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a  b  s  t  r  a  c  t

Evolution  proceeds  by  accumulating  functional  solutions,  necessarily  forming  an  uninterrupted  lineage
from past  solutions  of  ancestors  to  the  current  design  of extant  forms.  At  the  population  level,  this  process
requires  an  organismal  architecture  in which  the  maintenance  of  local  adaptation  does  not  preclude
the  ability  to  innovate  in the same  traits  and their  continuous  evolution.  Representing  complex  traits
as  networks  enables  us  to  visualize  a fundamental  principle  that  resolves  tension  between  adaptation
and  continuous  evolution:  phenotypic  states  encompassing  adaptations  traverse  the continuous  multi-
layered  landscape  of  past  physical,  developmental  and  functional  associations  among  traits.  The  key
concept  that  captures  such  traversing  is network  controllability  –  the ability  to  move  a  network  from  one
state into  another  while  maintaining  its  functionality  (reflecting  evolvability)  and  to  efficiently  propagate
information  or  products  through  the network  within  a phenotypic  state  (maintaining  its  robustness).
Here  I suggest  that  transitions  in network  controllability  – specifically  in the  topology  of controls  –  help
to  explain  how  robustness  and  evolvability  are  balanced  during evolution.  I  will focus  on evolutionary
transitions  in  degeneracy  of  metabolic  networks  –  a ubiquitous  property  of phenotypic  robustness  where
distinct  pathways  achieve  the  same  end  product  – to suggest  that  associated  changes  in  network  controls
is  a common  rule  underlying  phenomena  as  distinct  as  phenotypic  plasticity,  organismal  accommodation

of  novelties,  genetic  assimilation,  and macroevolutionary  diversification.  Capitalizing  on well  understood
principles  by  which  network  structure  translates  into  function  of control  nodes,  I show  that  accumulating
redundancy  in  one  type  of  network  controls  inevitably  leads  to  the  emergence  of  another  type  of  controls,
forming  evolutionary  cycles  of  network  controllability  that,  ultimately,  reconcile  local  adaptation  with

continuity  of evolution.

© 2018  Elsevier  Ltd.  All  rights  reserved.
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. General principles

.1. Key dual requirement of evolution and transitions between
obustness and evolvability

Understanding the relationship between stability and innova-
ion remains one of the central questions in biology. In evolutionary
heory, this relationship demands that the historical connectedness
f elements that determine contemporary phenotypes coexist with
urvivability of intermediate steps in order to form uninterrupted
ineages [1,2]. The interplay between homeostatic preservation of
xisting phenotypes (robustness) and exploration of alternative
henotypic states (evolvability) produces the general organizing
rinciple of biological networks – a connected layered landscape
f robust networks, each delineating a boundary of a phenotypic
tate [3–6]. Robustness within each phenotypic state is, by defini-
ion, associated with suppression of variation not conducive to the
henotype’s current functioning [7–9] with accumulation of phe-
otypically silent variation being proportional to the complexity
f adaptation [10,11]. When the threshold of robustness within a
henotypic state is exceeded as a result of environmental change,
hysical constraints, system failure or major mutation, the effects
f newly expressed variation alter the phenotypic state and may
ead to another phenotypic state [2,12–16]. To the extent that the
ew phenotypic state is accessible [17–21] and survivable (e.g., not
ssociated with appreciable decline in fitness)[22,23], it is retained
n evolutionary lineage. Under this perspective, the patterns of con-
ectivity of elements that underlie a phenotypic state are formed by
istorical associations (physical and biological) of these elements.
hese patterns also necessarily delineate the pathways available
or subsequent evolution.

Insights into the evolution of organismal architecture that bal-
nces robustness and evolvability are further enriched by the
ealization that elements of this architecture evolve at different
ates and under different pressures at distinct levels of organiza-
ion (e.g., molecular, cellular, organismal, ecological) [19,24,25] –
ot all changes at one level of organization are reflected at another.
or example, not all genetic changes modify phenotype and not all
henotypic changes have a genetic basis. Further, different rates
f evolution at different levels of organization imply accumulation
f distinct historical contingencies and controlling propensities in
heir organization [26,27]: for example, genomes and phenotypes
re unequally affected by the history of functioning in the same
nvironment over the same period of time. There are also reciprocal
ffects of such level discordance: for example, greater robustness
f complex phenotypes in smaller populations (due to inefficacy of
election in discriminating between small changes in genotypes)
an lead to an increase in phenotypically neutral neighborhoods at

 lower level of organization [28,29], and also to greater accumu-
ations of unexpressed phenotype-altering solutions that become
vailable when conditions of development change.

In sum, the deterministic landscape must be continuous at least
t some level of organization (e.g., gene networks, protein net-
orks, or morphogenic transformations) to enable uninterrupted

raversing during evolution that assures both the maintenance
f current phenotypes and search for novelties. The efficacy of
raversing is a function of both the size and juxtaposition of
henotype-neutral and phenotype-altering neighborhoods, the
istribution of connectivity across the neighborhoods, and of selec-
ion and drift forces that determine the distance a population can
ravel on this landscape in ecologically relevant time [30–33]. Such
raversing includes not only movement on the landscape, but also

onnecting and combining previously unlinked elements of this
andscape, commonly at different levels of organization [26,34]. The
ey metric that reflects the tempo and mode of such traversing is
etwork controllability.
pmental Biology 88 (2019) 36–45 37

1.2. Network structure determines its control profiles

Network controllability refers to the ease and ways in which one
network state can be moved to another (Fig. 1a) [35,36]. The nodes
that are influential in this process, either because of their topologi-
cal position, connectivity, or the effect on flux are control (or driver)
nodes [37,38]. The control nodes are influential not only in the
change of network configurations, but also in their functioning. For
example, networks that are completely controlled by a few nodes
are typical of communication and manufacturing networks, where
efficient and streamlined propagation of information or products
is accomplished by network subordination to a small number of
control nodes. Networks with numerous distributed controls har-
bor significant potential for innovation and are more resilient to
change in inputs, but are less suited for precise functions.

Because controllability is mechanistically determined by how
many neighbors each node can directly control, a high degree asym-
metry – the difference in number of incoming and outgoing links
per node – contributes the most to the node’s control propen-
sity [35,37,39–41]. Which explains why hubs – the nodes that are
essential for network maintenance and function and thus have
low degree asymmetry – rarely control directed networks [37,42].
Instead, in biological systems, the hubs are most conserved, often
encompassing a module of essential biological functions that is
maintained across vast evolutionary distances and organizations
[43–48].

Control nodes can be classified into three categories based on
their connectivity and topology [49]: control nodes that have no
incoming edges and only outgoing edges are source controls, con-
trol nodes that have both incoming and outgoing edges are internal
controls, and control nodes that have no outgoing edges are sink
controls (Fig. 1a). A convenient metric to summarize distribution
of control nodes is to calculate the control profile of a network –
the ratio of the three control types for each network configuration
(Fig. 1a). Empirical derivation of control profiles for biological net-
works shows that while all three types of controls are common
and change in control profiles (i.e., topological transference of con-
trol nodes) occurs in the evolution of biological networks [49], at
any given state, the network is dominated by just one type of con-
trol [40,50,51]. This is an important property, enabling us to use
changes in control profiles of biological networks to gain insights
into the mechanism behind network change – i.e., whether the net-
work had evolved by adding nodes at the periphery (adding sink
controls), by accumulating internal connectivity and complexity
(adding internal controls), or by accepting more inputs (adding
source controls).

This framework is particularly illuminating in biological systems
where the topological features outlined above clearly correspond
to functions (Fig. 1a). For example, in ecosystems, the source con-
trols, external to networks, but controlling it, could be predation
or food input. Enzymes in a metabolic network that control flux
to several alternative metabolites can be internal controls. Diverse
color patterns produced by integrating internal pigments into the
integument is an example of sink controls. Such correspondence
between biological function and network structure enables us to
infer the evolution of function from evolution of form (control pro-
files) and here I suggest that evolutionary transference of control
profiles provides a key conceptual insight into the coexistence of
robustness and evolvability in biological systems.

1.3. Evolutionary transitions in control profiles
Robustness – a preservation of a particular system or charac-
teristics despite uncertainly of its components or environments –
is required for functioning of a biological system. As such, robust-
ness is a context-dependent filtering of variation; a boundary that
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Fig. 1. Network degeneracy and controllability. (a) Nodes that are influential in controlling a network are control nodes (shown by lightning symbol). The linear network on
the  left is completely controlled by a single node (number of control nodes, Nc = 1) – at the source – irrespective the length of the pathway. The directed star at the center,
with  the same number of nodes, requires Nc = 3 nodes to control it. Control nodes can be classified based on their topology into source, internal, and sink controls (see text).
In  avian carotenoid networks, these designations correspond to biological functions of dietary, metabolized and plumage compounds (see text). (b) Network degeneracy
illustrated by the avian space of the global carotenoid network. The connected biochemical network used by birds can be represented by a closed circle surrounded on
periphery by dietary carotenoids – entry points for initiation of carotenoid metabolism by species of different ecologies. For example, Diet1 can represent dietary carotenoids
acquired from seeds, Diet2 – from insects, Diet3 – from fruits, and Diet4 – from fish. Once dietary carotenoids (filled green circles) are consumed, birds can metabolically
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onvert them to various degree (shown as nodes, linked by reactions). Avian network
roximity (dashed lines) of other dietary input, the nodes shared between pathwa
f  the pathways) are degenerate and biochemically redundant (shown as a red nod

elineates what can be expressed at different times, life stages, and
evels of organization without compromising phenotype function-
ng [7,52,53]. Over evolutionary time, accumulation of robustness
f a system leads to its complexity. Whether or not variance sup-
ressed by robustness (i.e., by current functioning) promotes or

mpedes evolvability depends on how quickly and efficiently this
nmasked variance enables transitions to an alternative adaptive
henotypic state. This, in turn, is a function of both – the structure
f newly expressed variation and distribution of novel phenotypic
tates within a scope of this variance [54,55]. Because evolutionary
hifts (spatial or temporal) in network controls encompass both
f these properties, they provide useful insights into transitions
etween robustness and evolvability.

In these shifts, former control nodes that enabled a transition
rom a previous to the current phenotypic state become essential
lements for system functioning, but are no longer controlling, such
hat upon reaching the boundary of a new phenotype state, some
ontrol nodes become essential for the maintenance of adaptation.
or example, the metabolic boundary of organisms can include a
et of compounds that cannot be internally synthesized but must
e obtained from the environment [56] – termed “the seed set”
y Borenstein et al. [57]. The elements of the seed set are essen-
ially the source controls of the phenotype’s metabolic network.
henotype robustness to fluctuations in external environment is
nhanced by internalization of the seed set and corresponding
ransference of controls from source to internal nodes (Fig. 1b).
orenstein et al. [57] showed that transition from the source to

nternal control evolved twice faster than transitions from inter-
al controls to a new source control that enabled encompassing of
ew external seed metabolites into an organismal network. Inter-
alization of seed metabolites in this system maintains phenotype
obustness in the current environment, whereas acquisition of new
xternal seed metabolites enables its evolvability.

Mechanistically, gaining controllability for a node is a conse-
uence of changes in the distribution and directionality of network
dges. For example, gaining an additional source control link on

ig. 2b makes each of the previously controlling links functionally
edundant, whereas an additional link between existing source-
ontrolled modules can transfer control of the network from source
o internal nodes (Fig. 2c). Although the source control nodes
degenerate, such that any significant metabolic elaboration invades the biochemical
ting from different dietary entries (and thus interchangeably producible by either

remain essential for network functioning in Fig. 2b, they are no
longer controlling [58]. Several mechanisms can produce transition
between redundancy (structurally similar components involved in
the same function) and degeneracy (structurally different com-
ponents contributing to the same function) [59–65]. Importantly,
the transition between redundancy and degeneracy are associated
with changes in control profile – redundancy in one type of control
leads to the emergence of another, rather than to accumulation of
controls, results which are supported by recent modelling [3] and
empirical [51] studies. Transference of control necessarily connects
distinct phenotypic states; internal controls provide bridges to new
adaptations (Fig. 2d), leading to prediction that internalization of
controls enables continuity of evolution.

The distribution of control nodes on a network emerges as
a compromise between competing demands of robustness and
evolvability [3,66–68], leading to some general principles of organi-
zation in development and metabolism. For example, hierarchical
organization of control nodes is common in development and
thought to reconcile robustness of a newly acquired state and
its developmental modifications [69]. Novel features are primarily
added downstream in hierarchies, where they have less detrimen-
tal effects on phenotypic integration during development (and
conversely are less controlled by the preceding structures than
more basal additions). Close interconnection and feedback loops
within developmental modules (e.g., within gene regulatory net-
work kernels) preserves these modules, forcing modifications into
nodes linking these modules. Together these forces determine the
topology of control nodes, ultimately forming developmental hier-
archies [70,71]. Indeed, temporal traveling of control nodes might
be important to developmental stability during both major evolu-
tionary innovations [72–75] and microevolutionary change [76]. In
fact, the traversing might be an inevitable consequence of the bias-
ing effect of past natural selection on the patterns of subsequent
developmental variation – where correlated external selection
(source controls) leads to the evolution of internal regulatory inter-
actions (internal controls) among elements [77]. Findings that the

rate of gene evolution depends on gene topology along metabolic
hierarchies [genes at downstream and terminal positions evolve
faster [78]] and that topology of flux controlling nodes varies with
selection regime [79] corroborate these ideas.
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Fig. 2. Degeneracy enables shifts in network controls. (a) Linear path from a dietary input (green node) to the product (red node) is fully controlled by the source. (b) When
the  same product can be derived by a different source-controlled path, each of the structurally distinct pathways become functionally redundant, reducing the controllability
of  each source by a half. (c) When number of outgoing reactions in the redundant node (orange) exceeds that of the incoming reactions, the redundant node acquires
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nternal  control over the network that can exceed that of each of the source contro
n  topology. (d) Internal controls act as bridges between different adaptations, sho
vian  biochemical space from Fig. 1b), and thus enable continuity of evolution.

.4. Integration among levels of organization: spatial and
emporal transference of controls

Evolutionary consequences of control transfer are enhanced
y hierarchical organization of biological systems, because dif-
erent levels of organization provide the context and selective
nvironments for each other. For example, internalization of con-
rol by a metabolic network (e.g., by making a product of dietary
nput redundant, Fig. 2c, see below), necessarily affects control
rofiles at a higher level of organization (such as in tissues that
epend on reliable supply of that product) [26]. Similarly, hier-
rchical and multilevel organization enables retention of changes
hat are functionally beneficial at one level, but would be destabi-
izing at another if expressed there – for example, trade-offs at the
ucleotide sequence or transcription levels do not imply a trade-off
t the level of phenotype [80,81]. Such accommodation and mutual
updating” [82] between levels seem crucial in evolution, culmi-
ating in ubiquitous convergence in phenotypic (e.g., metabolic)
volution, despite general lack of repeatability at the lower levels
e.g., sequence evolution).

Correspondence between control profiles of networks operating
t different levels of organismal organization may  determine the
volution of development that depends explicitly on reciprocal and
elective interactions between levels of organization to maintain
issue and organ functioning and complementarity. Specifically,
n developmental hierarchies, and in organismal accommodation
f novel inputs in general, we might envision temporal transfer-
nce of controls between levels of organization (see 2.4 below).
uch as when entities at one level of organization are controlled
y processes at another level and the distribution of such controls
etween levels changes in evolution of development and function-

ng.

.5. Biological mechanisms behind evolutionary transference of
etwork controls

Any mechanism that changes the distribution and directional-
ty of node edges in a network across generations has a potential
o affect the node controllability. Whether it does or not depends
n the distribution of effects of other nodes within a network
35,37,58]. Correspondingly epistatic interactions that describe
uch context-dependency of effects should be particularly preva-
ent mechanism for both changing and preserving the network’s

ontrollability profile at genetic and phenotypic levels [81]. Yet,
umerous other patterns and processes expressed at different lev-
ls of organization, such as degeneracy, redundancy, non-linearity,
nd pleiotropy can affect controllability. Fundamentally, evolution
strating how a source- dependent system can internalize control through changes
re as diet-specific modules (dashed ellipsoids starting with dietary carotenoid on

by natural selection affects evolutionary transference of network
controls by favoring co-expression of consistently co-selected
traits, something that lowers dependence of such co-expression
on environments and increases robustness of a structure [83–85].

In sum, the controllability metric is useful because that it enables
us to measure contribution of these diverse mechanisms for the
transition between robustness and evolvability in a particular sys-
tem. For example, even in very complex biological networks simple
changes in directionality of one or a few links or internal dynamics
(such as formation of feedback loops) can lead to drastic changes
in controllability [58,86] with significant consequences for both
current functioning and evolutionary change. These alternations
determine the likelihood of transition between robustness and
evolvability [3,86], but also enable characterization of a system
in relation to likelihood of such transition. For example, one can
compare networks in relation to the easiness by which specific
structural changes (such as number of links that need to be reversed
or removed) result in controllability change [39,40,87].

2. Examples

2.1. A model system: degeneracy of metabolic networks

Modularity in biochemical networks evolves readily when
organisms functioning in different environments require differ-
ent combinations of biochemical functions – that is when both
the environment and corresponding function change in a modular
fashion [88,89]. For example, the external metabolites of bio-
chemical pathways commonly differ across environments. When a
derived product of metabolic pathways is needed for an organism’s
persistence, but its’ dietary precursor is not currently available,
homeostasis coopts other reactions capable of producing this
metabolite from different precursors [90–92]. This leads to evolu-
tion of degeneracy – a type of biochemical redundancy that emerges
at the level of a product (Fig. 1b) [59,61,63,64].

In degeneracy, each of the biochemical modules performs dis-
tinct functions (such as adaptations to different environments), but
the hubs at the intersection of these modules produce an iden-
tical product (Fig. 1b). Unlike basic and distributed redundancy,
where structurally identical (e.g., duplicated and excessive) com-
ponents contribute to the same function, degenerate components
are structurally distinct and thus can produce different functions
under different conditions [64]. For these reasons, degenerate ele-

ments increase both complexity and robustness of a biological
system – dissimilar structures contribute to the same function
and thus are not easily eliminated by selection on shared out-
put [59,64,65,93]. Further, structural dissimilarity of components
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hat contribute to the same function potentiates future adapta-
ions and diversification – it creates “surplus of structures for later
xaptations” [61]. The cohesion of the degenerate network is main-
ained by the diversity of functions in different environments over
ifferent time scales (see 2.3 below). Such system is uniquely adapt-
ble – different functions are produced in different environments
63,94] and same functions can be produced by different under-
ying components [59]. Network degeneracy therefore arises as a
ompromise between environment-specific function of each struc-
urally distinct module and the transition between modules when
he environment changes. This makes it a model system in which
o study a balance between robustness and evolvability of a phe-
otype and the role of controllability shifts in this process.

.2. Evolutionary shifts in controls of carotenoid networks

The evolution of carotenoid-producing network in birds pro-
ides a particularly compelling empirical example of role of control
hifts in balancing robustness and evolvability. To color themselves,
irds consume dietary carotenoids from the environment, metabol-

cally convert them to various degrees into derived carotenoids
hich they deposit in the plumage [95]. Because birds cannot

ynthesize carotenoids from noncarotenoids, the evolution and
iversification of their carotenoid-based colors is deterministically
onfined to a closed and connected biochemical space – a small
ubsample (about 150 compounds, less than 3%) of the global
arotenoid network [96] – delimited by dietary carotenoids with
hich different bird species start their carotenoid metabolism

“entry points” in Fig. 1b) [97]. Depending on their ecology and
hysiology, different avian clades utilize different areas of this
onnected biochemical space over evolutionary time, with such
xplorations necessarily linked to the vicinity of dietary entries
Fig. 1b).

Connectedness of the avian biochemical network results in its
egeneracy – production of an identical derived carotenoid through
nzymatic pathways starting from different dietary carotenoids
Fig. 1b). In avian carotenoid biosynthesis these pathways com-
rise biochemical modules, each starting with a dietary carotenoid
nd linked to downstream compounds though a series of enzy-
atic reactions [95,98]. Biochemically redundant (i.e., degenerate)

arotenoids are then expressed when any of their dietary precur-
ors are encountered. These modules are remarkably conserved
hroughout avian evolution; most avian carotenoid diversification
s attributed to recombination of biochemical modules, with pat-
erns of enzymatic connectivity within each module remaining
argely intact [99]. Thus avian carotenoid networks present a par-
icularly tractable system in which distinct stable phenotypic states
re linked by bridges of biochemically redundant nodes (Figs. 1b,
d).

Degeneracy of the carotenoid network plays a key role in
vian color evolution. Within species, it maintains polymor-
hism, conveys robustness to metabolic networks, allowing them
o absorb fluctuations in dietary inputs to reliably produce
equired products, and facilitates close co-evolution of exter-
ally obtained carotenoids with other organismal traits, such as

eather microstructure and behavioral and life history strategies
76,100,101]. Across species, degeneracy allows rapid recombina-
ion of metabolic modules and sustains biochemical elaborations
97]; across the avian phylogenetic tree the biochemically redun-
ant nodes are hotspots of metabolic diversification [98].

In the empirical examples below, I suggest that the com-
on  cause of these effects is that degeneracy enables periodic
cquisition of internal control at different levels of organization
Fig. 2). This reduces control of dietary inputs and provides bridges
etween diet-specific modules, thus underlying continuous evo-

ution. Recurrent internalization of controls by external inputs
pmental Biology 88 (2019) 36–45

empirically resolves a central question in the theory of evolution
– how to reconcile developmental stability of complex pheno-
types with their ability to accommodate and integrate novel inputs
[84,102–104]. Although many of the ideas about the role of con-
trol shifts in this process are speculative and the subject of ongoing
empirical confirmation, the examples below illustrate the general
principles involved.

2.3. Phenotypic plasticity

What is the architecture of an organismal system that can
selectively incorporate environmental inputs, translate them into
functional responses, retain the most recurrent solutions over
evolutionary time and express them when the inducing and cur-
rent environment match? The study of phenotypic flexibility –
within-generation reorganization (“updating”) of adult phenotype
– provides a particularly direct insight into features of a system
that can non-destructively reorganize a functional phenotype in
response to environmental change [105,106]. A particular chal-
lenge has been to show how previously successful functional
solutions to environmental challenges are preserved and retained
(i.e., internalized) to be recalled later either within a lifetime or over
evolutionary time [77,107].

During each molt of life, house finches (Haemorhous mexicanus)
are often exposed to different dietary carotenoids and, correspond-
ingly, activate different metabolic modules of their carotenoid
network to produce their feather ornamentation (Fig. 3). Bio-
chemically redundant carotenoids, located at the intersection of
diet-specific metabolic modules (Fig. 1b), assure robustness of
ornament production despite annual fluctuations in the types and
amounts of dietary inputs, i.e., Diet1 and Diet3 [100]. This is
accomplished because greater individual experience with differ-
ent dietary inputs across molts leads to wider utilization of an
individual’s metabolic network and, correspondingly, progressive
accumulation and retention of degenerate pathways leading to
the same derived carotenoids (Fig. 3). The accumulation is caused
by a priming effect of previous exposure to a particular dietary
carotenoid on enzyme efficiency of entire diet-specific metabolic
module [100].

Although no single individual utilizes the entire species-specific
metabolic network with in a lifetime [100], a diversity of dietary
inputs among individuals in a population activates different bio-
chemical modules in the network, likely assuring the cohesion of
the entire network (Fig. 3). Over evolutionary time, the network
degeneracy enables retention of uses and functional priming of
prior generations [59,63,77], resulting in a structure that poten-
tiates adaptations to multiple environments simultaneously, both
within and between generations [61].

Thus, greater experience of functioning in this system is mech-
anistically linked to greater robustness of resulting traits and an
increasing ability to recall and non-destructively implement pre-
vious adaptive solutions. Such “experience-related buffering” – a
routine outcome of network degeneracy in many biological sys-
tems [60,108,109] – essentially amounts to acquisition of internal
control over an external source-dependent system (Fig. 2). It is very
likely that this mechanistic principle is central to the evolution of
phenotypic flexibility in general [e.g., [110]].

2.4. Evolution of organismal integration

How can fully-grown multicellular organisms accommodate
and retain novel inputs without losing functionality of already

evolved structures? Framers of evolutionary theory envisioned a
process – genetic assimilation – in which changes induced and
controlled by the environment at the peripheries of develop-
mental hierarchies get progressively internalized and stabilized
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Fig. 3. Experience-related buffering in phenotypic plasticity. Exposure to different diets (green nodes) across a lifetime activates diet-specific biochemical modules or diet-
dependent trait production. Some of these modules produce degenerate compounds (red nodes) located at the intersection of some of the structurally distinct modules
( ing a
i ork co
M

b
e
e
u
e
r

z
b
l
a
e
t
g
m
o
o
I
a
t
r

t
m
c
c
o
t
t
t
g
a
o
s
c
c
c
d

2

i
p
a
i
o

Diet1  and Diet3), while others do not (Diet2). Network degeneracy retains the prim
n  proportion to experienced dietary change. This accumulation maintains the netw

odified from [100].

y regulators of existing traits [102–104,111]. Such a view of
volution as “the direction of ontogenetic accommodations of
arlier generations” [112] is mechanistically accomplished by
pstream traversing of developmental hierarchies by controls of
nvironmentally-induced phenotypes – a process empirically cor-
oborated by a number of recent studies [46,113–115].

Discordance in evolutionary rates between the levels of organi-
ation of an organism promotes the process of genetic assimilation
y, first, enabling exploration and search for innovations at one

evel of organization without compromising current function at
nother [4,26], and, second, by facilitating accommodation of
ncountered novelties by other aspects of phenotype [103]. Thus,
he process of genetic assimilation can be formalized as a pro-
ressive internalization of developmental controls of an adaptive
odification, such as when trait expression lessens its dependence

n the environment and different mechanisms regulate expression
f the same trait across evolutionary stages in a lineage [116–118].
t follows that a definitive test of genetic assimilation requires direct
ssessment of two phenomena: developmental internalization of a
rait’s controls and the historical recurrence of the inductive envi-
onments.

In the evolution of carotenoid-producing metabolic networks,
hese requirements correspond to the extent of carotenoid

etabolism (and thus degree of internalization of derived
arotenoids) and to biochemical redundancy of some derived
arotenoids that assures their longer co-evolution with other
rganismal components (Fig. 4). Indeed, birds repeatedly evolved
he ability to integrate biochemically redundant carotenoids into
heir feather growth, whereas inclusion of novel carotenoids of
he same molecular weight induced greater aberrations in feather
rowth [76]. Thus, the evolution of carotenoid ornamentation in
vian lineages may  be thought of as an arena for ongoing cycles
f control profiles of developmental hierarchies – passing through
tages of phenotypic induction by external carotenoids (source
ontrol) to progressively internalized metabolism of derived
arotenoids and their integration with feather growth (internal
ontrol) and restarting when an avian lineage switches to novel
ietary precursors and associated novel source controls [97].

.5. Macroevolutionary trends

How do external components of traits get reliably incorporated
nto the phenotype and stabilized over evolutionary time scales to

roduce long-term trends? What compensates for unpredictability
nd contingency in these components? One of the most strik-
ng resolutions of this problem is found in evolutionary trends
f carotenoid coloration in birds. Not only must carotenoids be
nd biases of preceding uses within a lifetime, and accumulate in an active network
hesiveness and potentiates adaptations to multiple environments simultaneously.

obtained with diet to initiate their metabolism and their avail-
ability and diversity fluctuates widely, but dietary carotenoids
also are some of the most unstable chemical compounds that
degrade rapidly with routine UV and oxygen exposure [101
and references therein]. Indeed, environmental fluctuations and
biochemical instability limit the evolution of carotenoid-based dis-
plays and lead to evolution of strategies that compensate for such
instability [101]. Yet, occasionally, these environmentally-derived
compounds acquire enough predictability to evolve complex and
lineage-specific colorful displays and intricate associations with
other aspects of the phenotype. The difference between these out-
comes is related to acquisition of biochemical redundancy (Fig. 1b)
that enables internalization of control of dietary inputs in a taxa’s
enzymatic network [101].

Fundamental dependency on dietary carotenoids strongly con-
strains evolutionary elongation of multi-step metabolic pathways
needed for color elaboration in birds, because linear pathways
are fully controlled by the source node, regardless of their length
(Figs. 1a, 2a). Networks with only source controls are, thus, highly
vulnerable to failure (network vulnerability measures the propen-
sity for disruption in network function by deletion of any one of the
existing compounds [119]). This is why avian carotenoid networks
are twice more vulnerable to crucial link failure compared to plant
networks of the same size and complexity [97] – in plant networks,
the incoming edges are not controlling since plants, unlike birds,
can metabolize carotenoids from non-carotenoids.

On average, avian clades gain and lose new dietary inputs
(and thus new source controls) every 2–4 million years and such
high lability of source inputs severely constrains the time for
evolution of the metabolic elaboration that depends on them
[97]. Correspondingly, there are no avian species that depend on
a single dietary precursor (and thus are completely controlled
by a single source input) and yet show metabolic elongation
of their plumage carotenoids longer than two  reactions away
from a dietary precursor [97]. Instead, avian carotenoid evolu-
tion is driven by periodic encounters of biochemically redundant
carotenoids (Fig. 1b), located at the intersection of diet-specific
modules, that decrease controllability of dietary inputs [97,98].
Gains and losses of these redundant compounds produce evolution-
ary cycles of elaboration and collapse in avian carotenoid coloration
(Fig. 5). In degenerate network, failure to encounter a redundant
node constrains a lineage’s metabolic exploration to the imme-
diate biochemical vicinity of their dietary carotenoids (that is to
one functional module), whereas gains of redundant nodes result

in sustained elongation of metabolic pathways (because several
structurally and functionally distinct modules that sustain such
elaboration are unlikely to be lost at the same time). Therefore,
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Fig. 4. Developmental shifts in controls. (a) Species can deposit either dietary (green circles) or biochemically modified (red circles) carotenoids (that pass through inter-
mediate carotenoids – white nodes) in their feathers. Extent of biochemical conversion is a measure of organismal internalization, whereas degeneracy assures recurrence
of  some derived carotenoids. (b) Some of the most internalized carotenoids (e.g., astaxanthin) in one species (the house finch – lower node – multiple steps of metabolic
conversions, each associated with feather modification shown below) are dietary in another (the roseate spoonbill – the upper node) allowing assessment of carotenoid
effects  on feather structure in relation to degree of internalization of its metabolic controls. Modified from [76].

Fig. 5. Network degeneracy and associated gains of biochemically redundant carotenoids sustain metabolic elaboration in birds. Shown is avian phylogenetic tree scaled to
the  rate of carotenoid evolution (biochemical reactions/my). Branch length is zero in most species (and thus merged with the trunk of phylogenetic tree). Rectangles at nodes
of  species that showed accelerated rates of metabolic evolution (longer branches) show the length of elaboration (in reactions between dietary and plumage carotenoids)
p o it. Fi
d y caro
f  [97].
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artitioned by the number of diet-specific modules (different color) that contribute t
escendant rate were associated with the gain of additional pathway from a dietar
ailure to gain an additional pathway from a new dietary carotenoid. Modified from

n this case, evolution of one adaptation is sustained by evolution
f another adaptation, providing an empirical example of the link
etween adaptation and continuing evolution.

The probability of encountering a biochemically redundant node
s a function of the distribution and frequency of such nodes on the

iochemical landscape accessible for an evolving lineage of birds.
he rarity of such nodes in the vicinity of some dietary entry points
ccounts for stasis in carotenoid ornamentation in some ecologi-
al lineages of birds, whereas a high density of redundant nodes
fty three out of 54 evolutionary transitions from accelerated ancestral to accelerated
tenoid. All 69 cases of the network collapse or rate stasis were associated with the

produces exceptional carotenoid diversification in others [97]. For
example, every edge (e.g., one enzyme reaction) in the network
area occupied by cardueline finches is associated with a gain of
a biochemically redundant node [Fig. 10 in [97]] producing both
exceptionally elaborated and robust carotenoid plumage coloration

in this subfamily.

Because biochemically redundant carotenoids are located at the
intersection of diet-specific metabolic modules, periodic acqui-
sition of these compounds produces phenotypic convergence
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etween phylogenetically distant and ecologically distinct species
Fig. 1b). Such periodic convergence is a hallmark of avian color
volution – patterns of structural connectivity and degeneracy
f a biochemical network explain most of the variance in avian
arotenoid diversification [94,97,98]. Such convergence further
llustrates that internalization of network controls mechanistically
econciles local adaptations within diet-specific modules with con-
inuous evolution across modules (Figs. 1b, 2d).

. Fundamental assumption and outstanding questions

The evolutionary importance of controllability shifts is based
n the assumption that the topology of a network evolves faster
han its dynamics or flux [27,120–123]. Two  observations are
articularly illustrative in this respect. First, there is a striking con-
rast between low controllability of simple hierarchical networks
f microorganisms with large population sizes and streamlined
etabolic functions [124,125] and high controllability of complex
ulticellular organisms with small population sizes [126–128].

uch a difference arises from the presence of internal loops in
egulatory networks of multicellular organisms, e.g., when activ-
ty of transcription factors is regulated by reciprocal feedbacks. In
uch systems, the links between the internal loops assume control
f the system as whole [129]; corresponding transitions between
henotypic states are formed by either regulatory feedbacks or
ccumulation of random organization in regulatory networks.

Second, is the extent to which internal dynamics of a network
orresponds to its structure. Modeling studies predict that current
ynamics of functioning should override any historical constraints
n the network structure [19,120]. Indeed, the frequent metabolic
onvergence and corresponding erasure of ecological and historical
ffects in metabolic networks support this conclusion [97], as does
n empirical study of correspondence between structure and flux
n carotenoid network in a bird species [130]. Yet, the pervasive
egeneracy of complex biochemical networks, such as seen in the
lobal avian network, should weaken purifying selection against
ts individual components, regardless of their fitness impact and
his should limit concordance between structure and function of a
etwork. Clearly, more empirical studies, especially of multicellular
rganisms with small effective population sizes are needed to test
his assumption empirically.

A system is controllable when it can be driven from an arbi-
rary initial state to a specified final state in a finite time [35]. As
uch, controllability has immediate relevance to the predictabil-
ty of evolution. For example, network degeneracy and associated
hanges in control profiles discussed here, might explain ubiq-
itous convergence at phenotypic and metabolic levels despite
ssentially unknown historical convergence at the sequence level
131]. Further, the controllability concept helps identify network
pace inaccessible for evolution, either because of structural lim-
tations or when some theoretically possible internal edges are
ssociated with detrimental changes in fitness and thus are not
bserved [132]. Another promising direction is functional charac-
erization of control nodes to assess the probability of transition
etween stable phenotypic states that are central to the processes
f development and evolution.

The striking parallelism in the role of degeneracy and associated
hifts in control profiles in reconciling robustness and evolvability
t vastly different evolutionary scales – from phenotypic plasticity
o developmental accommodations to macroevolutionary trends

 suggests that it might be one of the most general phenomena

n development and evolution (Badyaev, ms). This principle might
mpirically illustrate the pattern envisioned by Dobzhansky [133]
nd Schmalhausen [102], formalized by Maynard Smith [1] and
ince then empirically and conceptually corroborated by others
pmental Biology 88 (2019) 36–45 43

[4,28,134,135] that two requirements must be fulfilled for evolu-
tion to occur – 1) historical continuity of a deterministic network
that links past and present functional associations of its compo-
nents and 2) survivability of intermediate steps. The organismal
systems that satisfy these requirements have to combine function-
ality and evolvability, and I suggest here that evolutionary cycles
in controls is a central aspect of this process.
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