
de
lit
y
str
ain
s.
M
ut
at
ion
s
do

be
ne
fi
tv
ira
lp
op
ul
at
ion
s,
es
pe
cia
lly

in

co
m
pl
ex
en
vir
on
m
en
ts.

[3
8]

Su
gg
es
ts
th
at
vir
us
re
pl
ica
tio
n
co
ul
d
ha
ve
hi
gh
er
fi
de
lit
y,
bu
ts
uc
h

tra
its

ar
e
no
tf
av
ou
re
d.
Vi
ru
se
s
se
lec
te
d
to
pr
od
uc
e
hi
gh

di
ve
rsi
ty

po
pu
lat
ion
s.
(O
1–
3)

(C
on
tin
ue
d.
)

royalsocietypublishing.org/journal/rsos
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Ta
bl
e
2.
(C
on
tin
ue
d.
)

ge
no
m
e:
fa
m
ily

di
se
as
e

re
su
lts

[st
ud
y]

su
pp
or
tf
or
so
cia
lh
et
er
os
is
(ca
te
go
rie
s
fro
m
ta
bl
e
1)
)

RN
A:
Pi
co
rn
av
iri
da
e;

En
te
ro
vir
us
es

po
lio

A
ge
ne
tic

bo
ttl
en
ec
k
is
di
ffi
cu
lt
to
ov
er
co
m
e,
re
qu
iri
ng

or
de
rs
of
m
ag
ni
tu
de

in
cre
as
e
in
vir
al
in
oc
ul
um

to
all
ow

re
pr
es
en
ta
tio
n
of
all

or
m
os
tm

em
be
rs

of
th
e
in
fe
cti
ng

po
ol
.[
39
]

Ho
st-
to
-h
os
tt
ra
ns
m
iss
ion

of
in
ta
ct
so
cia
lg
en
om
es
m
ay
be

di
ffi
cu
lt.

He
nc
e,
th
ey
ar
e
re
qu
ire
d
to
re
-e
vo
lve

w
ith

ea
ch
tra
ns
m
iss
ion
.(
O4
)

RN
A:
Pi
co
rn
av
iri
da
e;

En
te
ro
vir
us
es

po
lio

Ri
ba
vir
in
(a
m
ut
ag
en
)r
es
ist
an
tv
iru
se
s
ar
e
les
s
ad
ap
ta
bl
e,
m
or
e
su
sc
ep
tib
le

to
an
tiv
ira
ld
ru
gs
,a
nd

ar
e
hi
gh
ly
at
te
nu
at
ed

in
viv
o.
[4
0]

Vi
ru
se
s
co
ul
d
ea
sil
y
ev
ol
ve
m
or
e
re
lia
bl
e
co
py
in
g
bu
ti
ti
s

de
let
er
iou
s.
(O
1)

RN
A:
Pi
co
rn
av
iri
da
e;

En
te
ro
vir
us
es

po
lio

Po
lio
vir
us
ca
rry
in
g
a
hi
gh
-fi
de
lit
y
po
lym

er
as
e
re
pl
ica
te
s
at
w
ild
-ty
pe

lev
els

bu
tg
en
er
at
es
les
s
ge
no
m
ic
di
ve
rsi
ty
an
d
is
un
ab
le
to
ad
ap
tt
o
ad
ve
rse

gr
ow
th
co
nd
iti
on
s.
[4
1]

Su
gg
es
ts
th
at
vir
us
re
pl
ica
tio
n
co
ul
d
ha
ve
hi
gh
er
fi
de
lit
y,
bu
ts
uc
h

tra
its

ar
e
no
tf
av
ou
re
d.
Co
ns
ist
en
tw

ith
se
lec
tio
n
oc
cu
rri
ng

at
gr
ou
p

or
po
pu
lat
ion

lev
els

rat
he
rt
ha
n
on

in
di
vid
ua
lv
ar
ian
ts.

(O
1,
O5
)

RN
A:
Re
tro
vir
id
ae

AI
DS

Af
te
r1
0
lar
ge

po
pu
lat
ion

pa
ss
ag
es
,t
he

vir
al
po
pu
lat
ion
s
sh
ow
ed

an
av
er
ag
e

in
cre
as
e
of
fi
tn
es
s,
alt
ho
ug
h
w
ith

w
id
e
va
ria
tio
ns
am
on
g
clo
ne
s.
[4
2]

Va
ria
bi
lit
y
an
d
fi
tn
es
s
re
lat
ion
sh
ip
as
ex
pe
cte
d
w
ith

so
cia
lh
et
er
os
is.

(I5
)

RN
A:
Re
tro
vir
id
ae

AI
DS

Di
ve
rsi
ty
ac
cu
m
ul
at
ed

at
a
30
-fo
ld
hi
gh
er
rat
e
in
re
ce
nt
ly
in
fe
cte
d

in
di
vid
ua
ls
th
an

pa
tie
nt
s
w
ith

ch
ro
ni
c
in
fe
cti
on
.H
IV
po
pu
lat
ion
s
ar
e
slo
w

to
ch
an
ge

in
ch
ro
ni
c
in
fe
cti
on
.[
43
]

Su
gg
es
ts
th
at
lo
ng
-te
rm

in
fe
cti
on
s
ha
ve
ev
ol
ve
d
or
ar
e
co
nv
er
gi
ng

to

a
sta
bl
e
so
cia
lg
en
om
e.
(I6
)

RN
A:
Re
tro
vir
id
ae

AI
DS

Ge
ne
tic

alg
or
ith
m
m
od
el
re
pr
od
uc
es
m
ul
tip
le
ch
ar
ac
te
ris
tic
s
of
HI
V
ev
ol
ut
ion

th
ro
ug
h
to
im
m
un
e
sy
ste
m
co
lla
ps
e.
[6
]

So
cia
lh
et
er
os
is
an
d
so
cia
lg
en
om
es
pr
ed
ict

m
ul
tip
le
fe
at
ur
es
of
HI
V

in
fe
cti
on

pr
og
re
ss
ion
.(
I1
–6
,O
1–
7)

RN
A:
Pa
ra
m
yx
ov
iri
da
e

m
ea
sle
s

In
hu
m
an
s,
M
eV

sp
re
ad

re
lie
s
on

en
tir
e
bl
oc
k
ge
no
m
e
tra
ns
m
iss
ion
,a
nd

th
at
ge
no
m
ic
di
ve
rsi
ty
is
in
str
um

en
ta
lf
or
ra
pi
d
M
eV

di
ss
em
in
at
ion

ac
ro
ss

ho
sts
.[
44
]

Su
gg
es
tiv
e
of
se
lec
tio
n
co
nv
er
gi
ng

on
so
cia
lg
en
om
e
an
d
its

ge
ne
tic

di
ve
rsi
ty
in
cre
as
es
pr
od
uc
tiv
ity
.(
O3
,I7
)

RN
A:
Pa
ra
m
yx
ov
iri
da
e

m
um

ps
Ch
an
ge
s
in
th
e
lev
el
of
ge
ne
tic

he
te
ro
ge
ne
ity

at
sp
ec
ifi
c
ge
no
m
e
sit
es
ca
n

ha
ve
pr
of
ou
nd

ne
ur
ov
iru
len
ce
ph
en
ot
yp
ic
co
ns
eq
ue
nc
es
:e
ith
er
se
lec
tio
n

of
on
e
nu
cle
ot
id
e
va
ria
nt
at
po
sit
ion
s
w
he
re
th
e
sta
rti
ng

m
at
er
ial

ex
hi
bi
te
d
nu
cle
ot
id
e
he
te
ro
ge
ne
ity

or
th
e
ev
ol
ut
ion

of
an

ad
di
tio
na
l

nu
cle
ot
id
e
to
cre
at
e
a
he
te
ro
ge
ni
c
sit
e.
[4
5]

Ge
ne
tic

di
ve
rsi
ty
is
im
po
rta
nt
at
sp
ec
ifi
c
lo
ci
(so
cia
lg
en
om
e)
,a
nd

su
ch
gr
ou
ps
ha
ve
hi
gh
er
pr
od
uc
tiv
ity
.(
O3
,I7
)

(C
on
tin
ue
d.
)

royalsocietypublishing.org/journal/rsos
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Ta
bl
e
2.
(C
on
tin
ue
d.
)

ge
no
m
e:
fa
m
ily

di
se
as
e

re
su
lts

[st
ud
y]

su
pp
or
tf
or
so
cia
lh
et
er
os
is
(ca
te
go
rie
s
fro
m
ta
bl
e
1)
)

RN
A:
Pa
ra
m
yx
ov
iri
da
e

BR
SV

No
n-
sy
no
ny
m
ou
s
m
ut
at
ion
s
m
ap

pr
ef
er
en
tia
lly

w
ith
in
th
e
tw
o
va
ria
bl
e

an
tig
en
ic
re
gi
on
s,
clo
se
to
a
hi
gh
ly
co
ns
er
ve
d
do
m
ain
.B
RS
V
po
pu
lat
ion
s

m
ay
ev
ol
ve
as
co
m
pl
ex
an
d
dy
na
m
ic
m
ut
an
ts
wa
rm
s,
de
sp
ite

ap
pa
re
nt

ge
ne
tic

sta
bi
lit
y.
[4
6]

Ge
ne
tic

di
ve
rsi
ty
is
im
po
rta
nt
at
sp
ec
ifi
c
lo
ci
(so
cia
lg
en
om
e)
,a
nd

su
ch
gr
ou
ps
ha
ve
hi
gh
er
pr
od
uc
tiv
ity
.(
O3
,I7
)

RN
A:
Rh
ab
do
vir
id
ae

ra
bi
es

Se
lec
tio
n
fav
ou
rs
di
ffe
re
nt
vir
us
va
ria
nt
s
in
di
ffe
re
nt
tis
su
es
.[
47
]

Di
ffe
re
nt
clo
ne
s
ha
ve
di
ffe
re
nt
‘to
ol
s’
fo
rs
uc
ce
ed
in
g
in
ac
ro
ss

en
vir
on
m
en
ts
(a
lth
ou
gh

in
di
vid
ua
l-l
ev
el
se
lec
tio
n
m
ay
do
m
in
at
e
at

a
gi
ve
n
sit
e)
.(
I2
,I5
)

RN
A:
Rh
ab
do
vir
id
ae

ve
sic
ul
ar
sto
m
at
iti
s

Fo
un
d
co
m
pl
em
en
ta
ry
fi
tn
es
s
fo
ra

de
let
er
iou
s
m
ut
an
tw

ith
we
ak
or
no

fre
qu
en
cy
de
pe
nd
en
ce
.[
48
]

La
ck
of
fre
qu
en
cy
de
pe
nd
en
ce
a
pr
ed
ict
ion

of
so
cia
lh
et
er
os
is,
bu
t

ef
fe
ct
m
ay
be

m
or
e
re
sc
ue

th
an

co
m
pl
em
en
ta
tio
n.
(I6
)

RN
A:
Rh
ab
do
vir
id
ae

ve
sic
ul
ar
sto
m
at
iti
s

M
ut
an
tv
iru
se
s
th
at
ca
n
es
ca
pe

fro
m
in
te
rfe
ro
n
pr
ov
id
e
th
e
sa
m
e
be
ne
fi
tt
o

no
n-
m
ut
an
t
gr
ou
p
m
at
es
.M

ut
an
ts
ha
ve
low

er
re
pl
ica
tio
n
an
d
ar
e

m
ain
ta
in
ed

by
gr
ou
p
se
lec
tio
n.
[4
9]

Di
ffe
re
nt
ial

gr
ou
p-
lev
el
be
ne
fi
ts
by

ge
no
ty
pe
,w

ith
gr
ou
p-
lev
el

in
cre
as
e
in
re
pl
ica
tio
n.
Gr
ou
p
str
uc
tu
re
m
ain
ta
in
s
di
ve
rsi
ty
.(
O3
,I5
)

RN
A:
Co
ro
na
vir
id
ae

M
ER
S

In
tra
pa
tie
nt
he
te
ro
ge
ne
ity

wa
s
hi
gh
es
ti
n
a
su
pe
r-s
pr
ea
de
r.
Th
er
e
wa
s
a

tig
ht
co
rre
lat
ion

be
tw
ee
n
th
e
fre
qu
en
cie
s
of
th
e
tw
o
va
ria
nt
s,
su
gg
es
tin
g

a
co
m
bi
na
tio
n
of
va
ria
nt
s
as
th
e
un
it
of
se
lec
tio
n.
[5
0]

Ge
ne
tic

di
ve
rsi
ty
co
rre
lat
es
w
ith

pr
od
uc
tiv
ity
.I
nt
er
clo
ne

de
pe
nd
en
ce

su
gg
es
ts
a
so
cia
lg
en
om
e.
(O
3,
I2
)

RN
A:
Ha
nt
av
iri
da
e

ha
nt
a (v
iri
on

pa
ck
ag
es
3

str
an
ds
)

Ri
ba
vir
in
’s
m
ec
ha
ni
sm

of
ac
tio
n
lie
s
in
ch
all
en
gi
ng

th
e
fi
de
lit
y
of
th
e

ha
nt
av
iru
s
po
lym

er
as
e,
w
hi
ch
ca
us
es
er
ro
rc
at
as
tro
ph
e.
[5
1]

Su
gg
es
ts
th
at
vir
us
re
pl
ica
tio
n
co
ul
d
ha
ve
hi
gh
er
fi
de
lit
y,
bu
ts
uc
h

tra
its

ar
e
no
tf
av
ou
re
d.
(O
1)

RN
A:
To
ga
vir
id
ae

ch
iku
ng
un
ya

Po
pu
lat
ion
s
w
ith

gr
ea
te
rg
en
et
ic
di
ve
rsi
ty
ca
n
ca
us
e
m
or
e
se
ve
re
di
se
as
e

an
d
sti
m
ul
at
e
an
tib
od
y
re
sp
on
se
s
w
ith

re
du
ce
d
ne
ut
ra
liz
at
ion

of
low

-

di
ve
rsi
ty
vir
us
po
pu
lat
ion
s
in
vit
ro
.[
52
]

Ge
ne
tic

di
ve
rsi
ty
co
rre
lat
es
w
ith

pr
od
uc
tiv
ity
.I
nt
er
clo
ne

fi
tn
es
s
ef
fe
cts

su
gg
es
ta

so
cia
lg
en
om
e.
(O
3,
I2
)

RN
A:
Cy
sto
vir
id
ae

Ba
cte
rio
ph
ag
e

Fit
ne
ss
di
str
ib
ut
ion

of
m
ut
an
ts
di
ffe
re
d
be
tw
ee
n
th
e
tw
o
po
pu
lat
ion
s

de
riv
ed

fro
m
a
co
m
m
on

an
ce
str
al
ph
ag
e.
Th
e
m
or
e
di
ve
rse

po
pu
lat
ion

co
nt
ain
ed

m
an
y
m
or
e
ad
va
nt
ag
eo
us
m
ut
an
ts.

[5
3]

So
cia
lh
et
er
os
is
pr
ed
ict
s
di
ffe
rt
ra
jec
to
rie
s
in
th
e
cre
at
ion

of
di
ve
rsi
ty

ac
ro
ss
ho
sts
.M

or
e
di
ve
rse

po
pu
lat
ion
s,
m
or
e
lik
ely

to
sh
ow

so
cia
l

he
te
ro
sis
.(
O1
,O
4)
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Ta
bl
e
3.
Su
m
m
ar
y
of
re
su
lts

in
ca
nc
er
stu
di
es
re
lat
ive

to
ev
id
en
ce
fo
rs
oc
ial

he
te
ro
sis
.T
he

su
pp
or
ti
s
ca
te
go
riz
ed

re
lat
ive

to
sp
ec
ifi
c
ov
er
all

pr
ed
ict
ion
s
(O
)o
ra
bo
ut
clo
na
li
nt
er
ac
tio
ns
(I)
fro
m
ta
bl
e
1.

ca
nc
er

re
su
lts

[st
ud
y]

su
pp
or
tf
or
so
cia
lh
et
er
os
is
(ca
te
go
rie
s
fro
m
ta
bl
e
1)
)

br
ea
st

Cir
cu
lat
in
g
tu
m
ou
rc
ell

(C
TC
)c
lu
ste
rs
ha
ve
23
-
to
50
-fo
ld
in
cre
as
ed

m
et
as
ta
tic

po
te
nt
ial

an
d

ab
un
da
nc
e
of
CT
C
clu
ste
rs
de
no
te
ad
ve
rse

ou
tco
m
es
.H
et
er
og
en
eit
y
w
ith
in
CT
C
clu
ste
rs
is
clo
se
ly

re
lat
ed

to
ce
llu
lar
-sc
ale

ge
ne
tic

he
te
ro
ge
ne
ity

w
ith
in
tu
m
ou
rs.

[5
4]

He
te
ro
ge
ne
ou
s
gr
ou
ps
of
ca
nc
er
ce
lls
pr
od
uc
e
m
or
e
ag
gr
es
siv
e
tu
m
ou
rs.

(O
3)

br
ea
st

He
te
ro
ty
pi
c
in
te
rac
tio
ns
be
tw
ee
n
ep
ith
eli
al
su
bp
op
ul
at
ion
s
ar
e
cri
tic
al
to
co
lle
cti
ve
in
va
sio
n
of
br
ea
st

tis
su
e.
[5
5]

Ge
ne
tic
all
y
di
ve
rse

ca
nc
er
po
pu
lat
ion
s
ar
e
m
or
e
in
va
siv
e.
(O
3)

br
ea
st

Po
lyc
lo
na
ls
ee
di
ng

by
ce
ll
clu
ste
rs
in
a
m
ou
se
m
od
el
of
br
ea
st
ca
nc
er
ac
co
un
ts
fo
r>

90
%
of

m
et
as
ta
se
s.
Tu
m
ou
rc
ell

clu
ste
rs
in
du
ce
d
gr
ea
te
rt
ha
n
15
-fo
ld
in
cre
as
e
in
co
lo
ny

fo
rm
at
ion

ex
viv
o

an
d
gr
ea
te
rt
ha
n
10
0-
fo
ld
in
cre
as
e
in
m
et
as
ta
sis

fo
rm
at
ion

in
viv
o.
[5
6]

He
te
ro
ge
ne
ou
s
gr
ou
ps
of
CT
Cs
ar
e
m
or
e
su
cc
es
sfu
la
tm

et
as
ta
sis
.(
I1
)

br
ea
st

Tw
o
su
bc
lo
ne
s
ar
e
re
qu
ire
d
fo
re
ffi
cie
nt
tu
m
ou
rp
ro
pa
ga
tio
n
in
m
ice
.W

he
n
bi
clo
na
lt
um

ou
rs
ar
e

ch
all
en
ge
d
by

w
ith
dr
aw
in
g
a
clo
ne
,t
he
y
re
cru
it
he
te
ro
lo
go
us
ce
lls
to
re
sto
re
tu
m
ou
rg
ro
w
th
.[
57
]

Ge
ne
tic
all
y
di
ffe
re
nt
clo
ne
s
fo
rm

co
m
pl
em
en
ta
ry
pa
iri
ng
s.
Th
es
e
su
bc
lo
ne
s
ar
e

th
e
m
os
tc
om
m
on
,s
ug
ge
sti
ng

th
eir

pr
es
en
ce
re
qu
ire
s
gr
ou
p-
lev
el

se
lec
tio
n.
(I2
)

br
ea
st

Pl
ak
og
lo
bi
n,
as
a
ke
y
co
m
po
ne
nt
in
ce
ll
ad
he
sio
n,
ca
n
pr
om
ot
e
co
lle
cti
ve
m
et
as
ta
sis
.T
um

ou
re
m
bo
li

we
re
as
so
cia
te
d
w
ith

a
hi
gh

fre
qu
en
cy
of
m
et
as
ta
sis
.[
58
]

He
te
ro
ge
ne
ou
s
gr
ou
ps
ar
e
m
or
e
su
cc
es
sfu
la
tm

et
as
ta
sis
.(
I1
)

br
ea
st

M
in
or
su
bc
lo
ne
s
in
br
ea
st
ca
nc
er
co
op
er
at
e
to
pr
om
ot
e
m
et
as
ta
tic

sp
re
ad

an
d
ge
ne
rat
e
po
lyc
lo
na
l

m
et
as
ta
se
s
co
m
po
se
d
of
dr
ive
ra
nd

ne
ut
ra
ls
ub
clo
ne
s.
[5
9]

Ge
ne
tic
all
y
di
ffe
re
nt
clo
ne
s
fo
rm

sy
ne
rg
ist
ic
pa
iri
ng
s.
Co
m
pl
em
en
ta
ry
su
bc
lo
ne
s

ar
e
th
e
m
os
tc
om
m
on
,s
ug
ge
sti
ng

th
eir

pr
es
en
ce
re
qu
ire
s
gr
ou
p-
lev
el

se
lec
tio
n.
(I2
,I6
)

br
ea
st

Pa
tie
nt
s
w
ith

a
co
nt
in
uo
us
pr
es
en
ce
of
ap
op
to
tic

or
clu
ste
re
d
CT
Cs
aft
er
sy
ste
m
ic
th
er
ap
y
in
iti
at
ion

ha
d
w
or
se
pr
og
no
sis
.[
60
]

He
te
ro
ge
ne
ou
s
CT
Cs
pr
od
uc
e
m
or
e
ag
gr
es
siv
e
tu
m
ou
rs.

Di
ve
rse

tu
m
ou
rs
be
tte
r

de
fe
nd

ag
ain
st
im
m
un
e
sy
ste
m
s.
(I1
)

br
ea
st

Pa
tie
nt
s
w
ith

CT
C
clu
ste
rs
ha
d
sig
ni
fi
ca
nt
ly
w
or
se
su
rv
iva
lc
om
pa
re
d
w
ith

pa
tie
nt
s
w
ith
ou
tc
lu
ste
rs.

[6
1]

He
te
ro
ge
ne
ou
s
CT
Cs
pr
od
uc
e
m
or
e
ag
gr
es
siv
e
tu
m
ou
rs.

(I1
)

br
ea
st

Po
lyc
lo
na
lC
TC
clu
ste
rs
we
re
les
s
fre
qu
en
tly

de
te
cte
d
bu
tm

or
e
m
et
as
ta
tic

th
an

sin
gl
e
CT
Cs
.[
62
]

He
te
ro
ge
ne
ou
s
CT
Cs
pr
od
uc
e
m
or
e
ag
gr
es
siv
e
tu
m
ou
rs.

(I1
)

(C
on
tin
ue
d.
)
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Ta
bl
e
3.
(C
on
tin
ue
d.
)

ca
nc
er

re
su
lts

[st
ud
y]

su
pp
or
tf
or
so
cia
lh
et
er
os
is
(ca
te
go
rie
s
fro
m
ta
bl
e
1)
)

br
ea
st

Th
e
co
-in
jec
tio
n
an
d
co
-g
ro
w
th
of
tw
o
di
ffe
re
nt
br
ea
st
ca
nc
er
ce
ll
lin
e
su
bc
lo
ne
s
re
su
lte
d
in

in
cre
as
ed

ef
fi
cie
nc
y
of
m
ig
rat
ion

an
d
in
va
sio
n.
A
su
bc
lo
ne

on
its

ow
n
wa
s
un
ab
le
to
fo
rm

lu
ng

m
et
as
ta
se
s.
[6
3]

Ge
ne
tic
all
y
di
ffe
re
nt
clo
ne
s
fo
rm

an
d
re
qu
ire

co
m
pl
em
en
ta
ry
pa
iri
ng
s
to

su
cc
ee
d.
(I2
)

br
ea
st

Tu
m
ou
rg
ro
w
th
in
a
m
ou
se
xe
no
gr
aft

ca
n
be

dr
ive
n
by

a
m
in
or
ce
ll
su
bp
op
ul
at
ion
,w

hi
ch
en
ha
nc
es

th
e
pr
ol
ife
ra
tio
n
of
all

ce
lls
w
ith
in
a
tu
m
ou
rb
y
ov
er
co
m
in
g
en
vir
on
m
en
ta
lc
on
str
ain
ts,

bu
tc
an

be

ou
tco
m
pe
te
d
by

fa
ste
rp
ro
lif
er
at
in
g
co
m
pe
tit
or
s,
re
su
lti
ng

in
tu
m
ou
rc
ol
lap
se
.[
64
]

Ge
ne
tic
all
y
di
ffe
re
nt
clo
ne
s
fo
rm

co
m
pl
em
en
ta
ry
pa
iri
ng
s.
Th
es
e
su
bc
lo
ne
s
ar
e

th
e
m
os
tc
om
m
on
,s
ug
ge
sti
ng

th
eir

pr
es
en
ce
re
qu
ire
s
gr
ou
p-
lev
el
se
lec
tio
n.

(I2
,I6
)

br
ea
st

Tu
m
ou
rs
w
ith

hi
gh

he
te
ro
ge
ne
ity

co
rre
lat
ed

w
ith

w
or
se
su
rv
iva
l.
Hi
gh

di
ve
rsi
ty
tu
m
ou
rs
ha
d
les
s

ac
tiv
at
ion

of
im
m
un
e
re
sp
on
se
an
d
de
cre
as
ed

in
fi
ltr
at
ion

of
an
ti-
tu
m
ou
rc
yt
ot
ox
ic
an
d
he
lp
er

T-
ce
lls
.[
65
]

He
te
ro
ge
ne
ou
s
CT
Cs
pr
od
uc
e
m
or
e
ag
gr
es
siv
e
tu
m
ou
rs.

Di
ve
rse

tu
m
ou
rs
be
tte
r

de
fe
nd

ag
ain
st
im
m
un
e
sy
ste
m
s.
(I1
)

br
ea
st

M
am
m
ar
y
no
n-
m
et
as
ta
tic

ca
rci
no
m
a
ce
ll
lin
es
m
et
as
ta
siz
ed

to
th
e
lu
ng
s
on
ly
w
he
n
co
-in
jec
te
d
in
to

m
ice

w
ith

hi
gh
ly
m
et
as
ta
tic

clo
ne
s.
[6
6]

Ge
ne
tic
all
y
di
ffe
re
nt
clo
ne
s
fo
rm

an
d
re
qu
ire

co
m
pl
em
en
ta
ry
pa
iri
ng
s
to

su
cc
ee
d.
(I2
)

br
ea
st

CT
C
clu
ste
rs
ar
e
m
or
e
pr
on
ou
nc
ed

in
pa
tie
nt
s
w
ith

in
fl
am
m
at
or
y
br
ea
st
ca
nc
er
,t
he

m
os
ta
gg
re
ss
ive

fo
rm

of
br
ea
st
ca
nc
er
w
ith

th
e
po
or
es
ts
ur
viv
al.

[6
7]

He
te
ro
ge
ne
ou
s
CT
Cs
pr
od
uc
e
m
or
e
ag
gr
es
siv
e
tu
m
ou
rs.

(I1
)

br
ea
st

Fo
un
d
a
hi
gh

de
gr
ee

of
ge
ne
tic

he
te
ro
ge
ne
ity

bo
th
w
ith
in
an
d
be
tw
ee
n
di
sti
nc
tt
um

ou
rc
ell

po
pu
lat
ion
s.
So
m
e
tu
m
ou
rs
we
re
m
ar
ke
dl
y
di
ffe
re
nt
be
tw
ee
n
th
e
in
sit
u
an
d
in
va
siv
e
ce
ll

po
pu
lat
ion
s.
[6
8]

Th
e
fi
rst

ex
pr
es
sio
ns
of
di
ve
rsi
ty
in
ev
ol
vin
g
po
pu
lat
ion
s
sh
ow

sto
ch
as
tic

di
ffe
re
nc
es
in
m
ut
at
ion
s.
(O
2)

br
ea
st

Pa
tie
nt
-d
er
ive
d
tu
m
ou
rx
en
og
ra
fts

ca
n
re
ca
pi
tu
lat
e
th
e
or
ig
in
al
in
tra
tu
m
ou
rg
en
et
ic
he
te
ro
ge
ne
ity
,

th
e
ge
no
m
ics

an
d
re
sp
on
se
to
tre
at
m
en
t,
an
d
a
lo
ss
of
he
te
ro
ge
ne
ity

in
m
et
as
ta
se
s
co
m
pa
re
d

w
ith

pr
im
ar
y
tu
m
ou
rs.

[6
9]

Ac
ro
ss
di
ffe
re
nt
as
se
m
bl
ag
es
in
th
e
sa
m
e
pa
tie
nt
sim

ila
rs
oc
ial

ge
no
m
es

ev
en
tu
all
y
re
ap
pe
ar
.(
I7
)

br
ea
st

In
m
ice
,b
rea
st
tu
m
ou
rc
lon
es
dis
pl
ay
sp
ec
ial
iza
tio
n
in
do
m
ina
tin
g
th
e
pr
im
ar
y
tu
m
ou
r,
co
nt
rib
ut
ing

to

m
et
as
ta
tic
po
pu
lat
ion
s
or
sh
ow
ing

tro
pis
m
fo
re
nt
er
ing

th
e
lym

ph
at
ic
or
va
scu
lat
ur
e
sy
ste
m
s.
[7
0]

Di
ffe
re
nt
clo
ne
s
ha
ve
di
ffe
re
nt
‘to
ol
s’
fo
rs
uc
ce
ed
in
g
in
th
eir

en
vir
on
m
en
t.
(I3
)

br
ea
st

M
es
en
ch
ym
al
CT
Cs
oc
cu
ra
s
bo
th
sin
gl
e
ce
lls
an
d
m
ul
tic
ell
ul
ar
clu
ste
rs
th
at
ex
pr
es
s
a
va
rie
ty
of

ch
ar
ac
te
ris
tic
s.
[7
1]

He
te
ro
ge
ne
ou
s
CT
Cs
va
ry
in
th
eir

ch
ar
ac
te
rs.

(O
1)

(C
on
tin
ue
d.
)
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Ta
bl
e
3.
(C
on
tin
ue
d.
)

ca
nc
er

re
su
lts

[st
ud
y]

su
pp
or
tf
or
so
cia
lh
et
er
os
is
(ca
te
go
rie
s
fro
m
ta
bl
e
1)
)

co
lo
re
cta
l

Di
ve
rse

po
pu
lat
ion
s
of
ca
nc
er
clo
ne
s
ar
e
ar
ra
ng
ed

in
sm
all
,i
nt
er
m
in
gl
in
g
ar
ea
s,
re
su
lti
ng

in
a

va
rie
ga
te
d
pa
tte
rn
of
di
ve
rsi
ty
.[
72
]

Lo
ca
lc
om
m
un
iti
es
fi
tt
he

str
uc
tu
re
d
de
m
e
m
od
el
fo
rg
ro
up

se
lec
tio
n.
(O
5)

co
lo
re
cta
l

Tu
m
ou
rm

ixe
d-
ce
ll
do
ub
let
s
an
d
m
ixe
d-
ce
ll
clu
ste
rs
we
re
de
te
cte
d
in
22

of
24

co
lo
re
cta
lp
at
ien
ts.

Ch
em
ot
he
ra
py

do
es
no
td
es
tro
y
all

of
th
e
CT
Cs
.[
73
]

Gr
ou
p-
lev
el
se
lec
tio
n
fo
rt
he

m
os
te
ffe
cti
ve
so
cia
lg
en
om
e
ag
ain
st

ch
em
ot
he
ra
py
.(
O5
)

co
lo
re
cta
l

Al
ls
am
pl
es
fro
m
co
lo
re
cta
lc
an
ce
rp
at
ien
ts
fo
un
d
a
m
ul
tic
ell
ul
ar
or
ig
in
of
m
et
as
ta
sis
,r
an
gi
ng

fro
m
3

to
17

ce
lls
.T
hi
s
m
ay
ex
pl
ain

di
ss
im
ila
rit
y
in
dr
ug

re
sp
on
se
s
be
tw
ee
n
tu
m
ou
rs.

[7
4]

Gr
ou
p-
lev
el
se
lec
tio
n
fo
rt
he

m
os
te
ffe
cti
ve
so
cia
lg
en
om
e
ag
ain
st

ch
em
ot
he
ra
py
.(
O5
)

co
lo
re
cta
l

Th
e
CT
C
clu
ste
rs
co
nt
ain

pa
ren
ch
ym
al
ca
nc
er
ce
lls
to
ge
th
er
wi
th
im
m
un
e
ce
lls
,c
an
ce
r-a
sso
cia
te
d

fi
br
ob
las
ts,
tu
m
ou
rs
tro
m
a
an
d
pl
at
ele
ts
th
at
re
fl
ec
tt
he

he
te
ro
ge
ne
ity

of
th
eir

pr
im
ar
y
tu
m
ou
r.
[7
5]

Ac
ro
ss
di
ffe
re
nt
as
se
m
bl
ag
es
in
th
e
sa
m
e
pa
tie
nt
sim

ila
rs
oc
ial

ge
no
m
es

ev
en
tu
all
y
re
ap
pe
ar
.(
I7
)

co
lo
re
cta
l

Th
e
pr
es
en
ce
of
po
lyc
lo
na
lC
TC
s
po
sit
ive
ly
co
rre
lat
es
w
ith

po
or
pr
og
no
sis
.[
76
]

He
te
ro
ge
ne
ou
s
CT
Cs
pr
od
uc
e
m
or
e
ag
gr
es
siv
e
tu
m
ou
rs.

(I1
)

oe
so
ph
ag
ea
l

A
hi
gh

de
gr
ee

of
in
tra
tu
m
ou
ra
lh
et
er
og
en
eit
y
wa
s
id
en
tifi
ed

in
41

pa
tie
nt
s,
an
d
clo
na
lp
op
ul
at
ion
s

co
ex
ist
in
g
at
su
bm

illi
m
et
re
di
sta
nc
es
as
so
cia
te
s
w
ith

w
or
se
su
rv
iva
l.
[7
7]

Lo
ca
lc
om
m
un
iti
es
ar
e
di
ve
rse

an
d
fi
tt
he

str
uc
tu
re
d
de
m
e
m
od
el
fo
rg
ro
up

se
lec
tio
n.
(O
5)

oe
so
ph
ag
ea
la
nd

br
ea
st

Th
e
ex
te
nt
of
clo
na
ld
ive
rsi
ty
pr
ed
ict
s
th
e
pr
ob
ab
ilit
y
of
m
ali
gn
an
t
pr
og
re
ss
ion

in
oe
so
ph
ag
ea
l

sq
ua
m
ou
s
ce
ll
ca
rci
no
m
a
an
d
br
ea
st
ca
nc
er
.[
78
]

He
te
ro
ge
ne
ou
s
gr
ou
ps
of
ca
nc
er
ce
lls
pr
od
uc
e
m
or
e
ag
gr
es
siv
e
tu
m
ou
rs.

(O
3)

oe
so
ph
ag
ea
l

Ac
ro
ss
18

in
di
vid
ua
ls,
in
90
%
m
ul
tip
le
su
bc
lo
ne
s
sp
re
ad

ve
ry
ra
pi
dl
y
fro
m
th
e
pr
im
ar
y
tu
m
ou
r.

Su
bc
lo
ne
s
sp
re
ad

to
m
ul
tip
le
or
ga
ns
of
di
ffe
re
nt
ty
pe
s
an
d
ev
id
en
ce
d
se
lec
tio
n
in
sit
u.
[7
9]

Lo
ca
lc
om
m
un
iti
es
ar
e
di
ve
rse
,s
pr
ea
d
as
di
ve
rse

gr
ou
ps
,a
nd

fi
tt
he

str
uc
tu
re
d

de
m
e
m
od
el
fo
rg
ro
up

se
lec
tio
n.
(O
5,
I1
)

gl
iob
las
to
m
a

Clo
ne
s
de
pe
nd

on
ce
ll–
ce
ll
co
nt
ac
tt
o
co
or
di
na
te
gr
ow
th
rat
es
an
d
pr
ot
ec
ts
low

-g
ro
w
in
g
clo
ne
s.
Tw
o

dr
ug
-se
ns
iti
ve
clo
ne
s
de
ve
lo
p
re
sis
ta
nc
e
de

no
vo
w
he
n
co
op
er
at
in
g.
[8
0]

Ge
ne
tic
all
y
di
ffe
re
nt
clo
ne
s
fo
rm

an
d
re
qu
ire

co
m
pl
em
en
ta
rit
y
to
de
ve
lo
p
dr
ug

re
sis
ta
nc
e.
(I2
)

gl
iob
las
to
m
a

Clo
na
le
vo
lu
tio
n
tre
es
in
di
ca
te
d
hi
gh
er
he
te
ro
ge
ne
ity

in
th
e
re
lap
se
tu
m
ou
r.
Ag
gr
es
siv
e

ch
em
ot
he
ra
py

an
d
ra
di
at
ion

m
ay
ha
ve
ap
pl
ied

se
lec
tiv
e
pr
es
su
re
fo
rt
um

ou
rc
lo
na
le
vo
lu
tio
n.
[8
1]

Lo
ca
lc
om
m
un
iti
es
ar
e
di
ve
rse

an
d
fi
tt
he

str
uc
tu
re
d
de
m
e
m
od
el
fo
rg
ro
up

se
lec
tio
n.
(O
5)

ha
m
ste
rc
he
ek

po
uc
h
ca
rci
no
m
a

Ep
ith
eli
al–

m
es
en
ch
ym
al
tra
ns
iti
on
.(
EM
T)
an
d
no
n-
EM
T
ce
lls
co
op
er
at
e
in
th
e
sp
on
ta
ne
ou
s
m
et
as
ta
sis

pr
oc
es
s.
EM
T
ce
lls
ap
pe
ar
re
sp
on
sib
le
fo
rd
eg
ra
di
ng

th
e
su
rro
un
di
ng

m
at
rix
.N
on
-E
M
T
ce
lls
th
en

en
te
rt
he

bl
oo
ds
tre
am

an
d
es
ta
bl
ish

in
se
co
nd
ar
y
sit
es
.[
82
]

Ge
ne
tic
all
y
di
ffe
re
nt
clo
ne
s
fo
rm

an
d
re
qu
ire

co
m
pl
em
en
ta
ry
pa
iri
ng
s
to

su
cc
ee
d.
(I2
)

(C
on
tin
ue
d.
)
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Ta
bl
e
3.
(C
on
tin
ue
d.
)

ca
nc
er

re
su
lts

[st
ud
y]

su
pp
or
tf
or
so
cia
lh
et
er
os
is
(ca
te
go
rie
s
fro
m
ta
bl
e
1)
)

leu
ka
em
ia

M
ur
in
e
leu
ka
em
ia
w
ith

fo
ur
an
tig
en
ica
lly

di
ffe
re
nt
su
bt
yp
es
of
leu
ka
em
ia
ce
lls
ha
d
se
ve
re
ne
ga
tiv
e

im
pa
cts

on
th
er
ap
eu
tic
al
ef
fe
ct
of
m
on
oc
lo
na
la
nt
ib
od
ies
.I
nt
rat
um

ou
ra
lh
et
er
og
en
eit
y
w
ith

re
sp
ec
tt
o
th
es
e
an
tig
en
s
wa
s
als
o
fo
un
d
in
hu
m
an
s.
[8
3]

Ge
ne
tic

di
ve
rsi
ty
ob
se
rv
ed

in
m
ou
se
an
d
hu
m
an

ca
nc
er
s
an
d
co
rre
lat
es
to

ne
ga
tiv
e
ou
tco
m
es
.(
O3
)

leu
ka
em
ia

10
of
12

ch
ro
ni
c
lym

ph
oc
yt
ic
leu
ka
em
ia
ca
se
s
tre
at
ed

w
ith

ch
em
ot
he
ra
py

(v
er
su
s
1
of
6
w
ith
ou
t

tre
at
m
en
t)
un
de
rw
en
tc
lo
na
le
vo
lu
tio
n,
pr
ed
om
in
an
tly

in
vo
lvi
ng

su
bc
lo
ne
s
w
ith

m
ul
tip
le
dr
ive
r

m
ut
at
ion
s
th
at
ex
pa
nd
ed

ov
er
tim

e.
Th
e
pr
es
en
ce
of
su
bc
lo
ne
s
pr
ed
ict
s
ad
ve
rse

cli
ni
ca
l

ou
tco
m
es
.[
84
]

Gr
ou
p-
lev
el
se
lec
tio
n
fo
rt
he

m
os
te
ffe
cti
ve
so
cia
lg
en
om
e
ag
ain
st

ch
em
ot
he
ra
py
.(
O5
,1
7)

leu
ka
em
ia

Clo
na
lp
ro
gr
es
sio
n
is
th
e
ke
y
fe
at
ur
e
of
tra
ns
fo
rm
at
ion

to
in
va
siv
en
es
s.
Th
e
cli
ni
ca
lly

pr
ed
om
in
an
t

in
va
siv
e
clo
ne

fi
rst

ar
ise
s
in
th
e
no
n-
in
va
siv
e
sta
ge
.[
85
]

It
ta
ke
s
so
m
e
tim

e
fo
rc
om
pl
em
en
ta
ry
m
ut
at
ion
s
to
ar
ise

to
cre
at
e

in
va
siv
en
es
s.
(O
4)

leu
ka
em
ia:

lym
ph
oc
yt
ic

Pa
tie
nt
s
ca
rri
ed

m
ul
tip
le
ST
AT
3
m
ut
at
ion
s,
w
hi
ch
we
re
lo
ca
te
d
in
di
ffe
re
nt
lym

ph
oc
yt
e
clo
ne
s.
Th
e

siz
e
of
th
e
m
ut
at
ed

clo
ne

co
rre
lat
ed

we
ll
w
ith

th
e
de
gr
ee

of
clo
na
ld
ive
rsi
ty
.[
86
]

Ge
ne
tic

di
ve
rsi
ty
ob
se
rv
ed

in
ca
nc
er
pr
og
re
ss
an
d
co
rre
lat
ed

w
ith

in
cre
as
ed

ca
nc
er
ce
ll
pr
es
en
ce
.(
O3
)

leu
ka
em
ia

Ne
ga
tiv
e
ou
tco
m
es
co
rre
lat
e
w
ith

ce
llu
lar

ge
ne
tic

di
ve
rsi
ty
.M

ut
at
ion
s
aff
ec
tin
g
sp
ec
ifi
c
kin
as
e

sig
na
llin
g
pa
th
wa
ys
we
re
en
ric
he
d
in
pr
og
re
ss
ive

re
lat
ive

to
no
n-
pr
og
re
ss
ive

pa
tie
nt
s.
[8
7]

Ge
ne
tic

di
ve
rsi
ty
co
rre
lat
es
w
ith

ne
ga
tiv
e
ou
tco
m
es
.T
he

sa
m
e
m
ut
at
ion
s
an
d

co
m
bi
na
tio
ns
ob
se
rv
ed

re
pe
at
ed
ly.

(O
3,
I5
an
d
7)

lu
ng
,c
ol
on

an
d

br
ea
st

CT
Cs
co
m
po
se
d
of
m
ul
tip
le
clo
ne
s
of
ca
nc
er
ce
lls
or
co
m
po
se
d
of
ca
nc
er
an
d
no
n-
ca
nc
er
ce
lls
ar
e

m
or
e
lik
ely

to
re
su
lt
in
po
or
ou
tco
m
es
.[
88
]

Ge
ne
tic
all
y
di
ve
rse

ca
nc
er
po
pu
lat
ion
s
ar
e
m
or
e
in
va
siv
e.
(O
3)

lu
ng

Ce
llu
lar

an
d
m
or
ph
ol
og
ica
lh
et
er
og
en
eit
y
co
rre
lat
es
to
pr
og
no
sti
c
fa
ilu
re
of
dr
ug
s
ap
pr
ov
ed

fo
rn
on
-

sm
all

ce
ll
lu
ng

ca
nc
er
.[
89
]

Ge
ne
tic
all
y
di
ve
rse

ca
nc
er
po
pu
lat
ion
s
ar
e
m
or
e
in
va
siv
e.
(O
3)

lu
ng

an
d
br
ain

M
et
as
ta
tic

ce
lls
ca
n
br
in
g
str
om
al
co
m
po
ne
nt
s
in
clu
di
ng

ac
tiv
at
ed

fi
br
ob
las
ts
fro
m
th
e
pr
im
ar
y
sit
e
to

th
e
lu
ng
s.
Br
ain

m
et
as
ta
se
s
fro
m
lu
ng

an
d
ot
he
rc
ar
cin
om
as
co
nt
ain

ca
rci
no
m
a-
as
so
cia
te
d

fi
br
ob
las
ts,

in
co
nt
ra
st
w
ith

pr
im
ar
y
br
ain

tu
m
ou
rs.

[9
0]

Di
ffe
re
nt
so
cia
lg
en
om
es
ca
n
ar
ise

in
di
ffe
re
nt
tis
su
es
an
d
su
cc
es
sfu
lly

m
et
as
ta
siz
e.
(I5
)

lu
ng

In
tra
tu
m
ou
rh
et
er
og
en
eit
y
m
ed
iat
ed

th
ro
ug
h
ch
ro
m
os
om
e
in
sta
bi
lit
y
is
as
so
cia
te
d
w
ith

in
cre
as
ed

ris
ks
of
re
cu
rre
nc
e
or
de
at
h.
[9
1]

Ge
ne
tic
all
y
di
ve
rse

ca
nc
er
po
pu
lat
ion
s
ar
e
m
or
e
in
va
siv
e.
(O
3)

lu
ng

Po
lyc
lo
na
ls
ee
di
ng

of
m
et
as
ta
se
s
oc
cu
rs
in
a
m
ur
in
e
m
od
el
of
sm
all

ce
ll
lu
ng

ca
rci
no
m
a.
[9
2]

Ge
ne
tic
all
y
di
ve
rse

ca
nc
er
po
pu
lat
ion
s
ar
e
m
or
e
in
va
siv
e.
(O
3)

(C
on
tin
ue
d.
)
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Ta
bl
e
3.
(C
on
tin
ue
d.
)

ca
nc
er

re
su
lts

[st
ud
y]

su
pp
or
tf
or
so
cia
lh
et
er
os
is
(ca
te
go
rie
s
fro
m
ta
bl
e
1)
)

lu
ng

Lo
ng
-te
rm

su
rv
eil
lan
ce
in
di
ca
te
d
th
at
th
e
pr
es
en
ce
of
pr
e-
op
er
at
ive

CT
C
clu
ste
rs
pr
ed
ict
s
po
or

pr
og
no
sis
.[
93
]

He
te
ro
ge
ne
ou
s
CT
Cs
pr
od
uc
e
m
or
e
ag
gr
es
siv
e
tu
m
ou
rs.

(I1
)

lym
ph
om
a:

cu
ta
ne
ou
s

M
ul
tip
le
ne
op
las
tic

clo
ne
s
de
te
cte
d
in
th
e
pe
rip
he
ra
lb
lo
od

in
all

ex
am
in
ed

pa
tie
nt
s.
[9
4]

Po
pu
lat
ion
s
w
ith
in
pa
tie
nt
s
ar
e
ge
ne
tic
all
y
di
ve
rse

an
d
va
ria
bl
e
ac
ro
ss

lo
ca
tio
ns
.(
O5
)

m
ela
no
m
a

In
a
ze
br
afi
sh
-m
ela
no
m
a
xe
no
gr
aft

m
od
el,

in
he
re
nt
ly
in
va
siv
e
ce
lls
,w

hi
ch
po
ss
es
s
pr
ot
ea
se
ac
tiv
ity

an
d
de
po
sit

ex
tra
ce
llu
lar

m
at
rix
,c
o-
in
va
de

w
ith

su
bp
op
ul
at
ion
s
of
po
or
ly
in
va
siv
e
ce
lls
.[
95
]

Di
ffe
re
nt
clo
ne
s
ha
ve
di
ffe
re
nt
‘to
ol
s’
fo
rc
om
pl
em
en
ta
ry
su
cc
es
s
in
th
eir

en
vir
on
m
en
t.
(I2
)

m
ela
no
m
a

M
ul
tip
le
les
ion
s
w
ith
in
a
pa
tie
nt
we
re
ge
ne
tic
all
y
di
ve
rg
en
t,
w
ith

on
e
or
m
or
e
tu
m
ou
rs
ha
rb
ou
rin
g

un
iq
ue

so
m
at
ic
m
ut
at
ion
s.
Ho
we
ve
r,
ce
rta
in
m
ut
at
ion
s
pr
es
en
ti
n
th
e
fi
rst

m
et
as
ta
sis

we
re
alw

ay
s

pr
es
er
ve
d
in
su
bs
eq
ue
nt
m
et
as
ta
se
s.
[9
6]

Di
ve
rsi
ty
ev
ol
ve
s
in
di
ffe
re
nt
pa
tte
rn
ac
ro
ss
ge
no
m
es
,w

he
re
so
m
e
m
ut
at
ion
s

ar
e
es
se
nt
ial

fo
rt
he

so
cia
lg
en
om
e.
(I5
,I7
)

m
ela
no
m
a

So
lit
ar
y
m
ela
no
m
a
ce
lls
in
jec
te
d
in
to
ta
rg
et
m
ou
se
liv
er
fa
il
to
in
iti
at
e
gr
ow
th
.[
97
]

Clo
ne
s
re
qu
ire

co
m
pl
em
en
ta
ry
pa
iri
ng
s
to
su
cc
ee
d.
(I2
)

m
ela
no
m
a

Clo
ne
s
iso
lat
ed

fro
m
m
ou
se
m
ela
no
m
a
ce
ll
lin
es
sh
ow

ex
te
ns
ive

ce
llu
lar

he
te
ro
ge
ne
ity

an
d
th
e

pr
es
en
ce
of
su
bp
op
ul
at
ion
s
th
at
ha
ve
w
id
ely

di
ffe
rin
g
m
et
as
ta
tic

ab
ilit
ies
.M

em
be
rs
of
po
lyc
lo
na
l

su
bp
op
ul
at
ion
s
so
m
eh
ow

in
te
ra
ct
w
ith

on
e
an
ot
he
rt
o
‘st
ab
iliz
e’
th
eir

re
lat
ive

pr
op
or
tio
ns
.[
98
]

Ev
id
en
ce
fo
ra

sta
bl
e
so
cia
lg
en
om
e.
(I3
)

m
ye
lo
m
a

Th
ro
ug
ho
ut
pr
og
re
ss
ion

no
ve
lm

ut
at
ion
s
co
rre
lat
e
w
ith

su
bc
lo
na
le
vo
lu
tio
n
fro
m
clo
ne

re
se
rv
oir
s.

Su
bc
lo
ne
s
ca
n
ha
ve
no
ve
lm

ut
at
ion
s
fo
rd
ru
g
se
ns
iti
vit
y.
[9
9]

Di
ve
rsi
ty
in
cre
as
es
w
ith

ca
nc
er
pr
og
re
ss
ion
.C
lo
ne
s
va
ry
in
tre
at
m
en
tr
es
ist
an
ce
.

(O
2,
I5
)

m
ye
lo
m
a

Di
ffe
re
nt
ph
en
ot
yp
ic
m
ye
lo
m
a
su
bc
lo
ne
s
m
ay
fre
qu
en
tly

sh
ow

un
iq
ue

cy
to
ge
ne
tic

an
d
clo
no
ge
ni
c

fe
at
ur
es
.[
10
0]

Po
pu
lat
ion
s
ar
e
ge
ne
tic
all
y
di
ve
rse

an
d
clo
ne
s
va
ry
in
th
eir

gr
ow
th
po
te
nt
ial
.

(O
1,
I5
)

pa
nc
re
at
ic

Th
e
lev
el
of
cir
cu
lat
in
g
tu
m
ou
rm

icr
oe
m
bo
li
is
an

in
de
pe
nd
en
t
ne
ga
tiv
e
pr
ed
ict
or
of
po
or
er
ov
er
all

su
rv
iva
la
nd

pr
og
re
ss
ion
-fr
ee

su
rv
iva
l.
[1
01
]

He
te
ro
ge
ne
ou
s
CT
Cs
pr
od
uc
e
m
or
e
ag
gr
es
siv
e
tu
m
ou
rs.

(I1
)

pa
nc
re
at
ic

In
a
m
ou
se
m
od
el,

pr
ec
ur
so
rl
es
ion
s
ex
hi
bi
th
ig
h
he
te
ro
ge
ne
ity

bu
td
ive
rsi
ty
de
cre
as
es
du
rin
g

pr
em
ali
gn
an
tp
ro
gr
es
sio
n.
A
sig
ni
fi
ca
nt
fra
cti
on

of
m
et
as
ta
se
s,
ho
we
ve
r,
ar
e
po
lyc
lo
na
lly

se
ed
ed

by

di
sti
nc
ts
ub
clo
ne
s.
Th
is
su
gg
es
ts
he
te
ro
ty
pi
c
in
te
rac
tio
ns
be
tw
ee
n
tu
m
ou
rs
ub
po
pu
lat
ion
s

co
nt
rib
ut
e
to
m
et
as
ta
tic

pr
og
re
ss
ion
.[
10
2]

Ge
ne
tic

di
ve
rsi
ty
is
im
po
rta
nt
bu
ti
n
ce
rta
in
co
m
bi
na
tio
ns
.D
ive
rsi
ty
in
cre
as
e

se
lec
te
d
ag
ain
st
in
th
e
pr
es
en
ce
of
a
so
cia
lg
en
om
e.
(O
6,
I2
)

(C
on
tin
ue
d.
)
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Ta
bl
e
3.
(C
on
tin
ue
d.
)

ca
nc
er

re
su
lts

[st
ud
y]

su
pp
or
tf
or
so
cia
lh
et
er
os
is
(ca
te
go
rie
s
fro
m
ta
bl
e
1)
)

pa
nc
re
at
ic

Clo
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tissues and promotion of stem-like behaviour [75,88,114,115]. Clusters may have up to a 50-fold higher
rate of metastasis compared with single cells [63,116]. While cell-intrinsic properties and specific
driver mutations lead to the epithelial to mesenchymal transitions that precede metastasis, cells with
these mutations alone may not survive migrating in the circulatory system to establish new lesions at
distant organs [106,115,117]. Thus, even with strong selective pressures for driver mutations, tumour
diversity is maintained throughout cancer progression [64,115]. Indeed, interactions between tumour
subclones contribute to faster and more efficient metastases in many cancers [74,88,114,118].

Several cancers show strong evidence for social genomes and patterns of diversity which correlate with
increased aggression of tumours (table 3). Breast cancers exhibit CTC clusters composed of genetically
distinct subclones which are associated with worse survival for patients compared with those who lack
CTC clusters [54,56,59,61]. Similarly, colorectal, pancreatic and lung cancers also exhibit the presence of
diverse CTC clusters which are correlated with poorer prognosis [76,93,101,102]. The association
between increased diversity and tumour aggression is also seen in oesophageal cancers [77,78].
R.Soc.Open
Sci.8:202219
4. Discussion
A pattern from ecological theory commonly found in natural communities is the competitive exclusion
principle [119–126]. Briefly stated, two species cannot coexist over time in the same ecological niche,
when they are competing for the same set of essential resources. The better competitor in the majority
of cases will drive the poorer competitor to extinction. Thus, within rapidly mutating quasi-species
swarms of RNA viruses or cancer cell clone lineages, some genotypes should have an advantage at
exploiting their surroundings and replicating. Over time, natural selection would be expected to
favour the better adapted clones, and for such ‘superclones’ to proportionally dominate their
respective populations and reduce the overall genetic diversity of the population.

Inconsistent with the rise of one or a few dominant clones, however, the growth and metastasis of
tumours and the virulence of viral infections often correlates with increasing genetic diversity, per se.
The initial evolution and maintenance of clonal diversity could result from rescue effects. Genetically
defective clones, unable to synthesize a vital product, can parasitize the output of viable ones in their
vicinity (e.g. [31]). In turn, such defective clones may provide a reciprocal benefit to functional or
wild-type clones by indirectly helping in escaping attack by immune systems. Overall burgeoning
diversity of both functional and defective creates ‘too-many-targets’ for the host’s immune system,
and the defences become overwhelmed. Should this happen, rescue effects and ineffective immune
system control might weaken selection in favour of any particular genotype of pathogen or cancer cell
line. This would create correlations between increasing genetic diversity and negative health outcomes.

Our goal is not to evaluate howoften superclone or too-many-targetsmodels explain disease progression.
Instead,we propose a thirdmodel that incorporates the genetically diversifyingmechanisms evident in RNA
virus and cancer cell replication, with the possibility that certain genetic combinations interact synergistically
in complementary ways with each other. This requires social heterosis—the process in which groups of
diverse and complementary genotypes can be more productive than groups composed of any single
genotype [4–6]. Such fortuitous combinations will create a more complex genetic entity: the social genome.
It is the within-host appearance and evolution of social genomes that can increase virulence in an infection,
transition an acute condition to a chronic one and contribute to the metastatic tendencies of cancers.

The social heterosis model makes a number of predictions about overall patterns of genetic diversity
and genotypic or phenotypic interactions within a host (table 1). A review of the literature finds multiple
studies with observations that match specific predictions across a variety of virus families (table 2) and
multiple types of cancers (table 3). Some of the supporting observations are general and could occur in
the absence of social heterosis, such as pathogen populations being composed of multiple genotypes,
quasi-species swarms of RNA viruses appearing because of low fidelity in replication, or cancer
tumours becoming genetically heterogeneous because of genomic instability. The social heterosis
model, however, also makes more specific predictions that would differ from patterns generated by
either superclone or too-many-targets models. Thus, in a number of studies, only the social heterosis
model is consistent with observations of genetic diversity initially increasing within a host, but then
plateauing or declining with chronic or severely negative health outcomes; genetically diverse CTCs
driving cancer metastasis; clear evidence of complementary interaction between genetically distinct
clones (particularly for genetic variants at the same loci); weak or absent frequency-dependent
selection as genetic diversity increases in populations; and convergent evolutionary outcomes across
hosts for particular mutations or allelic combinations.
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If social heterosis occurs and is an important component for viral diseases and cancers, it
fundamentally alters our perceptions of the conflict between disease and host. For example, the HIV
genome is composed of only nine genes, yet it effectively manipulates hundreds of different human
proteins [127]. Consider, however, that during the asymptomatic phase of an HIV infection, the virus
is creating a polyploid entity that will compose the complementary social genome. The immune
system being thereafter overwhelmed and collapsing when facing a cloud of synergistic, interactive
genomes becomes less puzzling. Similarly, a typical cancer cell with a degraded or damaged genome
would seem to stand little chance of survival by itself against a vigilant immune system [128].
However, groups of cancer cells, each with a different ‘tool’ to fend off immune responses and to
manipulate non-cancerous cells in the immediate vicinity, become a formidable foe capable of growing
and propagating throughout a body. Furthermore, to the degree that social heterosis is involved, then
negative health outcomes are being evolutionarily driven by group-level selection processes. This may
require a different way of thinking in terms of therapeutic approaches [4,41,46,116,129–131].

The fact that social heterosis can occur and social genomes may arise analogously in both quasi-
species swarms of RNA viruses and cancer tumours leads to interesting evolutionary comparisons.
Viruses and their hosts have been in a several billion-year coevolutionary arms race from perhaps the
origin of life on Earth [132]. This arms race, however, is evolutionarily balanced. Mutations in a viral
population that increase infectivity and the ability to use host resources are under positive selection.
At the same time, any host mutation that helps stave off viral infection or ameliorates one should also
be selectively favoured. By contrast, however, every new cancer literally replicates the origin of the
first virus. There is no billion-year continuous history of interaction. Therefore, all evolutionary arms
races begin in an unbalanced state. The host has billions of years of ancestors that either never got
cancer or at least survived theirs long enough to reproduce. Whatever genetic constitution allowed the
ancestor to win was passed to its descendants. Any favourable mutations that produce genetically
successful cancers, however, die with the host. Neither winning nor losing cancers leave any offspring.
With such a long evolutionary asymmetry in favour of beating cancer, it is somewhat paradoxical that
cancer both exists and often wins the competition against their hosts’ non-cancerous cells.

The evolutionary advantages for social heterosis may also help explain a dichotomous distribution in
viral genomics. For example, viruses that attack single-celled organisms have little opportunity to
develop and evolve quasi-species swarms within the attacked cell. Therefore, suggestive of the
importance of being able to make genetically diverse populations, across 47 recognized families of
RNA viruses, only a few species in the families Leviviridae and Cystoviridae are known to be
bacteriophages [133]. Instead, most RNA viruses attack multicellular eukaryotic species. Within
eukaryotes, RNA virus reproduction is predominantly lytic (replicating rapidly within cells and killing
them) rather than lysogenic (incorporating into a host’s DNA and replicating with the host). Only
retroviruses (four families in the order Ortervirales) make DNA copies of their RNA that can be
inserted in host genomes. HIV is the best studied retrovirus and although it may have lysogenic
capabilities, its lytic life history produces quasi-species swarms that correlate to immune system
collapse [6]. Increasing the number of reproductive generations along with a high mutation rate
allows quasi-species swarms to appear in the longer-lived multicellular hosts [41,134]. The fact that
RNA replication is highly error prone and rapidly produces genetic diversity may be actually a vital
adaptation whose rate is optimally tuned. It is possible to manipulate viruses into replicating with
less error, but such manipulations make the viruses less successful rather than more so [37,38,40,135].

In terms of treatment regimes for specific viral diseases, it may, therefore, be an important
consideration as to whether the virus has an RNA or DNA genome. For example, if replication error
rates are too high, populations of viruses could produce so many defective genotypes that the
population no longer has enough viable individuals to sustain itself. The population crosses a
threshold into a state of ‘error catastrophe’ [136]. The very high mutation rates of RNA viruses
suggest they are pushing close to where error catastrophe results in population extinction. Although
this suggests that further increasing the mutation rate of a targeted RNA viral disease might have
therapeutic value, such a strategy could also be counter-productive [137,138]. For example, when
RNA viruses are rapidly serially transmitted in vitro in the presence of mutagens, error catastrophe
can occur and result in population collapse [139,140]. Unfortunately, these methods probably fail to
transmit any existing social genome through genetic bottlenecks and force a reset of social heterosis to
its initial stage. In comparison, the results of increasing the mutation rate of a chronic, existing
infection have little positive effect and even can potentially increase negative outcomes [141,142].

Given that viruses have had a long evolution history towards solving the error catastrophe problem, it
may be instead more effective to push their populations in the opposite direction. Hence, increasing
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replicative fidelity and decreasing recombination rates might be an effective strategy against RNA
diseases. The reduced error rates and genetic exchange could increase the time, or prevent entirely, the
evolution of a stable social genome. Indeed, an RNA virus that is unable to mutate or recombine at
the onset of an infection might be quickly eliminated by host immune responses. In a simulated HIV
infection, Nonacs & Kapheim [6] found that reintroducing a wild-type genotype that was
competitively superior at the individual level of selection, disrupted any social genome that had
formed and reduced viral loads. This suggests that a quasi-species swarm could be susceptible to
being competitively constrained or eliminated by introducing a competing clone with high fidelity in
replicating its genome, but without across-clone complementation.

The fact that many cancers increase in frequency with organism age and across species strongly
suggests that organism-level susceptibility to cancer is also an evolvable entity [143]. From the point
of view of a tumour, however, it appears as a de novo organism in every patient, with the cancer’s
success or failure being entirely specific to only that patient. Thus, studying how the overall human
immune system changes over time and compares with other more cancer-free species might be useful
and informative in an evolutionary medicine context. For example, the taxonomic distribution of
cancer across species strongly suggests it is far more prevalent in groups that strictly separate cell
lineages into either the germ line (the gonads) or non-gamete-producing somatic tissue and organs
[143]. Taxonomic groups (e.g. cnidarians) in which all or most cells retain their totipotency to switch
to gamete production are far less likely to develop cancer. This cancer deficit occurs even though
oncogenes (or at least their evolutionary precursors) are present in these groups [144].

Cancer cells themselves are proposed to be the equivalent of evolutionarily non-cooperative
cheaters—as cells that in a sense rebel against imposed sterility and low growth [145,146]. Cheaters,
therefore, are paradoxically more common in taxa that in the course of normal ontogeny more
strongly restrict and limit the range of cell lineage developmental trajectories. Furthermore, within
individuals, more aggressive tumours with higher variability tend to arise in organs with apparently
stronger anti-cancer defences in comparison with other tissues [147]. Such patterns are
counterintuitive. Stronger controls that limit what function a cell can express ought to make cancers
less likely rather than more so. Resolving why this apparent evolutionary paradox exists could lead to
future therapeutic options.

Complementation promoting tumour growth and creation of the tumour microenvironment can arise
from cell–cell signalling, i.e. with the secretion of growth factors, hormones, cytokines, extracellular
matrix regulators, tumourigenic fibroblasts and other factors affecting angiogenesis, oxygen
metabolism and defence against the immune system [115,148–150]. Due to the complexity of the
tumour microenvironment, it is unlikely for single genotypes to be able to create the plasticity
required to create and maintain a completely hospitable environment [59,115,130,151]. Via
complementation among heterogenous genotypes, however, it is possible to create a system of labour
division where all group members can benefit in accordance with functional social genomes.

The lack of any coevolutionary history between cancerous and non-cancerous cells, however, forces the
conclusion that complementation and social genomes in cancer tumours and metastases are serendipitous
by-products of unstable and mutable genomes. Targeting single clones for therapy often fails to predict the
properties of a mixed population [152]. Therefore, incorporating the ideas of social heterosis could be
valuable in improving the treatment of cancer, but this requires thinking in general terms about the
process. One such aspect is that a social genome can be a network of interdependent genes. Some
mutations or clonal variants may perform redundant functions. Thus, attacking or eliminating a
particular clone, even if the mutation it carries is associated with increased malignancy, may have no
effect on disease progression. Instead, there may be a ‘keystone’ genetic change within a social heterosis
network—which if eliminated—severely impacts a tumour’s ability to grow and metastasize. Social
heterosis predicts that a clonal line carrying such a keystone needs to be common enough to be a
regular member of a CTC or tumour, but it need not be the most common cell type or exhibit any
significantly measurable frequency-dependent effects. Unfortunately, such keystone changes may very
well differ across patients and, therefore, not lead to a general treatment. However, some types of
cancers may indeed have a particular pathway or keystone change that needs to convergently evolve
across patients that otherwise produce genetically unique tumours at a population level of cancer cells.
To the degree that any such changes are seen to be shared across patients, the clonal lineages with those
changes might be particularly useful for therapies to directly target.

Genetic diversity with social heterosis means targeting population heterogeneity could disrupt
synergistic interactions and lessen disease progress. Quasi-species expansion in RNA viral infections
could be prevented by increasing RNA polymerase fidelity, or conversely, at the earliest stages of



royalsocietypublishing.org/jou
20

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

07
 M

ay
 2

02
1 
infection pushed past their error threshold by decreasing fidelity [153–155]. Similarly, cancer drugs that
induce mitotic catastrophe, disruptively intercalate DNA or affect genes such as TP53 that help regulate
chromosomal stability could directly target tumour heterogeneity and hinder the synergistic interactions
of social heterosis [156].
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