
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Incomplete penetrance and variable expressivity of congenital 
disease: what’s luck got to do with it? 
 

ABSTRACT 
Genetic birth defects often show seemingly random 
variability of occurrence or of severity between 
individuals. These are termed incomplete penetrance 
and variable expressivity, respectively. Variability 
occurs even within monozygotic twins, where most 
sources of genetic variation are absent. This poses 
problems clinically and has been difficult to explain. 
Archetypal examples of unpredictable variability 
occur in the development of the enteric nervous 
system (ENS). In Hirschsprung disease the distal ENS 
fails to form, and in slow-transit constipation the 
distal ENS is present but is dysfunctional. We have 
developed mathematical cellular automata models 
of ENS formation and unpredictable but distally-
amplified variabilities resembling (Hirscshprung) 
or allowing (slow-transit constipation) these conditions 
emerged spontaneously. These results are in silico 
examples of incomplete penetrance and variable 
expressivity. These differences in outcome at the 
level of the entire system between replications with 
identical initial conditions and identical rules of 
behaviour for ENS agents (cells) were driven by 
stochastic choice of local motile and proliferative 
behaviour of each of the many agents, iterated 
over many of cycles. Surprisingly, given the number 
of agents and iterations, the entire system did not 
‘balance out’ to end identically. These examples show 
in detail how the inability to totally determine specific 
 

aspects of cells’ morphogenetic behaviour can result 
in incomplete penetrance and variable expressivity 
in birth defects. Transposed into biological systems, 
these mechanisms therefore impose limits on disease 
predictability. 
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1. Introduction 
1.1. Variability of congenital traits:  
a long-standing puzzle 
Variability of congenital traits, especially of disease 
traits, is common yet often unpredictable to a degree 
described as stochastic. Even with gene alleles 
classically described as ‘dominant’, discordance of 
genotype and phenotype occurs. This genotype/ 
phenotype mismatch was named incomplete (or 
variable) penetrance if, despite the dominant allele 
being present, the phenotype was absent in some 
individuals but present in others. Where the phenotype 
occurred but varied in degree between individuals, 
this was termed variable expressivity [1]. (Here 
we will refer to both as incomplete penetrance). 
To add to this, discordancy of phenotype was 
observed between twins [2] and, in laterally paired 
structures in the one individual, between left and 
right [3]. Thus, although variability such as 
incomplete penetrance was named and discussed, 
its cause was mysterious. More practically, when 
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this unpredictability concerned a congenital disease, 
this clinical uncertainty posed difficult problems 
for treatment and prognosis, especially now for 
genetic counsellors [4]. 
Because of this clinical importance, virtually every 
genetic, epigenetic and environmental variable has 
been postulated as determining this variability [5]. 
The technical advances of molecular genetics and 
epigenetics are revolutionising health sciences. In 
the age of ‘big data’ and ‘personalized’ and 
‘precision’ medicine’, there is a sanguine hope that 
all or very nearly all determinants will become 
accountable even at the level of the individual 
patient, and this will resolve all or much of the current 
clinical uncertainty and unpredictability posed by 
the old problem of incomplete penetrance in 
congenital diseases. 

1.1.1. Genetic and environmental differences 
contribute to incomplete penetrance 

Differences in alleles of modifier genes contribute 
to differences in penetrance of identical mutant 
genes between different inbred mouse strains [6]. 
In a genetically diverse population such as humans, 
different alleles of modifier genes certainly contribute 
to variability because these alleles differ between 
individuals who share the same ‘disease-causing’ 
mutation. Exposure of individuals to different 
environmental conditions pre-natally is also an 
important contributor to differences in penetrance 
of congenital diseases [7]. Although often complex, 
these genetic and environmental effects are in 
principle determinative, clearly account for much 
phenotypic discordance and with sufficient 
information they could be predictive. However 
there are instances where it is much more difficult 
to invoke these as causes of variability between 
individuals. 

1.1.2. Incomplete penetrance persists when genetic 
and environmental differences are minimised 

In animal models heroic efforts have been made 
to achieve identity in genotype and in pre- and 
post-natal environments yet phenotypic variability 
stubbornly persists [8]. In humans, monozygotic 
(MZ or identical) twins share a genetic background 
and inhabit one uterus, but even when exhibiting 
birth defects, their phenotype is frequently discordant 
[9-11]. Of course differential microenvironmental 
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effects cannot be entirely dismissed even in MZ twins 
[12], but these tend to result in gross differences 
such as size and weight variation rather than in 
presence, absence or degree of specific birth defects. 
Discordancies between neonatal MZ twins are a 
lens to focus on the missing elements of variability 
in phenotype and therefore on incomplete penetrance 
of developmental disease whenever it occurs [13]. 

1.1.3. Where are the missing determinants of 
developmental discordancy? 

Discordance of phenotype might be based on 
changes involving genes without change of DNA 
sequence. Arguments can be made for variation 
between individuals, even between MZ twins, based 
on epigenetic discordancy and miRNA functions 
[12, 14-16]. In addition, expression levels of the 
same gene may show random fluctuations between 
cells. If in early embryogenesis these straddle a 
notional threshold level for attainment of some 
development milestone then intra-individual variability 
may result stochastically despite genetic identity 
[17]. However, these are unlikely to account for 
the frequency of trait-variations notably between 
genetically near-identical individuals such as MZ 
twins. 

1.1.4. Are somatic mutations a source of 
developmental discordancy? 

Another potential source of variation is post-zygotic 
somatic mutations, and these fulfil the qualities of 
originating stochastically and differing between 
MZ twins [18, 19]. Each somatic mutation occurs in 
a single cell and is copied in all clonally descendant 
cells, creating clonal mosaicism within tissues of 
one individual. Already several discordancies in MZ 
twins have been ascribed to somatic mutations [12]. 
Recently the importance has been realised of somatic 
mutations in functional brain diseases [20, 21]. 
Despite these examples, the general view has been 
that phenotypic effects of somatic mutations are not 
common. This lack of effect is ascribed to cells of 
each mutated clone being narrowly distributed and 
at a very low proportion in the entire cell population. 
Thus mutant cells, while individually having a 
phenotype, are below the threshold level to cause 
an overall disease [22]. By this reasoning, if somatic 
mutations are rarely phenotypically important in 
the one individual, they cannot commonly account 
for discordancy of birth defects between MZ twins. 
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variability between MZ twins with a birth defect 
suggests that there is are important and still missing 
pieces contributing to this variability. 
 
2. The enteric nervous system as a model to 
study phenotypic variability 
Here, we focus on one important developmental 
system, the neural crest (NC)-derived enteric nervous 
system (ENS) and its developmental abnormalities 
(collectively termed neurocristopathies) [29, 30]. 
Using as models one structural and one functional 
enteric neurocristopthy, both highly and unpredictably 
variable, we describe novel and feasible mechanisms 
that could produce the inherent trait variability in 
these diseases. Both mechanisms depend on credible 
cell behavioural events that are stochastic in the 
true sense and these therefore impose limits to 
predictability. We also emphasise the utility of 
biomathematical modelling for discovery of such 
non-intuitive and emergent processes. 

2.1. NC derivatives are models to focus on 
variable congenital disease 
The NC system provides examples of all 
morphogenetic and differentiation events in metazoan 
development [29]. The NC originates in the neural 
epithelium, the precursor of the CNS, and contributes 
a vast range of cells and tissues throughout the body 
of vertebrates and is involved in a wide range of 
neurocristopathies affecting many tissues. 
Neurocristopathies form a model for complex 
congenital diseases and often show incomplete 
penetrance [10, 31, 32]. Of all the NC-derived systems, 
the easiest to understand in broad developmental 
outline is the enteric nervous system (ENS). 

2.2. ENS development and its variable birth 
defects 
The ENS occurs throughout the gastro-intestinal 
tract, and is the largest and most complex division 
of the autonomic nervous system. The ENS consists 
of a vast number of small group of neural cells 
termed ganglia arranged in two layers in the wall 
of the intestine. There are at least 15 types of neurons 
and several types of attendant glia in the ganglia 
of the ENS [33]. The ENS controls gut muscular 
activity including peristalsis, as well as local blood 
supply and electrolyte and water balance across 
the mucosa. 

The major exception to this phenotypic incapacity 
of somatic mutations is the rare occurrence when 
the mutation occurs at or before the blastocyst stage, 
when there are relatively few cells. This could permit 
large clonal contributions capable of exceeding a 
phenotypic threshold. In such cases the mosaicism 
would typically extend across derivatives of several 
germ layers [23]. Thus, early mutations affecting for 
example nervous tissue (ectoderm germ layer origin) 
could be identified by mutation analysis of readily 
obtainable cells such as lymphocytes (mesoderm germ 
layer origin). Multi-germ layer mosaicism does not 
suffice to explain the frequency of discordancy in 
MZ twins and most searches for differential somatic 
mutations in discordant MZ twins have been 
fruitless [24-27]. 

1.1.5. Could variation in cell behaviour contribute to 
developmental discordancy? 

Discordance of phenotype could notionally be based 
on stochastic changes at a quite different level, 
involving variations in behaviours of normal cells 
rather than mutational and microenvironmental 
variations. The cellular and extracellular 
microenvironment of metazoan tissues in development 
is enormously and dynamically complex and the 
repertoire of cell behaviours -migration, proliferation, 
differentiation, apoptosis etc.- is diverse and 
reflects continually changing interactions with this 
microenvironment. For this reason, in time-lapse 
observations of cells in situ, it is impossible to 
predict exactly what each individual cell will do 
even minutes into the future [28]. However even 
if cells do not behave in exactly predictable ways, 
they do behave in broadly similar ways. Given 
that in tissues there are very large numbers of 
cells, the behaviour of each cell population is a 
time-average of the iterated behaviours of all the 
constituent cells. This would mean that the overall 
development of phenotype would be highly invariant 
and predictable from individual to individual. If 
this were not so, metazoan development would 
devolve into chaos. Viewed this way, this cell-scale 
detailed stochastic behavioural variation seems not 
to be a promising candidate for phenotypic 
discordancy between individuals such as MZ twins. 
All these potential variations do not seem to be 
strong candidates to account for the frequency and 
spectrum of discordant birth defects in general or 
in MZ twins. The high frequency of phenotypic 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

developmental diseases. The most common identified 
cause of Hirschsprung disease in humans is 
haploinsufficiency due to a loss-of-function mutation 
in one copy of the gene RET, which encodes a 
growth factor receptor in ENS cells. In this case 
with identified mutations, penetrance is around 
50-70% [38] with highly variable expressivity 
which is easily quantified as the length of colon 
lacking ganglia. In affected MZ twins, the disease 
is more often discordant than concordant [39, 40]. 
This disease can also occur as part of a syndrome, 
and in such MZ twins, the Hirschsprung phenotype 
may be discordant while other elements of the 
syndrome are concordant [41]. Hirschsprung disease 
is a very clear example of a serious genetically 
produced structural birth defect that displays 
incomplete penetrance and variable expressivity.  
Other more subtle ENS motor neuropathologies 
occur [42]. In slow-transit constipation, in contrast to 
Hirschsprung disease, the ENS is present throughout 
the gastrointestinal tract but the peristaltic functions 
it controls are, as the name suggests, disturbed. This 
disturbance chiefly involves the distal bowel [43], 
 

In early development, the progenitors of the ENS 
migrate from the NC in the neural epithelium, with 
the largest number from a small hindbrain or vagal 
level [34]. Broadly speaking, most of these NC cells 
colonise the gut mesoderm in an oral-to-anal wave 
(Fig. 1A). The migration of these cells is in an 
almost 2D layer in the gut mesoderm, and involves 
high proliferation of cells [35] (Fig. 1B). The 
progeny of these migratory NC-derived cells then 
differentiate into all the neurons and glial cells of 
the ENS. 
Of the many ENS birth defects [36] the easiest to 
describe and one of the most serious is Hirschsprung 
disease or colonic aganglionosis. In this disease 
the ganglia of the ENS are missing from a variable 
extent of the anal end of the colon. It can be grasped 
intuitively that the oral-to-anal colonisation by NC 
cells could, if not completed, cause Hirschsprung 
disease (Fig. 1A inset). This disease is established 
over the first 7 weeks of human gestation, the period 
of intestinal colonisation. The genetics of 
Hirschsprung disease is complex [37] and it serves 
as a paradigm for multigene, multifactorial 
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Fig. 1. Scheme of ENS formation. A. The ENS forms as NC cells (black dots) migrate from the vagal level of 
the CNS to the digestive tract (grey) which they colonise progressively in an oral-to-anal direction. In the 
human embryo this occurs from about post-fertilization day d28 to d49. In Hirschsprung disease the 
colonisation is not completed. B. The pattern of ENS colonisation is by occupation of an almost 2D layer of 
gut mesoderm in an oral-to-anal wave. (Adapted from ref. 63). 
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3.1. The mathematical model 
For ease of visual comparison with real biology, 
we use agent-based cellular automata (CA) models 
[48] of ENS development [49-52]. In the following 
section we briefly describe the basic model in order 
to explain later how different outcomes emerge from 
different individual simulations of the identical 
model. 

3.1.1. The substrate of colonisation 

The ENS colonisation substrate, the gut mesoderm 
tube, can be approximated by rolling out the gut 
cylinder into a 2D sheet (Fig. 1B). In order to use 
a 2D CA model this sheet is gridded, each grid 
site representing a gut mesoderm cell unit; for 
simplicity we use a square grid (Fig. 2). We define 
 

but the severity and extent of the functional 
disturbance varies widely between individuals. Causes 
of this disease are still being sought, with inconsistent 
data in paediatric and adult forms [44-46]. 
 
3. Mathematical models of ENS development 
While developing mathematical models of 
development of the ENS [47], outcomes resembling 
or permitting birth defects emerged spontaneously 
under certain conditions and, despite identical inputs, 
these were stochastically variable. We will describe 
how these stochastic variations come about, and 
argue that these are not just mathematic abstractions, 
but are strong candidates for much of the ‘missing 
variability’ in phenotype seen in development and 
especially in developmental disease. 

B. NC agent proliferation and 
exclusion rules

C. NC agent carrying 
capacity rule

D. Gut mesoderm site 
elongation rule

?
?

?

?

?
?

A. NC agent motility and 
exclusion rules

Cmax =6Cmax =3

B. NC agent proliferation and 
exclusion rules

C. NC agent carrying 
capacity rule

D. Gut mesoderm site 
elongation rule

?
?

?

?

?
?

A. NC agent motility and 
exclusion rules

Cmax =6Cmax =3

Fig. 2. CA model rules for colonisation by NC agents (black) of gut mesoderm sites (grey). A. At each motility cycle at 
probability Pm the NC agent moves one site east, west, north or south, chosen randomly. An attempt to co-occupy an 
occupied site (event marked by ?) results in that agent’s motility cycle being aborted. B. For proliferation, at each 
cycle at probability Pp the NC agent can produce two agents placed east+west (dark grey) or north+south (white) 
of the original site. Attempts at co-placement (?) results in the division being aborted. C. A chosen NC agent may 
proliferate only if the number of other NC agents in its surrounding Moore neighbourhood (black square) is less 
than the local carrying capacity Cmax. For low carrying capacity setting, say Cmax = 3, proliferation is permitted (star) 
because C = 2, but only north+south (see Rule 2B) and disallowed (triangle) where C = 3. For higher carrying 
capacity setting, say Cmax = 6, proliferation is permitted (star) where C=5, but only east+west (see Rule 2B) and 
disallowed (triangle) where C = 6. D. For gut mesoderm elongation, one site is chosen (black square) at random 
per row at probability Pg and duplicated east or west at random, so increasing the length of the gut one column 
per cycle. 
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iii) Notwithstanding these rules, we also established 
an exclusion rule to prevent co-placement. If any 
NC agent attempts to move to a grid site already 
occupied by another NC agent (indicated by ‘?’ in 
Fig. 2A), then that movement cycle is aborted. 
Likewise, if there is an attempt to place a daughter 
agent in an occupied site, then that proliferation cycle 
is aborted (Fig. 2B). This rule imposes restrictions 
and hence biases the outcomes of the previous 
rules to favour movement into areas previously 
free of NC agents. 
iv) In animal tissues the final ENS cell density 
comes to a constant value [53] which is dictated by 
the gut tissue. A situation like this usually arises 
from logistical competition for space, nutrient or, 
often, growth factors. We termed this value the 
carrying capacity (Cmax), and to represent this we 
dictate that division of a chosen NC agent is 
suppressed if the number of NC agents in its local 
neighbourhood (termed the Moore neighbourhood; 
the 8 gut grid sites around the chosen NC agent) 
equals or exceeds a number representing the local 
Cmax. The setting of Cmax is altered to represent a 
range of agent densities (Fig. 2C). 

3.2. Predictive successes of this model 
NC agents were loaded at below carrying capacity 
Cmax onto the west (oral) end of the mesodermal 
gridded sheet and the model was allowed to run. 
This produces a rise up to Cmax without advance, 
then when Cmax is attained, an eastward (anally) 
directed travelling wave of NC agent colonisation 
is generated (Fig. 3A). This closely matches the 
real situation where there is a ‘loading-up time’ in 
the most oral foregut before the wave of individually 
meandering NC cells advances anally. In addition, 
by marking different phalanxes of NC agents and 
their daughters, the model reveals that most of the 
colonisation is generated from the front agents, a 
process we called ‘frontal expansion’ (Fig. 3B) 
[56]. This contrasts with the previous intuitive notion 
based on NC cell density termed ‘population pressure’ 
[57, 58] which involved NC cell population 
shunting from behind. Cell labelling experiments 
in avian, mouse and fish models subsequently 
confirmed this mathematical prediction of ‘frontal 
expansion’. These results and the prediction of many 
other emergent properties [56] bespeak of the 
superiority of mathematical modelling over biological 
intuition, and are consistent with our model having 
captured key elements of ENS formation. 

the oral-anal gut length as the west-east axis and 
distribute NC cells (in the model termed NC agents) 
on grid sites at the west (i.e. oral) end of the sheet. 
Because the sheet represents a cylinder, the north 
and south margins have periodic boundary conditions 
whereby a NC agent moving off the south margin 
then appears on the north margin and vice versa. 

3.1.2. Rules for colonisation 

Based on observations of ENS development, we 
initially imposed a few simple rules for the motility 
and proliferation and for co-placement of the NC 
agents (Fig. 2A-C). We later imposed a rule for 
mesoderm site proliferation (Fig. 2D). Motility and 
proliferation cycles of each agent were enacted 
sequentially and updated. 
i) In the gut of laboratory embryos, NC cell 
populations advance predictably and individual cells 
move about four cell diameters (taken as ~40 μm) 
per hour on average [53, 54]. To approximate this 
we dictated that each NC agent on a 2D 
mesodermal grid could move to its adjacent grid 
square (=one cell diameter, about 10 μm) at a 
probability Pm corresponding to one movement cycle 
per time base equivalent to ¼ hour. In time-lapse 
movies, isolated NC cells in the gut move 
unpredictably as a random walk [28]. To model 
this, NC agent movement direction is generated 
stochastically, north, south, east or west with equal 
probability for every movement cycle (Fig. 2A). 
Diagonal movements are not permitted for 
computational convenience. 
ii) In animal models the ENS cells proliferate [35], 
and cell division occurs throughout the population 
[55], but a) the exact location of each division is 
unpredictable and b) the orientation of each cell 
division is unpredictable. In the CA model we 
dictate that a NC agent can divide into two daughter 
agents at an average proliferation rate Pp. We 
include different rates of division over a range 
corresponding to 10 to 100 times slower than that 
of the movement cycle i.e. average division cycle 
duration equivalents as short as 2.5 h up to as long 
as 25 h. To model the individual locational 
unpredictability, the precise NC agent to divide in 
each cycle is assigned stochastically. To model 
mitotic orientation unpredictability, the two daughter 
agents are placed stochastically either north+south or 
east+west of the original NC agent site (Fig. 2B). 
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colonisation by NC agents pertains when Pp is high 
and Hirschsprung-like failure of full colonisation 
emerges when proliferation probability Pp is low 
(Fig. 4A). 
The real surprise emerges when running identical 
intermediate Pp-value simulations repeatedly; these 
produce some outcomes with full colonisation, and 
some Hirschsprung-like partial colonisation outcomes 
(Fig. 4B) [50]. This occurs probabilistically and 
sweeping the value of Pp in this intermediate range 
raises (or lowers) the probability of colonisation 
success by NC agents, that is, the degree of penetrance 
is altered (Fig. 4B). In those simulations where 
full colonisation is not obtained, the length of the 
uncolonised zone varies unpredictably between 
individual simulations but is greater on average at 
lower settings of Pp. Thus random variation in 
expressivity also emerges from the model [59]. 
In this mathematical system all variables are 
determined except for those that are explicitly allowed 
a stochastic choice at the level of individual agents. 
Thus, it is certain that the variable failure to complete 
colonisation at the east (anal) end -the Hirschsprung 
phenotype - is stochastic in the true sense. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Hirschsprung outcomes emerge stochastically in 
models of ENS development 

4.1. Emergence of Hirschsprung outcome with 
incomplete penetrance 
Many of the ‘Hirschsprung genes’ affect NC cell 
proliferation [58] and on mutation, proliferation 
would be reduced. However the initial CA model 
had a conspicuous failure: no reasonable decrease 
of proliferation probability Pp (or motility Pm) to 
resemble loss-of-function of RET produced a 
Hirschsprung-like result. ENS agent colonisation 
was always completed, just more or less rapidly. 
However the model failed to include the real 
occurrence of simultaneous elongation of the gut 
[57]. Based on measurements of gut growth [52], 
in the model we allowed the gut mesoderm grid sites 
to divide at probability Pg . Particular sites, one in 
each row, are chosen at random to produce two 
daughter-sites which are placed adjacently in the 
west-east (oral-anal) axis. This produces a lengthening 
of the gut domain (Fig. 2D). When this is included 
along with NC agent motility and proliferation the 
‘frontal expansion’ travelling wave and other realistic 
features are not altered. Now, however, full 
 

Fig. 3. Simulation of ENS colonisation by the rules described in Fig. 2. A. NC agents (dots) 
distributed at the oral end of a gut field proliferate to the density of the carrying capacity Cmax 
then an oral-to-anal travelling wave is generated which colonises the entire gut field. B. Marking 
bands of NC agents reveals that most colonisation is due to proliferative advance of the front 
phalanx of agents, a process termed ‘frontal expansion’. (Adapted from ref. 56). 
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between simulations in which all conditions able 
to be determined are identical. However in most 
normal conditions these variations are invisible, 
the system having a large safety margin. In the 
developing ENS for example, experimentally 
reducing the number of ENS progenitor cells reveals 
a large ‘reserve capacity’ which allows full 
colonisation [35] and this masks any underlying 
variability. However this reserve capacity has 
limits, and when sufficiently eroded, for example 
by reducing agent proliferation Pp in the model, a 
border condition is reached where the stochastic 
variability of proliferation and motility at the level 
of single NC agents can make variable differences 
in outcome at the system level, in this case between 
the success of colonisation or Hirschsprung-like 
failure [59]. This means that this variable phenotype 
is only exhibited in patients with a pre-existing 
defect such as mutation of the RET gene. Consistent 
with this, in humans, loss-of-function mutation of 
one copy of the RET gene causes Hirschsprung 
disease with 50-70% penetrance [38]. As predicted 
by further reduction of Pp in the CA model, when 
both copies of RET are mutated, aganglionosis 
becomes 100% penetrant and expressivity (ie. length 
of intestine affected) is increased [60]. An identical 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2. How do stochastic variations in cell behaviour 
result in a Hirschsprung outcome with incomplete 
penetrance? 
In the CA model all NC agents are intrinsically 
identical and variations in behaviour are initiated 
at the level of individual agents, due solely to 
stochastic differences in their directional movement 
and the positioning of their daughter agents. These 
are enacted entirely locally and independently in 
space, and reset independently at each motility 
and division cycle. This reflects the unpredictable 
detailed behaviour of cells observed in situ with 
time-lapse imaging [28]. There is no possibility in 
this milieu of the future behaviours of individual 
cells being determined precisely. Intuitively, it 
might be thought that with large numbers of agents, 
and we modelled up to 150,000 in some simulations 
[35], these agent-to-agent, cycle-to-cycle variations 
would always even out at the level of the entire 
agent-population. This would parallel the broad 
predictability of cell populations in normal 
development. 
Surprisingly, the detailed analyses permitted by 
these models show that outcomes at the system level 
do not entirely even out, and are always variable 
 

Fig. 4. Emergence of stochastically variable Hirschsprung-like incomplete colonisation when the gut mesoderm 
elongates (see Fig. 2D). A. NC agents with high proliferation probability Pp fully colonise the growing gut but fail 
to colonise the anal end at low Pp. B. At intermediate values of Pp colonisation completion is probabilistic. 
(Adapted from ref 50). 
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5.1. Emergence of distally-amplified stochastic 
clonal dominance 
An advantage of the CA model is that every agent 
can be tracked, even if there are thousands. We 
followed NC agents individually to study their 
clonal evolution, expecting that clones would be 
reasonably similar in size. The counter-intuitive 
outcome is that most clones remain small but a 
few clones, which we termed ‘superstars’, become 
huge with disproportionately large contributions to 
the entire final population of NC agents (Fig. 5A). 
Although few in each starting population, ‘superstars’ 
occur in every simulation (Fig. 5B). Increasing the 
probability of proliferation Pp, which reduces the 
cycle time, increases the disproportionality. This 
was achieved by chance [63]; which agent would 
attain this clonal dominance is not predictable 
although there is a probabilistic bias favouring NC 
agents originally at or near the front. In addition, 
as colonisation proceeds, the more east (i.e. anal) 
 

result occurs in mice with loss of both copies of 
Ret [61]. However mice seem to be quite different 
to humans when one copy of Ret is mutated: this 
never results in a murine Hirschsprung phenotype. 
When this is explored further using mice genetically 
engineered to drive Ret expression and Ret protein 
levels to about 30% of normal (i.e. significantly 
lower than that achieved by mutation of one copy 
of Ret) an incompletely penetrant Hirschsprung 
phenotype emerges [62]. The CA model can 
reproduce this difference by giving ‘mice’ and 
‘human’ agents different Pp settings. 
 
5. Slow-transit constipation-enabling conditions 
emerge stochastically in models of ENS 
development 
This is a two-step process, one step explained below 
involves stochastic generation of clonal dominance, 
and the second step is the universal stochasticism 
of occurrence of somatic mutations in all cells. 

 
Fig. 5. Stochastic emergence of ‘superstar’ clones of NC agents leads to clonal dominance in CA models. 
A. Single NC agents tagged (arrow, top image) to follow clonal descendants in a colonising population mostly 
form small clones (arrow, middle image). A few clones become huge and dominate the colonisation wave 
(bottom image, bracketed zone). These simulations are in a non-growing gut domain. B. Plotting the % of the 
initiating NC agent population that produces 90% of the final population confirms that this disparity of clone 
size is found in every simulation (here 200 consecutive simulations) and reveals that the disparity is increased 
at higher proliferation probability Pp. (A adapted from ref 50, B from ref. 64). 
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and of the experiments (Fig. 6B lower panel) were 
similar in that most clones were small (less than 
0.1% of the entire final NC cell population) but a 
few were huge (more than 10% of the final NC 
cell population) [35, 64]. 
Agreement between the biological result and the 
CA model do not prove that the biological 
‘superstars’ are of stochastic origin, as they are in 
the model. For example, it is possible that just a 
few cells were pre-determined to form huge clones, 
similarly to cells in a carcinoma with activation of 
oncogenes determining clonal dominance. However, 
if the ‘superstar’ NC cells were pre-determined, 
reduction in the number of unlabelled NC cells 
(ie. ‘cloning-in-a-smaller-crowd’) would not alter 
the probability of superstardom occurring in the 
 

the position the more extreme the reduction in 
clonal diversity [64]. 
Normal distributions of frequencies are often seen 
in biological populations, and hence this fat-tailed 
distribution of clone sizes was unexpected. Therefore 
confirmation was sought in a biological ENS 
system by tracking one avian NC cell with a genome-
integrated fluorescent label which identified every 
daughter cell. This labelled cell was mixed with a 
much larger population (in this case 600 cells) of 
unlabelled but otherwise similar NC cells; we 
termed this ‘cloning-in-a-crowd’ (Fig. 6A). The clonal 
growth of the labelled NC cell was measured by 
counting the labelled cells after the avian gut in organ 
culture grafts had been colonised by the NC cells. 
The results of the CA model (Fig. 6B upper panel)  
 

Fig. 6. NC cell clone size frequency in experiments is similar to that in CA models. A. A labelled avian NC 
cell (black dot) with many unlabelled NC cells (dark grey dots) is co-cultured (double-headed arrow) with 
uncolonised recipient avian intestine (grey). Later the entire intestine, after extensive growth (arrows), is 
colonised by NC cells. The number of NC cells derived from the single labelled cell is counted. B. CA 
models and experiments show similar frequency versus clone size distributions, with the ENS formed by 
numerous small clones and a few ‘superstar’ clones. (A adapted from ref. 64, B from ref. 35). 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the clones were and remained identical. However, 
cells never remain identical due to somatic mutation, 
itself a stochastic process. Brain cells and fibroblast 
cells each acquire many somatic mutations although 
estimates of the mutational burden vary [68, 69]; it is 
certain that ENS cells also accumulate numerous 
somatic mutations. As mentioned previously, the 
argument against the importance of such 
mutations in generating a phenotype is that there 
are low levels of mosaicism unless the mutations 
occur at or before the brief blastocyst stage [22]. 
However the mode of development of the ENS 
may make it even more susceptible than the CNS 
[20, 21] to somatic mutations attaining phenotypic 
levels. First the likelihood of occurrence of such a 
mutation is increased because the period in which 
the mutation might occur is extended throughout 
the period of ENS generation rather than being 
restricted to the short blastocyst period. Second 
the ENS, a very large cell population, is produced 
mostly from a very small vagal NC population 
[35] and especially in ‘superstar’ clones, requires 
many cell division cycles [70]. As in cancer 
generation [71] this increases the chance of 
occurrence of a mutation, which mostly occurs 
during each cycle of DNA synthesis. Third the 
mode of ENS colonisation described by CA models 
actively drives clonal dominance and hence 
increases the potential for achieving high level 
mutational mosaicism. Fourth, the mode of ENS 
formation described here maximises the reduction 
of clonal diversity locally in the distal segment of 
the intestine. Thus even if the average level of the 
mutation in the ENS cell population over the entire 
intestine is low, it will be elevated in the distal 
segment of the colon. ENS failure even in only a 
small segment of bowel can totally disturb overall 
function because of the linear nature of the 
intestinal tract.  
The genes and the types of somatic mutations acting 
in the context of clonal dominance are important. 
Several studies have investigated somatic mutations 
in Hirschsprung disease [72-74] but these face 
difficulties in interpretation because the cell 
populations sampled were not restricted to ENS 
cells. The CA model logic predicts that a gene and 
mutation causing a non-structural enteric neuropathy 
such as slow-transit constipation cannot be of the 
type that causes familial Hirschsprung disease (e.g. 
loss-of- function mutation in RET). This is because
 

one labelled cell. However if the ‘superstars’ were 
not pre-determined this would increase the probability 
that any one labelled cell would develop as a 
‘superstar’. We performed this experiment by 
reducing the unlabelled NC cells from around 600 
to about 40 and found a strong increase in the 
probability that any one labelled cell was a 
‘superstar’ [35]. The conclusion from this is that 
the ‘superstar’ potential is not pre-determined and 
is therefore likely to be stochastic as predicted by 
the model. 

5.2. How do stochastic variations in cell 
behaviour result in clonal dominance? 
‘Superstar’ clones occur when an advantageous 
proliferative outcome of an agent in an early cycle 
is achieved by any means and this biases the 
probability of an advantageous outcome for this 
agent’s descendants in the next cycle. Thus, a system 
of spiralling cumulative advantage is established. 
This is known as the Matthew Principle [65]. This 
is widely operative in biology, as it is in social 
and economic networks. In the ENS system 
modelled here, the seeding advantage is stochastic 
but biased; agents at or near the front have increased 
likelihood of a favourable immediate outcome 
because they will be less likely to be impeded in 
proliferative opportunities by their neighbours, 
since they have no competing neighbours on one 
side. This unequal increase in agent-number improves 
the chance that the next advantageous outcome will 
occur in an agent of the same clone, leading to 
escalating clonal amplification. The cloning-in-a-
crowd and cloning-in-a-smaller crowd experiments 
strongly support the occurrence of this mechanism 
in the ENS in real intestinal tissues. 
The emergence in CA models of a relatively few 
numerically dominant ‘superstar’ clones in the context 
of a constant total number of agents (dictated by 
Cmax) has the inevitable outcome of reducing 
clonal diversity. Whether this results in reduced 
clonal diversity in the human ENS as it does in 
animal models is a key unanswered question, but the 
high degree of conservation between species in ENS 
development [66, 67] suggests that this is likely. 

5.3. Clonal dominance may allow somatic 
mutations to cause ENS dysfunction 
Reduced clonal diversity of itself would have no 
phenotypic effect if all the NC-derived cells of all 
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has been shown recently in experimental animal 
systems [64] and is likely in humans as ENS 
developmental mechanisms are highly conserved. 
Given the universality of somatic mutations, these 
must also occur in the cells of the human ENS. 
Direct assessment could be made by single cell 
whole genome sequencing of ENS cells. The 
identification of family trees of mutations in ENS 
cells would provide a bar code to delve into clonal 
lineages as well as to identify potential function-
impairing somatic mutations. If these somatic 
mutations can occur relatively late, well after the 
blastocyst stage, such investigations would need 
to targeting the cell lineages involved, rather than 
using cells from a convenient but inappropriate 
source such as blood cells [76]. While currently 
technically challenging as well as expensive, this 
has been done in post-mortem CNS specimens 
where the frequency of somatic mutations, their 
clonal inheritance and functional relevance has 
been confirmed [68, 76]. Given that, unlike CNS 
cells, ENS cells are routinely harvested by biopsy 
in cases of suspected ENS dysfunction, single cell 
whole genome sequencing could be performed for 
the non-Hirschsprung enteric neuropathology patients. 
With the continual reduction of cost of single cell 
whole genome sequencing along with increases in 
accuracy, this could soon become a reality. This 
could then not only confirm this mechanism but 
also identify patient-specific, ENS-specific somatic 
mutations that could guide targeted treatments. 
 
7. General role of stochastic variation of cell 
behaviour in reduced penetrance 
We have explained how unpredictable variations 
in two major classes of developmental enteric 
neuropathologies could come about. The variable 
Hirschsprung as modelled is completely stochastic, 
being displayed at the cusp of haploinsufficiency 
for a pre-existing Hirschsprung gene mutation. 
The non-Hirschsprung ENS dysfunction is also 
stochastic but functional outcome requires one 
stochastic event, a somatic non-Hirschsprung ENS 
mutation, added to another stochastic event, the 
‘superstar’ clonal expansion which reduces clonal 
diversity. The functional impairment due to the 
specific somatic mutation is then permitted to 
become functionally deterministic if it occurs in 
the cell lineage of the ENS ‘superstar’. We argue 
that these mathematically derived models provide 
 

such mutations impair ENS cell proliferation or 
motility during colonisation. In such cases the model 
predicts that the clonally affected ENS cells would 
be out-competed by their non-affected neighbours, 
thereby preventing clonal dominance and resulting 
in no phenotype. In contrast a gain-of-function 
mutation in a ‘Hirschsprung gene’ could confer a 
deterministic clonal advantage; such mutations in 
RET occur in Multiple Endocrine Neoplasia-2B 
and can cause ENS hyperganglionation. This type 
of mutation can occur somatically [75]. However, 
from the model, a mutation that is functionally neutral 
at the colonisation phase can have phenotypic 
consequences if it affects later nervous function, such 
as altering neurochemical synthesis, connectivity, 
synapse formation, excitability etc in post-migratory 
differentiated ENS cells. This is in accord with the 
identification of enteric nerve fibre neurotransmitter 
abnormalities in biopsies of colon from children 
with slow-transit constipation [44]. 
The ‘superstar’ phenomenon therefore underpins a 
means to achieve a mosaicism threshold sufficient 
to affect ENS function. Moreover, the model 
predicts that this phenotype would be manifest 
only or mainly in the distal gut because there, clonal 
diversity is predicted to be least. This fits the 
locational profile of ENS functional disturbances 
such as slow-transit constipation, and the stochastic 
nature of somatic mutations is consistent with the 
variability of such effects. 
 
6. Is there evidence for these mechanisms in 
patients? 
Purely stochastic effects are notoriously difficult 
to demonstrate since by definition they have no 
material cause by which to be identified. In the 
case of Hirschsprung disease a conclusion of 
causation by stochasticity of cell behaviour, as in 
the CA model, may be reached because it is ‘the 
last conclusion standing’ after eliminating other 
potential deterministic causes. This is consistent 
with the level of Hirschsprung disease discordancy 
in MZ twins [39, 40] being comparable to its level 
of incomplete penetrance in non-identical populations 
[38], despite major sources of consistent genetic 
variability being eliminated in the twins. 
For non-structural ENS defects like slow-transit 
constipation, direct evidence is currently lacking 
in humans but the underlying clonal dominance
  

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

explanations for much of the variation in MZ twins 
with discordant ENS birth defects and therefore 
for at least some of the unexplained variability in 
ENS birth defects in more diverse genetic 
backgrounds. 
The characteristics of the development of the ENS 
may make it prone to the stochastic variabilities 
which we have described mathematically here. 
However these characteristics are merely 
exaggerated in the ENS rather than being unique. 
The mathematical model is in essence universal, 
and hence variations of a similar stochastic nature 
could apply to some degree to other aspects of 
development. These roles of non-determinative 
functions may therefore contribute to the variability 
of other congenital pathologies, and particularly to 
other neurocristopathies. This therefore places a 
limit on the predictability of birth defects for 
individuals in the same way that limits to cancer 
predictability have been proposed [77]. It is 
important to confirm the existence and extent of true 
stochastic variation because in such cases searching 
for predictive determinants would be futile. 
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