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ABSTRACT

A great deal remains unknown about the mechanisms that underlie

morphogenesis. Both endogenous pathways and external cues have an important

role in the control of growth and form. In many species, organismal density is a

contributing factor to morphological changes. Morphological remodeling based on

the population of conspecifics in ones environment is seen in several species of

fish, insects such as locusts, flatworms, and many other animals. Moreover, the

phenomena of “stress buffering” shows that existing in a collective dampens

individual response to stressors. In this study, we investigate the role of conspecific

density on morphogenesis by observing how groups of Xenopus laevis embryos vs

isolated embryos fare in response to developmental stressors, such as chemical

teratogen and mRNA microinjections. This reframes morphogenesis as emergent

behavior, not only at the level of cellular networks, but also in groups of complex

organisms. Our hypothesis of morphogenetic assistance against stressors in

conspecific collectives provides a fascinating basis for a computational approach;

thus, we propose an ECA model of such phenomena to accompany our

experiments. Finally, we hope to explore the role of endogenous stress signals

during morphogenesis. Several studies have shown upregulation of stress

biomarkers during natural developmental transitions and during regeneration. We

theorize that stress is a driving force that guides developing organisms from one

stage to the next, and not being at the correct stage at a given time point is a source

of endogenous stress. In other words, we hypothesize that straying from the target

morphology at a given time point is a source of “stress.” To test this hypothesis, we

investigate the stress marker profiles of embryos with morphological

abnormalities.



INTRODUCTION

I. The influence of conspecific organismal density on morphogenesis

Morphogenesis

Morphogenesis is the set of remarkable processes in which a single cell gives

rise to a complex organism with working anatomical structures that obey its

species-specific laws of patterning. Investigating the governing processes of

morphogenesis over development and regeneration is crucial to our understanding

of life. How do networks of cells get the necessary information to achieve their

target morphology and halt further growth at this stage? What instructive signals

are transferred between local cells to create this global outcome? Most commonly,

developmental biologists address these questions by studying gene regulatory

networks: the genes involved in development and the transcriptional circuits that

control their expression. Advances in molecular genetics over the past century have

allowed for fascinating insights into the changes in gene expression that drive

transitions to key stages of development.

While significant progress has been made in understanding the endogenous

mechanisms that underlie the control of growth and form, it is now known that

there are many external cues that influence development as well. Abiotic factors,

such as temperature, magnetic fields, electricity, light, and chemicals, and biotic

factors such as conspecifics, predators, and symbiotic relationships affect



morphogenesis. Organismal density has been observed to affect morphological

outcomes across many species (1).

Density-dependent development

Figure 1: Solitatious vs gregarious locusts have differing morphological traits in both their
juvenile and adult stages. A) Solitarious locusts have slightly larger bodies and colors that
are more discreet, more suitable for camouflage, while gregarious locusts are smaller and
have brighter colors such as yellow. B) Gregarious locusts have larger brains with differing
morphology than their solitary counterparts. Reproduced from Burrows et al. 2011.

Density-dependent phenotypic plasticity is observed in species that have

gregarious and solitary phases. Desert locusts, for example, exhibit a myriad of



morphological changes when transitioning from one of these lifestyles to another:

solitary locusts are often green or brown, allowing for easy camouflage, while

gregarious locusts can be bright red, orange, and yellow. Gregarious locusts also

have smaller bodies than their solitary counterparts (2). Moreover, gregarious

locusts and solitary locusts were found to have different brain morphologies:

specifically, gregarious locusts have larger brain regions that are associated with

higher integration (3, 4). This finding correlates with the wider diet of gregarious

locusts in comparison to solitary locusts, which have much more restrictive dietary

preferences. The morphological changes are accompanied by significant

behavioral changes; while solitary locusts are only active during dusk and dawn

and remain largely concealed, gregarious locusts form massive swarms that cover

hundreds of kilometers squared (4). The oriental armyworm, Mythimna separata,

also displays gregarious and solitary phases depending on crowding. Worms in

crowds are smaller in size, darker in body color, have enhanced biopesticide

resistance, enhanced digestive capacities, and were shown to have increased

resistance to fungal infection. Additionally, crowded larvae showed increased

developmental rates (5).



Figure 2. Bluehead wrasse are protogynous tropical reef fish. They have a polygynous
social hierarchy, in which a dominant male has several female mating partners. Upon
removal of the dominant male, the largest female in the group undergoes a female-to-male
sex change, which involves significant morphological remodeling. Reproduced from Liu et
al. 2016.

Several species exhibit morphological plasticity dependent on sex density.

Sequential hermaphroditism, the process by which an organism changes its sex via

remodeling of genital structures and regulating gene expression accordingly, is



seen in many species of fish and gastropods. Protandry is a system by which

organisms develop as males and can later undergo a sex change to become female.

Protogyny, a female to male sex change, is seen in polygynous networks in which a

one male has several female mating partners (6). Crepidula coquimbensi, a marine

gastropod species are protandric; the sex change is triggered in males that are less

competent in finding a female mate during breeding season (7). Bluehead wrasse, a

species of tropical reef fish, on the other hand, are protogynous. Most eggs develop

as females, but a few are able to develop into dominant males. In the event of the

dominant male’s death, the largest female will undergo a sex change (6, 8).

Population density can also alter the course of development from larval to

juvenile stages. C. elegans, a nematode species, can enter developmental arrest

under unfavorable environmental conditions (9). It was shown that, following

starvation, genes related to metabolism remained highly expressed in worms from

low-density groups in developmental arrest, while worms from high-density

arrested groups have repressed these genes. Conditioned media from high-density

groups was enough to repress the genes in worms from low-density groups,

suggesting the presence of a density-dependent soluble signaling molecule (10) .

This indicates that higher conspecific density is significantly favorable during

adaptation to stressful environmental conditions over the course of development.



The “stress buffering” phenomena

In many of the aforementioned examples, stressful conditions are posed,

such as predation, harmful chemicals, the lack of a mate, starvation, et cetera. In

various species, a phenomenon deemed “stress buffering” has been observed: the

dampening of a stress response in a group of conspecifics (11, 12). In juvenile lake

sturgeon, a cohesive social species, fish in a group had a shorter duration of cortisol

response after a brief exposure to a stressor compared to isolated fish. Secondary

stress markers from the plasma supported the hypothesis of a reduced stress

response in groups (13). A similar study was conducted with zebrafish: fish exposed

to alarm substances had a lower fear response in the presence of conspecific cues

than when they were alone (14). The fields of psychobiology and

neuroendocrinology have also extensively investigated this phenomenon. Studies

of the hypothalamic-pituitary-adrenal axis, the endocrine subsystem responsible

for stress hormone release and regulation, have confirmed that the assistance of a

conspecific shortens and lowers the intensity of a stress response in many species,

including rats, mice, hamsters, and primates from infancy through adulthood.

Parallel studies in humans have reflected these findings. Psychological studies in

humans have also shown that social support drastically improves response during

traumatic situations (11, 15, 16, 17, 18).



Xenopus laevis as a model organism

Xenopus laevis, the African clawed frog, is an extensively studied organism,

especially in the field of developmental biology. Xenopus embryos develop

externally, lending themselves to easy observation and manipulation. Moreover,

they develop rapidly in early (fertilization to tadpole) stages, allowing for

convenience during experimentation. During artificial fertilization, mature frogs

yield thousands of fertilized embryos, thus ideal for high-throughput experiments

(19, 20).

The developmental stages of this organism have been thoroughly studied by

developmental biologists for decades. Nieuwkoop and Faber cataloged a 66

defining stages of Xenopus development from fertilization to metamorphosis

which is the standard for developmental biologists (21). Moreover, due to the

breadth of developmental genetics studies conducted with this organism, there is a

breadth of information about the gene regulatory networks that govern its

development. However, the role of conspecifics during development has rarely

been investigated. Given that amphibians lay very large clutches of eggs that

develop in tandem, and that tadpoles of many frog/toad species tend to swim in

dense aggregates in nature (22), this social cohesiveness may have importance

during early development.



Figure 3. Xenopus laevis embryonic development, staged according to the Nieuwkoop and
Faber chronology. Embryos begin at the one-cell stage, undergo cleavage, gastrulation,
neurulation, formation of a tailbud, and then enter the pre-metamorphic tadpole stage.
Reproduced from Swarthmore Developmental Biology Laboratory website.



Objectives and hypothesis

Many examples in nature support the hypothesis that there is safety in

numbers; being in a group confers protection against various stressors. Moreover,

changes in conspecific population density are known to influence early

development and trigger morphological remodeling in many species. We seek to

understand how developmental stressors will affect morphogenesis during

embryonic development in individual Xenopus embryos in comparison with

group-reared embryos. We hypothesize that embryos developing in a group will

exhibit higher resistance to the effects of teratogen exposure. This will provide

further insight into the role of external cues in morphogenesis.

To test this hypothesis, we will observe the effects of conspecific presence

during exposure to a chemical teratogen as well as an mRNA microinjection.

We chose thioridazine, a commercially available antipsychotic drug used for

treatment of schizophrenia and depressive disorders (23). It is a dopamine receptor

antagonist which affects the development of early pre-metamorphic Xenopus laevis.

Exposure to it during the neurulation stages has shown to cause significant

morphological abnormalities, specifically in the craniofacial region (24).

Microinjection of synthetic RNA into Xenopus embryos is a widely used

technique to study the effect of overexpression, gain of function mutations, and

loss of function mutations (62, 63). Kir6.1 is a transmembrane inwardly rectifying

potassium channel regulated by cytosolic ATP. It is responsible for various

functions, notably, salt flow and cellular excitability (64). A microinjection of



dominant negative Kir6.1 into developing Xenopus embryos will cause a

loss-of-function mutation, in turn affecting the morphology of developed tadpoles.

In this study, we will rear Xenopus embryos under the aforementioned

stressors in conspecific groups and in isolation and compare the frequency of

morphogenetic defects in both social conditions.

II. Computational modeling of morphogenetic stress buffering during

development

Swarm intelligence and Bio-inspired computing

Mathematicians and computer scientists are tasked daily with solving

optimization problems; that is, finding the best possible, feasible solution to a

problem at hand. As such problems continue to increase in difficulty, new methods

must be explored. Very complex, non-differential, non-converging optimization

problems often cannot be solved reliably by traditional methods. There is no better

source of inspiration than nature for novel approaches.

Specifically,  bio-inspired algorithms often take their inspiration from the

swarm intelligence of social animals: a phenomenon in which individual animals

take part in social collectives, which maximize productivity through emergent

behavior that results from a series of local interactions. Such collectives are able to

accomplish feats that individual animals could not accomplish alone.  Swarm

intelligence (SI) algorithms have been adopted by a wide array of specialties,

including reinforcement learning, game theory, and robotics (25, 26).  The Bird



Swarm Algorithm is based on social behaviors in flocks of birds, which can be

categorized into vigilance, flight, and foraging (27). Glowworm Swarm

Optimization was modeled after the collective bioluminescent properties of

glowworms, and has shown to be a reliable algorithm for finding multiple optima

in multimodal functions (28). The Krill Herd approach takes inspiration from krill

foraging behavior based on local interactions between individual krill. It has been

applied to various global optimization problems including text mining  (29). Many

such algorithms are also modeled after eusocial insects, such as ants, (30),  bees,

(31), and termites (32). All SI-based algorithms share a key aspect: the use of local

interactions between agents to create a productive global outcome.

Morphogenesis as emergent behavior

Morphogenesis itself could be seen as a type of collective intelligence; an

organism’s ability to develop into a target shape occurs due to the interactions of

millions of cells, which, individually, would not survive. Moreover, the endogenous

pathways underlying various distinct morphogenetic events must interact in such a

meticulous manner to accomplish the morphological goal.

Alan Turing, often referred to as the father of modern computer science, was

the first to study morphogenesis from a computational perspective; his approach

used a reaction-diffusion model (33) . Since this landmark paper, various types of

models, including agent-based models, in which many computational “agents”

communicate and exhibit emergent behavior, have been applied to morphogenetic

systems. Popular categories of such models include proliferation models,

differentiation models, and migration models (34).



Figure 4. A) Proliferation models focus on the continuous division of classes of cells and
the outcome this produces. B) Migration models focus on simulating directed migration of
cell types with gradients or other signals. C) Differentiation models show how a progenitor
cell type differentiates into various specialized cell types over time, and how those
decisions are made. Reproduced from Glen et. al 2019.

Our aforementioned hypothesis (Section I.) supposes that, in the presence of

a chemical stressor, there is benefit to developing in a conspecific collective. In

other words, there is assistance from neighboring embryos in morphogenesis.

According to this hypothesis, morphogenesis is not only emergent behavior in the

context of cellular networks, it is also emergent in terms of networks of embryos.

Under this theory, while individual embryos undergo internal mechanisms to

reach their target morphologies, communication between neighboring embryos



also influences development, resisting the challenge of teratogen. Such behavior

provides a fascinating basis for an agent-based model.

Elementary cellular automata

A cellular automaton consists of a grid of cells, each of which can be in one

of two states (“on” or “off” for instance). Given an initial configuration, a simple rule

dictates the behavior of the automaton: which cells will turn on, and which will

turn off? The rules are based on the states of the neighboring cells. Elementary

cellular automata follow the same behavior, but in the space of a 1 dimensional

array rather than a grid. Different rules yield distinct patterns when run over time.

Cellular automata are a fascinating example of emergent behavior in computer

science, and can be deemed “agent-based” models in their own right.

Figure 5. A) Elementary cellular automata are represented by a 1-dimensional array of cells
that can either be in one of two states. Over time, they evolve based on a rule. Rule 30 is
depicted above; it instructs individual cells to update their states based on the states of their
directly neighboring cells. B) Different rule numbers produce different global patterns
when run over time. Figure reproduced from Albantakis & Tononi, 2015 (39).



Cellular automata have been widely explored since the 1960s. Since then,

they have been applied to games, language and pattern recognition, fault-tolerant

computing, geographic information systems, and biology (35). The majority of

research in cellular automata theory is focused on investigating the outcome of

various rules, categorizing complexity and universality of the results, and

applications of their self-organizing behavior (36, 37, 38). While the behavior of a

single cellular automaton under various rules and initial configurations has been

extensively investigated, there is a lack of literature on the dynamics of coupled

cellular automata, let alone networks of them.

Objectives

We propose ECA as a  model that mirrors the morphogenetic assistance of

Xenopus laevis embryo collectives that we hypothesize in Section I. In this model,

each embryo is to be represented by a single ECA. We will introduce mathematical

noise to simulate the behavior of a teratogen, and will have a network of ECAs

running in parallel to reflect a conspecific collective. Communication between

simultaneously developing ECAs should help overcome the detrimental effects of

the mathematical noise. Over time, the embryo changes configurations according

to specified rules, and the final configuration of the embryo is analogous to the final

morphology. To simulate the effect of a teratogen, we will introduce mathematical

noise  by changing the rule, causing the embryo to miscalculate the following

configurations. At each time step, there will be a chance for miscalculation: under



the effect of “teratogen,” the chance will be drastically higher. We will model

several ECAs, analogous to a collective of embryos, “developing” in parallel, and

broadcasting their internal rules to neighboring ECAs at each time step. This

communication should prevent high incidence of abnormal “morphology,” even in

the presence of “teratogen.” This model encompasses not only individual

morphogenesis as a form of emergent behavior at the cellular level with one ECA,

but also morphogenesis in conspecific collectives as a form of emergent behavior

with a network of ECAs.

Interestingly, the robustness of ECAs to mathematical noise has not been

heavily investigated. Therefore, this model will simulate the behavior of a new

biological theory while also being impactful to the field of computer science by

providing insight into ECA networks, robustness of ECAs to noise, and showing

how multi-agent systems respond to noise than individual agents.

III. Stress as a driving force of morphogenesis

Indicators of stress

The word “stress” is a very broad term whose definitions vary tremendously

across subdisciplines of biology, let alone fields such as psychology and the social

sciences. However, there are a number of agreed-upon ways to quantify stress

responses in biology. In organisms with an endocrine system, one method is to

measure the concentration of stress hormones in the bloodstream.



The hypothalamic-pituitary-adrenal (HPA) axis is a complex system

responsible for synthesis, secretion, and regulation of stress hormones called

glucocorticoids. The hypothalamus releases corticotropin-releasing hormone

(CRH), which in turn stimulates the pituitary gland to release adrenocorticotropic

hormone (ACTH), which targets the adrenal cortex and triggers the release of

glucocorticoids (40, 41). In amphibians, the glucocorticoid levels can be quantified

from a tissue, blood, or excretions (42).

Alternatively, many biomarkers of stress at the cellular level exist. Thermal

stress, oxidative stress, heme release following injury, dehydration, apoptosis, DNA

damage, and misfolded proteins are all conditions that trigger the expression of

various stress-related biomarkers (43, 44).

The link between stress and development

Stress hormones and other biomarkers have shown to be vital to normal

development. CRH has proven to be crucial during vertebrate life stage transitions

that involve significant morphological changes, including the hatching of turtles

and chicken, smoltification of salmon, and anuran metamorphosis.

CRH is upregulated during such life stage transitions. Moreover, inhibition

of endogenous CRH in bullfrogs resulted in a delay of morphological changes

during metamorphosis such as front limb development, body size increase, and tail

height. (45). In humans and rats, glucocorticoids are essential for the maturation of

the kidneys, liver, lungs, and nervous system in utero (46, 47, 48, 49).



Heat shock proteins (HSPs), which are induced after a traumatic event such

as injury or thermal stress (50), have been shown to have a role in many

morphogenetic transitions. The RNA transcript for Hsp70 was up-regulated

throughout limb regeneration in axolotls (51). Moreover, Mexican blind cavefish,

which do not have visible eyes due to extreme dark habitats, appear to have

HSP90-dependent eye morphology changes. When river fish embryos were

moved to a simulated dark, cave-like environment, Hsp90 was upregulated, and

there was a significant increase in both eye size and eye socket size variation in

adult river fish raised in the cave-like environment compared to adult river fish

raised in river-like environments. These data suggest that physiological stress is a

capacitor for morphological evolution of eye size (52). In fruit flies, it has been

shown that reduced HSP90 results in a heritable altered chromatin state that leads

to abnormal eye phenotypes, indicating an epigenetic mechanism by which stress

is a catalyst for morphological changes (53). Additionally, homozygous

Hsp90ß-mutant mouse embryos developed normally until stage 9-9.5, after which

they died due to failed trophoblast differentiation needed for the transition from

the yolk sac to the placental labyrinth (54).

Protein disulfide isomerases (PDIs) are involved in mediating apoptosis due

to misfolded proteins (55). In mice, heterozygous Pdia3 deletion resulted in

embryonic lethality. Homozygous Pdia3 deficient mice showed impaired bone

formation due to dysfunctional osteoblast differentiation (56). In a mouse model,

inhibition of PDIA3 resulted in failed terminal differentiation in myogenesis

during muscle regeneration (57).



Heme-oxygenase 1 (HMOX1) is an enzyme that degrades heme and is a

marker of oxidative stress. It is critical for erythroid development during

embryogenesis (58). It is involved in apoptotic prevention and cellular

proliferation, linking it to the progression of many different cancers (59).

Remarkably, stress markers appear to cycle throughout normal development

in Xenopus laevis, and spike during certain transitions. Namely, PDIA3, HMOX1,

and HSP90 exhibit cyclic increase over early embryonic development (61).

Figure 6. A study of gene expression during embryonic development showed that Pdia3,
Hmox1, and Hsp90 genes, all biomarkers of stress, go through peaks and valleys of
expression at different morphological transitions. Figure courtesy of Angela Tung.



Questions and objectives

Existing literature strongly suggests that stress biomarkers are upregulated

during morphological transformations, and associated proteins have a notable role

in mediating these transitions. This begs the question: at each stage in

development, is it “stressful” to stray from your target morphology? Does a stress

response indicate that your current morphological state is not where it should be,

triggering the next stage of development? To explore this theory, we propose

comparison of stress marker profiles between embryos with induced abnormal

morphologies and their age-matched embryos.

Xenobots, synthetic living proto-organisms which are created by surgically

removing the animal cap of a Xenopus laevis embryo at NF stage 7-9.5 (60), are an

example of self-organizing a novel morphology. The “stress” of extraction and

losing expected positional information signals is an interesting concept to be

explored. Moreover, as these proto-organisms form their novel morphologies,

become ciliated, and swim around, does this result in decreased stress levels, as the

“target morphology” has presumably changed?

An common example of morphogenetic abnormality that occurs during

early embryonic development is exogastrulation. Gastrulation is the process in

early development that results in the formation of the three germ layers: ectoderm,

mesoderm, and endoderm. Exogastrulation occurs when the endoderm, which

should develop inside of the embryo, moves outward. This is a deviation from the

target morphology. According to our theory, exogastrulation should result in

higher stress levels.



Finally, injury during development is a traumatic event that should trigger

stress biomarker expression. Over the course of remodeling and regeneration, is

this stress maintained due to being morphologically challenged? Hsp70 expression

over the course of axolotl limb regeneration suggests that this is possible (51). To

test this theory, stress marker quantification during tail regeneration in tadpoles

can be analyzed.

METHODS AND MATERIALS

Embryo collection and maintenance

Healthy embryos were selected from clutches of fertilized eggs at the 2-4 cell

stages and placed in dishes of 0.1x MMR. They were kept in a 14°C incubator and

monitored daily. Media was changed every other day. The size of the dish in which

embryos were kept was dependent on the size of the group.

Thioridazine treatment

Thioridazine was obtained from Sigma Aldrich and dissolved to a 90 µM

concentration. Thioridazine was added to the media when embryos were at NF

stages 12.5-13. 40 mL of the drug was added to the media for every 100 embryos in

the dish. Embryos were subsequently removed from the drugged media and

placed back into 0.1x MMR at around NF stage 25.



Microinjections of DomNeg Kir6.1

Bubble pressure between 55-60kPA was used and injection pressure of

140kPa. A chimeric construct dominant negative for Kir6.1 was microinjected at the

2-cell stage. Stock was diluted at 2:5 in nuclease free water. Injection was at the 100

ms setting.

Scoring of morphological abnormalities

Morphological defects were visible at NF stage 45 under a microscope.

Tadpoles were placed in tricaine to prevent movement during observation. Defects

were observed qualitatively and a record was kept. To prevent bias, “blind” scoring

was done, in which the scorer was unaware which group they were scoring.

Animal cap extraction

Fertilized embryos which were kept at 14°C in 0.1x MMR were taken between

NF stages 7-9. The embryos were transferred to a 1% agarose-lined petri dish with

0.75x MMR media. Surgical forceps were used to remove the vitelline membrane

of the embryos, followed by a small, thin piece of the animal cap. These animal cap

explant were placed in a fresh agarose dish with 0.75x MMR. The remaining

portions of the embryos were discarded. Animal caps were kept at room

temperature for one hour and allowed to heal into a spherical mass of cells. They

were then kept in the 14°C incubator. The animal caps were transferred to new

media daily to clean out lingering debris.



Tail surgery

Tailbuds (NF stage 35-37) were exposed to tricaine as an anesthetic. A

surgical scalpel was used to make a straight cut removing the last millimeter of the

tail. Tailbuds were then moved back into tricaine-free 0.1x MMR media, placed in

the 14°C incubator, and allowed to regenerate for 7 days.

Exogastrulation

Embryos were placed in high-salt (1x MMR) media until the end of

gastrulation.

RNA extraction, cDNA sythesis, and qPCR

RNA extractions were performed using Qiagen kits, and cDNA synthesis was

performed with BioRad kits.

Imaging

All images were taken on a Nikon camera scope using the Micro Manager

software.

Computational Modeling

Models were written in Python using Jupyter Notebooks(65). Parts of the

code were inspired by Vladimir Ilievski’s Medium article on elementary cellular

automata (66). Rule 184 was used as the state transition function for elementary

cellular automata for its powerful ability to converge to a repeating pattern.



Figure 7. Rule 184, encoded by the binary number 10111000, instructs state transitions of
each cell based on the states of immediate neighbors. Figure reproduced from Clemson
University Department of Mathematics website.

To represent mathematical noise, analogous to the effects of a teratogen, we

had a function that altered Rule 184 by flipping a bit at random based on a

predetermined probability of interference. Teratogen would be analogous to a high

probability of interference, whereas untreated controls would be analogous to a

very low probability of interference. This essentially means that ECAs representing

teratogen-treated embryos are very likely to have their rules altered, but ECAs

representing untreated embryos are unlikely to have their rules altered, allowing

them to reach the expected configuration.

Figure 8. Pseudocode for introducing mathematical noise in ECAs.



RESULTS

I. Developing in a group offers a higher chance of survival against

thioridazine exposure

Figure 9. A) Plates of 1, 5, 25, 50, 75, 100, and 300 embryos, respectively, were treated with
thioridazine at NF stage 12.5-13. There is a significant increase (p < 0.05, Paired T-test) in
survival rate from n=50 to n=75 and another significant increase from 75 to 100. B) There is
no significant difference (p > 0.05) between the corrected concentrations of the drug across
different sized groups, confirming that this effect is not due to larger groups metabolizing
the drug faster.

Embryos were reared in groups of variable sizes from 1-300 embryos per

petri dish. Embryos from different groups in the same experiment replicate were

all from the same females. Thioridazine was added to the media at NF stage

12.5-13, and embryos were subsequently removed from the drug and placed back

into 0.1x MMR at stage 25. The percent survival of the embryos after the treatment

was observed and recorded. Embryos drugged alone or in groups of 5 showed no

survival. Groups of 25 and 50 showed a very low survival rate with no significant

difference between the two groups. There was a significant increase in survival rate

between the 50-group and the 75-group, as the group of 75 had an average survival

rate of 46.667%. Another drastic increase was seen between the 75-group and the



100-group, as the 100-group had an average survival rate of 93%. There was no

significant difference between the survival rates of the 100-group and the

300-group. These data suggest that larger groups confer protection against

thioridazine-induced lethality (Fig. 9).

Figure 10. A) Embryos were either reared in a plate together with no barriers (grouped),
reared in the same plate with a physical barrier that slows diffusion of compounds in MMR
(separated), or placed alone, one per well in a 6-well dish (singleton). B) Separated and
Singleton treatments resulted in major lethality, while there was high survival in Grouped
treatment. There was no statistically significant difference between Separated and
Singleton. C) The acrylic barrier used for the Separated group allowed diffusion of
compounds through the MMR media, but diffusion was significantly slowed.

During the treatment phase (from thioridazine exposure at NF 12.5-13

through removal from the drug) embryos were either kept in a group, physically



separated in shared media, or completely isolated with different media (Fig 10A).

Grouped embryos were placed in the same plate in shared media with no barriers.

Separated embryos were placed in the same petri dish and media, but were

physically separated by a 3D-printed acrylic barrier, in which each embryo was

confined to a 1mm radius well. The barrier allowed for diffusible molecules to pass

through the shared media, but diffusion occurred more slowly than without the

apparatus (Fig 10C). Singleton embryos were placed one-per-well in a 6-well dish.

Both kinds of isolation resulted in drastic death rates following thioridazine

treatment, while embryos that were freely grouped together showed a very low

death rate. These data suggest that separation during teratogen exposure is lethal.



II. Larger group sizes exhibit lower frequency of the “square-headed” defect

caused by thioridazine exposure

Figure 11. Thioridazine treatment caused many morphological aberrations, including a
square head shape, a “raindrop” eye morphology, hyperpigmentation, edemas, and other
defects. For all defect categories, there was a statistically significant (p < 0.05, Student’s
T-test) between treated groups and untreated groups. Notably, there was a statistically
significant difference between the N=100 thioridazine-treated group and the N=300
thioridazine-treated group for the square head defect, in which the square-head defect had
a lower incidence in the larger group.

Thioridazine treatment caused a wide array of observable morphological

defects in tadpoles. Remarkably, a morphogenetic rescue effect was observed with

the square head phenotype: groups of 300 embryos had a lower incidence of the



square head-morphology than groups of 100 embryos. This suggests that larger

group sizes may confer resistance against the formation of this particular defect.

However, it should be noted that this rescue effect was not observed with

significance with any of the other defect categories (Fig. 11).

III. Conspecific morphogenetic rescue effect observed during DomNeg Kir6.1

Microinjection

Figure 12. Microinjection of dominant negative Kir6.1 causes noticeable morphological
defects in tadpoles (left). Injected embryos were either in groups of 5, 25, 50, or 100. A very
low rate of death was observed among all groups. A significantly lower percentage of the
25-group and 50-group were defected in comparison to the 5-group (p < 0.05, Student’s T
test). The 100-group had a drastically lower defect percentage than all other groups.

Embryos microinjected with dominant negative Kir6.1 often developed into

tadpoles with morphological abnormalities, such as craniofacial geometry,

deviation from symmetry, eye shape and hyperpigmentation. The two



medium-sized groups showed significantly lower defect rate than the smallest

group, however, they still had very high defect rates. The largest group showed

significantly lower defect rates than all smaller-sized groups (Fig. 12), suggesting

that higher presence of conspecifics does help while developing with induced

mutations.

IV. Introduction of untreated individuals into the population modifies the

morphology of both treated and untreated groups

Figure 13. A) Untreated embryos were introduced into a plate of treated embryos. Albino embryos were
used as a marker for untreated embryos. In the mixed plates, treated embryos showed a lower-than-usual
incidence of defect, while untreated albinos showed high incidence of defect. Percentages in the right-hand
graph were calculated like such: (# defected albinos / total albinos * 100) B) Hyperpigmented albinos were
observed in the mixed plates: no pigment cells are observed on normal albino tadpoles (left), however,

some tadpoles in mixed plates showed small clusters of pigment cells (right).



To further investigate the effect of conspecific cues on morphogenesis, we

introduced untreated individuals into a plate of embryos that had been treated

with thioridazine. Albino embryos were used as the untreated subgroup for easy

visual classification of treated vs untreated embryos. Plates of 100 embryos that

were treated with thioridazine were reared in parallel to mixed plates of 200

untreated albinos and 100 treated wild type embryos.

The mixed plates had lower incidence of defects than the non-mixed plates,

which was mathematically expected, however, the breakdown of the mixed plates

showed a few fascinating phenomena. We observed a fairly high frequency of

hyperpigmented albinos and square-headed albinos in the mixed plate, while

treated embryos showed lower incidence of defects than the fully-treated plate.

This suggests a two-way street of conspecific cues, in which defective embryos

detrimentally affect unchallenged embryos, and unchallenged embryos positively

affect defective embryos.



V.  Computational modeling

Figure 14. A) An initial configuration of an ECA is analogous to an early embryo. An initial configuration
must have 50:50 ratio of on and off states. For a fixed number of time steps, the majority problem will be
solved, analogous to wild-type embryonic development. B) At each time step, a mathematical function
involving bitwise manipulation will allow evolution to the next stage. There will always be a probability of
an incorrect update. For wild-types, this probability will remain low, but for teratogen-exposed embryos,
the probability will be high, most likely causing incorrect evolution. C) A group of embryos is represented
by a network of ECAs that all begin in the same initial configuration. At each time step, they exchange their
rules; that is, the most common rule in the set of rules will be used for evolution. This will “cancel out” high
noise and result in most of the embryos correctly progressing to the next stage of development.



Figure 15. A) ECA using Rule 184 converges to a checkerboard pattern (left) over time.
Mathematical noise introduction prevents this convergence (right). B) Networks of 100
ECAs with low noise (wild-type) and high noise (teratogen) are observed with and without
enabling communication. Allowing information exchange significantly increases the
success rate in the teratogen group (p < 0.05, Student’s T-test). C) In
communication-enabled networks of 100 ECAs, there is a strong inverse relationship
between strength of noise and rate of success. D) There is no strong correlation between an
increase in network size and success rate after 50 ECAs.

We created a model of an ECA network in which baseline behavior is defined

by Rule 184, but introduction of mathematical noise alters the rule, hindering

desired transitions. After a parameter search, we determined that a probability of

rule alteration of 0.2 best reflects teratogen treatment, and that of 0.01 best

represents a lack of treatment. Addition of communication within an ECA network

allows ECAs in the network to exchange information about which internal rule

they are using, perform a “majority vote” to determine the best rule, and correct

their behavior accordingly (Fig. 14).



Rule 184, with our initial configuration, should converge to a “checkerboard”

pattern. We measured the success of each ECA by whether its final configuration

was a “checkerboard,” or alternating “on” and “off” states, or not. ECAs with high

noise probability fail to meet this success criterion. We showed that there is a

significant difference in success rate between “wild-type” networks and “teratogen”

networks, and that introducing communication leads to a statistically significant

increase in the success rate of “teratogen-exposed” networks. Moreover, we showed

the strong  inverse relationship between the strength of the noise and the success

rate in groups of 100 ECAs with communication ability. This confirms that our

simulation of teratogen works as desired. However, we did not find a strong

correlation between the success rate of a communicative network and the number

of ECAs in the network- we did not observe a steady increase in success as we

increased the size of the network as we expected to.



VI. Stress marker analysis

Figure 16. 1) A piece of the animal cap is extracted from the early embryo (A), allowed to
heal (B), and forms a spherical mass (C) . After 4 days, it becomes ciliated (D) and exhibits
movement (E). Panel 1 reproduced from Blackiston et. al 2021. 2) Removal of a tail
fragment around stage 33 leads to a 7-Day regeneration period in which the tail grows back
in full and normal development continues. 3) Exogastrulation occurs when embryos fail to
internalize their endoderm and is visible through a microscope.



Figure 17. Stress marker analysis from qPCR data for 24 hour animal caps and 48h animal
caps compared with the controls. Hsp90 is upregulated in animal caps at both time points,
and other stress markers are downregulated.

Animal cap removal, tail surgery, and exogastrulation were carried out and

documented (Figure 16). While COVID-related supply shortages in cDNA synthesis

kits caused a delay in our analysis, our preliminary results show that Hsp90 is

upregulated in removed animal caps at 24 hours and 48 hours post-surgery.

Fascinatingly, the other 4 stress markers, Pdia3, Hmox1, and Txnrd1 are

downregulated in extracted animal caps (Figure 17).



DISCUSSION AND CONCLUSION

In this paper, we studied external influences and endogenous stress signals

involved in morphogenesis using Xenopus laevis embryo model. Noting the many

examples in nature in which morphological changes ensue based on social

circumstances, and the stress-buffering effect exhibited by conspecific collectives,

we approached morphogenesis through a lens of emergent behavior.

We sought to investigate effects of developmental challenges on embryos

reared in a collectives of different sizes versus in isolation. We hypothesized that, in

line with the stress-buffering effect, embryos reared collectives would be more

likely to overcome developmental obstacles. To test this hypothesis, we exposed

groups of embryos to the teratogen thioridazine, known to cause craniofacial

defects. Remarkably, we noted that separation during treatment was lethal, and

that being in a group conferred significant protection against thioridazine

exposure. As the number of embryos in a group size increased, the survival rate

increased, with a near-total survival rate observed around 100 embryos in a

collective. We also observed a “rescue” effect: large groups (300 embryos) had a

lower incidence of the thioridazine-induced square-head defect than small groups

(100 embryos). However, it should be noted that this rescue effect was not seen with

the other defect categories with significance. Additionally, we microinjected

embryos with Dominant Negative Kir6.1, inducing a loss-of-function mutation in

their inwardly rectifying potassium channels, which in turn causes morphological

defects. We observed a fascinating effect where, as the number of embryos in a

recovering group increased, the percentage of defects greatly decreased.



To explore these phenomena further, we hope to identify the

communication signals between developing embryos; it could be communicated

optically, through physical touch, or through a diffusible molecule. Moreover, we

seek to identify when, during the course of development, the signals are

exchanged.

We subsequently explored the effect of introducing unchallenged embryos

into plates with challenged groups to see whether untreated embryos would

provide morphogenetic assistance. We used albino embryos to visually identify

which embryos in mixed plates were untreated. Fascinatingly, while we did see

lower defect incidence in the mixed plates, we noticed a “two-way street” effect:

untreated albinos were showing fairly high rates of hyperpigmentation and

square-headedness. This leads us to infer that, while unchallenged individuals may

help challenged individuals, the reverse effect may also take place. It will be

necessary to tease apart these signals. It may also be necessary to observe how

albinos and wild-type embryos interact at a baseline, in the absence of any

teratogen, to get a better understanding of the albino hyperpigmentation effect.

Collective intelligence in nature has inspired many computational

algorithms which seek to solve complex optimization problems. Our investigations

suggest emergent behavior that maximizes resistance to stressors; this lends itself

well to a computational approach. We developed an ECA-network model of the

observed behavior. We used mathematical noise to simulate the effect of teratogen

and communication between ECAs as a means of overcoming this noise. Our

model reflected the observations that show communication between individually

developing agents significantly increases the success rate of the whole network in



the face of stress. However, it does not appear that success rate increases steadily

with the number of ECAs in the network. In future developments, we will modify

our computational representations of communication until we see a global result

that reflects our experimental findings.

Pandemic-related shortages in supplies needed for caused a delay in our

data collection regarding differential stress marker expression, thus, we were

unable to perform analysis in time for the Senior Honors Thesis deadline.

However, we have been able to obtain preliminary results. Interestingly, we see a

downregulation of stress in all markers except Hsp90 from our preliminary stress

marker analysis. It should be noted that HSPs, Hsp90 in particular, have been

linked with morphogenesis more often than other stress markers. We predict that

stress levels will decrease throughout the time course, and expect to see a change in

stress marker expression at our 5-day time point, as this is when morphology

changes drastically with mucociliation. We note that Xenobots are unique in that it

is possible their target morphology changes after removal from the embryo, as

their final form is a mucociliated proto-organism. Furthermore, we predict that,

with the 7-day time series of tail regeneration, we will see an increase in stress

post-surgery, and a gradual decrease as animals grow closer to their target tails. We

predict that stress will be upregulated in exogastrulated embryos in comparison to

normal gastrulation. We have collected all samples necessary for this analysis and

await delivery of materials necessary for expression analysis.



ACKNOWLEDGMENTS

First and foremost, I would like to thank Professor Michael Levin for the

opportunity to be a part of the lab for the past 3.5 years; it has been one of the

important and formative aspects of my undergraduate career. I would also like to

thank him for his continued mentorship over the years, for always being open to

my suggestions and ideas, and helping me with other academic opportunities.

Thank you to my graduate student mentor, Angela Tung, who I’ve been so lucky to

work with on my thesis– I could not have done this without all of her guidance.

Thank you to Professor Kelly McLaughlin for serving on my thesis committee, and

for being an excellent lecturer and resource. Thank you to Dr. Wesley Clawson for

all of his help with the computational modeling and for answering all of my

late-night frantic emails.  I would like to thank the other Levin Lab members: Dr.

Richard Gawne Thomas, with whom I worked under for two years in the lab, Dr.

Patrick McMillen, Dr. Vaibhav Pai, and Dr. Douglas Blackiston for answering all of

my froggy questions, and all the other Levin Lab staff who created such a

welcoming and supportive environment. It has been an honor!



REFERENCES:

1. Tung, A., & Levin, M. (2020). Extra-genomic instructive influences in

morphogenesis: A review of external signals that regulate growth and form.

Developmental Biology, 461(1), 1–12. https://doi.org/10.1016/j.ydbio.2020.01.010

2. Simões, P. M. V., Ott, S. R., & Niven, J. E. (2016). Environmental Adaptation,

Phenotypic Plasticity, and Associative Learning in Insects: The Desert Locust

as a Case Study. Integrative and Comparative Biology, 56(5), 914–924.

https://doi.org/10.1093/icb/icw100

3. Burrows, M., Rogers, S. M., & Ott, S. R. (2011). Epigenetic remodelling of

brain, body and behaviour during phase change in locusts. Neural Systems &

Circuits, 1, 11. https://doi.org/10.1186/2042-1001-1-11

4. Ott, S. R., & Rogers, S. M. (2010). Gregarious desert locusts have substantially

larger brains with altered proportions compared with the solitarious phase.

Proceedings of the Royal Society B: Biological Sciences , 277(1697), 3087–3096.

https://doi.org/10.1098/rspb.2010.0694

5. Li, H.-B., Dai, C.-G., Zhang, C.-R., He, Y.-F., Ran, H.-Y., & Chen, S.-H. (2018).

Screening potential reference genes for quantitative real-time PCR analysis

in the oriental armyworm, Mythimna separata. PLOS ONE, 13(4), e0195096.

https://doi.org/10.1371/journal.pone.0195096

6. Gemmell, N. J., Todd, E. V., Goikoetxea, A., Ortega-Recalde, O., & Hore, T. A.

(2019). Chapter Three—Natural sex change in fish. In B. Capel (Ed.), Current

https://doi.org/10.1016/j.ydbio.2020.01.010
https://doi.org/10.1093/icb/icw100
https://doi.org/10.1093/icb/icw100
https://doi.org/10.1186/2042-1001-1-11
https://doi.org/10.1098/rspb.2010.0694
https://doi.org/10.1098/rspb.2010.0694
https://doi.org/10.1371/journal.pone.0195096
https://doi.org/10.1371/journal.pone.0195096


Topics in Developmental Biology (Vol. 134, pp. 71–117). Academic Press.

https://doi.org/10.1016/bs.ctdb.2018.12.014

7. Brante, A., Quiñones, A., & Silva, F. (2016). The relationship between sex

change and reproductive success in a protandric marine gastropod. Scientific

Reports, 6(1), 29439. https://doi.org/10.1038/srep29439

8. Liu, H., Todd, E. V., Lokman, P. M., Lamm, M. S., Godwin, J. R., & Gemmell,

N. J. (2017). Sexual plasticity: A fishy tale. Molecular Reproduction and

Development, 84(2), 171–194. https://doi.org/10.1002/mrd.22691

9. Kang, C., & Avery, L. (2009). Systemic regulation of starvation response in

Caenorhabditis elegans. Genes & Development, 23(1), 12–17.

https://doi.org/10.1101/gad.1723409

10. Chan, I. L., Rando, O. J., & Conine, C. C. (2018). Effects of Larval Density on

Gene Regulation in Caenorhabditis elegans During Routine L1

Synchronization. G3 (Bethesda, Md.), 8(5), 1787–1793.

https://doi.org/10.1534/g3.118.200056

11. Hostinar, C. E., Sullivan, R. M., & Gunnar, M. R. (2014). Psychobiological

Mechanisms Underlying the Social Buffering of the HPA Axis: A Review of

Animal Models and Human Studies across Development. Psychological

Bulletin, 140(1), 10.1037/a0032671. https://doi.org/10.1037/a0032671

12. Khan, I., Lewis, M., & Cañamero, L. (2020). Modelling the Social Buffering

Hypothesis in an Artificial Life Environment .

http://uhra.herts.ac.uk/handle/2299/23002

13. Allen, P. J., Barth, C. C., Peake, S. J., Abrahams, M. V., & Anderson, W. G.

(2009). Cohesive social behaviour shortens the stress response: The effects of

https://doi.org/10.1016/bs.ctdb.2018.12.014
https://doi.org/10.1016/bs.ctdb.2018.12.014
https://doi.org/10.1038/srep29439
https://doi.org/10.1002/mrd.22691
https://doi.org/10.1101/gad.1723409
https://doi.org/10.1101/gad.1723409
https://doi.org/10.1534/g3.118.200056
https://doi.org/10.1534/g3.118.200056
https://doi.org/10.1037/a0032671
http://uhra.herts.ac.uk/handle/2299/23002
http://uhra.herts.ac.uk/handle/2299/23002


conspecifics on the stress response in lake sturgeon Acipenser fulvescens.

Journal of Fish Biology, 74(1), 90–104.

https://doi.org/10.1111/j.1095-8649.2008.02112.x

14. Faustino, A. I., Tacão-Monteiro, A., & Oliveira, R. F. (2017). Mechanisms of

social buffering of fear in zebrafish. Scientific Reports, 7, 44329.

https://doi.org/10.1038/srep44329

15. Wu, A. (2021). Social buffering of stress – Physiological and ethological

perspectives. Applied Animal Behaviour Science , 239, 105325.

https://doi.org/10.1016/j.applanim.2021.105325

16. Hennessy, M. B., Zate, R., & Maken, D. S. (2008). Social buffering of the

cortisol response of adult female guinea pigs. Physiology & Behavior, 93(4),

883–888. https://doi.org/10.1016/j.physbeh.2007.12.005

17. Hennessy, M. B., Kaiser, S., & Sachser, N. (2009). Social buffering of the stress

response: Diversity, mechanisms, and functions. Frontiers in

Neuroendocrinology, 30(4), 470–482.

https://doi.org/10.1016/j.yfrne.2009.06.001

18. Dean, A., & Lin, N. (1977). The stress-buffering role of social support. Journal

of Nervous and Mental Disease , 165(6), 403–417.

https://doi.org/10.1097/00005053-197712000-00006

19. Gurdon, J., & Hopwood, N. (2000). The introduction of Xenopus laevis into

developmental biology: Of empire, pregnancy testing and ribosomal genes.

The International Journal of Developmental Biology , 44, 43–50.

https://doi.org/10.1111/j.1095-8649.2008.02112.x
https://doi.org/10.1111/j.1095-8649.2008.02112.x
https://doi.org/10.1038/srep44329
https://doi.org/10.1038/srep44329
https://doi.org/10.1016/j.applanim.2021.105325
https://doi.org/10.1016/j.applanim.2021.105325
https://doi.org/10.1016/j.physbeh.2007.12.005
https://doi.org/10.1016/j.yfrne.2009.06.001
https://doi.org/10.1016/j.yfrne.2009.06.001
https://doi.org/10.1097/00005053-197712000-00006
https://doi.org/10.1097/00005053-197712000-00006


20.Cannatella, D. C., & de Sá, R. O. (1993). Xenopus Laevis as a Model

Organism. Systematic Biology, 42(4), 476–507.

https://doi.org/10.1093/sysbio/42.4.476

21. Nieuwkoop, P. D., & Faber, J. (1994). Normal Table of Xenopus Laevis (Daudin): A

Systematical and Chronological Survey of the Development from the Fertilized Egg

Till the End of Metamorphosis . Garland Pub.

22.Beiswenger, R. E. (1975). Structure and Function in Aggregations of Tadpoles

of the American Toad, Bufo americanus. Herpetologica, 31(2), 222–233.

23.Fenton, M., Rathbone, J., & Reilly, J. (2007). Thioridazine for schizophrenia.

The Cochrane Database of Systematic Reviews, 2007(3), CD001944.

https://doi.org/10.1002/14651858.CD001944.pub2

24. Pinet, K., & McLaughlin, K. A. (2019). Mechanisms of physiological tissue

remodeling in animals: Manipulating tissue, organ, and organism

morphology. Developmental Biology, 451(2), 134–145.

https://doi.org/10.1016/j.ydbio.2019.04.001

25. Brambilla, M., Ferrante, E., Birattari, M., & Dorigo, M. (2013). Swarm

robotics: A review from the swarm engineering perspective. Swarm

Intelligence, 7(1), 1–41. https://doi.org/10.1007/s11721-012-0075-2

26.Panait, L., & Luke, S. (2005). Cooperative Multi-Agent Learning: The State of

the Art. Autonomous Agents and Multi-Agent Systems , 11(3), 387–434.

https://doi.org/10.1007/s10458-005-2631-2

27. Meng, X.-B., Gao, X. Z., Lu, L., Liu, Y., & Zhang, H. (2016). A new

bio-inspired optimisation algorithm: Bird Swarm Algorithm. Journal of

https://doi.org/10.1093/sysbio/42.4.476
https://doi.org/10.1093/sysbio/42.4.476
https://doi.org/10.1002/14651858.CD001944.pub2
https://doi.org/10.1002/14651858.CD001944.pub2
https://doi.org/10.1016/j.ydbio.2019.04.001
https://doi.org/10.1016/j.ydbio.2019.04.001
https://doi.org/10.1007/s11721-012-0075-2
https://doi.org/10.1007/s10458-005-2631-2
https://doi.org/10.1007/s10458-005-2631-2


Experimental & Theoretical Artificial Intelligence , 28(4), 673–687.

https://doi.org/10.1080/0952813X.2015.1042530

28. Krishnanand, K. N., & Ghose, D. (2009). Glowworm swarm optimization for

simultaneous capture of multiple local optima of multimodal functions.

Swarm Intelligence, 3(2), 87–124. https://doi.org/10.1007/s11721-008-0021-5

29.Gandomi, A. H., & Alavi, A. H. (2012). Krill herd: A new bio-inspired

optimization algorithm. Communications in Nonlinear Science and Numerical

Simulation, 17(12), 4831–4845. https://doi.org/10.1016/j.cnsns.2012.05.010

30.Dorigo, M., & Di Caro, G. (1999). Ant colony optimization: A new

meta-heuristic. Proceedings of the 1999 Congress on Evolutionary

Computation-CEC99 (Cat. No. 99TH8406), 1470–1477.

https://doi.org/10.1109/CEC.1999.782657

31. Karaboga, D., & Basturk, B. (2007). A powerful and efficient algorithm for

numerical function optimization: Artificial bee colony (ABC) algorithm.

Journal of Global Optimization , 39, 459–471.

https://doi.org/10.1007/s10898-007-9149-x

32.Hedayatzadeh, R., Akhavan Salmassi, F., Keshtgari, M., Akbari, R., & Ziarati,

K. (2010). Termite colony optimization: A novel approach for optimizing

continuous problems. 2010 18th Iranian Conference on Electrical Engineering,

553–558. https://doi.org/10.1109/IRANIANCEE.2010.5507009

33.Turing, A. M. (1952). The chemical basis of morphogenesis. Philosophical

Transactions of the Royal Society of London. Series B, Biological Sciences , 237(641),

37–72. https://doi.org/10.1098/rstb.1952.0012

https://doi.org/10.1080/0952813X.2015.1042530
https://doi.org/10.1080/0952813X.2015.1042530
https://doi.org/10.1007/s11721-008-0021-5
https://doi.org/10.1016/j.cnsns.2012.05.010
https://doi.org/10.1109/CEC.1999.782657
https://doi.org/10.1109/CEC.1999.782657
https://doi.org/10.1007/s10898-007-9149-x
https://doi.org/10.1007/s10898-007-9149-x
https://doi.org/10.1109/IRANIANCEE.2010.5507009
https://doi.org/10.1098/rstb.1952.0012


34. Glen, C. M., Kemp, M. L., & Voit, E. O. (2019). Agent-based modeling of

morphogenetic systems: Advantages and challenges. PLOS Computational

Biology, 15(3), e1006577. https://doi.org/10.1371/journal.pcbi.1006577

35. Sarkar, P. (2000). A brief history of cellular automata. ACM Computing

Surveys, 32(1), 80–107. https://doi.org/10.1145/349194.349202

36.Wolfram, S. (1984). Universality and complexity in cellular automata. Physica

D: Nonlinear Phenomena, 10(1), 1–35.

https://doi.org/10.1016/0167-2789(84)90245-8

37. Wolfram, S. (1984). Cellular automata as models of complexity. Nature,

311(5985), 419–424. https://doi.org/10.1038/311419a0

38. Jr, K. P., & Duff, M. J. B. (2013). Modern Cellular Automata: Theory and

Applications. Springer Science & Business Media.

39.Albantakis, L., & Tononi, G. (2015). The Intrinsic Cause-Effect Power of

Discrete Dynamical Systems—From Elementary Cellular Automata to

Adapting Animats. Entropy, 17, 5472. https://doi.org/10.3390/e17085472

40.Spencer, R. L., & Deak, T. (2017). A users guide to HPA axis research.

Physiology & Behavior, 178, 43–65.

https://doi.org/10.1016/j.physbeh.2016.11.014

41. Sheng, J. A., Bales, N. J., Myers, S. A., Bautista, A. I., Roueinfar, M., Hale, T.

M., & Handa, R. J. (2021). The Hypothalamic-Pituitary-Adrenal Axis:

Development, Programming Actions of Hormones, and Maternal-Fetal

Interactions. Frontiers in Behavioral Neuroscience , 14.

https://www.frontiersin.org/article/10.3389/fnbeh.2020.601939

https://doi.org/10.1371/journal.pcbi.1006577
https://doi.org/10.1145/349194.349202
https://doi.org/10.1016/0167-2789(84)90245-8
https://doi.org/10.1016/0167-2789(84)90245-8
https://doi.org/10.1038/311419a0
https://doi.org/10.3390/e17085472
https://doi.org/10.1016/j.physbeh.2016.11.014
https://doi.org/10.1016/j.physbeh.2016.11.014
https://www.frontiersin.org/article/10.3389/fnbeh.2020.601939
https://www.frontiersin.org/article/10.3389/fnbeh.2020.601939


42. Narayan, E. J., Forsburg, Z. R., Davis, D. R., & Gabor, C. R. (2019).

Non-invasive Methods for Measuring and Monitoring Stress Physiology in

Imperiled Amphibians. Frontiers in Ecology and Evolution, 7.

https://www.frontiersin.org/article/10.3389/fevo.2019.00431

43. Dhama, K., Latheef, S. K., Dadar, M., Samad, H. A., Munjal, A., Khandia, R.,

Karthik, K., Tiwari, R., Yatoo, Mohd. I., Bhatt, P., Chakraborty, S., Singh, K. P.,

Iqbal, H. M. N., Chaicumpa, W., & Joshi, S. K. (2019). Biomarkers in Stress

Related Diseases/Disorders: Diagnostic, Prognostic, and Therapeutic Values.

Frontiers in Molecular Biosciences, 6, 91.

https://doi.org/10.3389/fmolb.2019.00091

44. Nater, U. M., Skoluda, N., & Strahler, J. (2013). Biomarkers of stress in

behavioural medicine. Current Opinion in Psychiatry , 26(5), 440–445.

https://doi.org/10.1097/YCO.0b013e328363b4ed

45. Watanabe, Y., Grommen, S. V. H., & De Groef, B. (2016).

Corticotropin-releasing hormone: Mediator of vertebrate life stage

transitions? General and Comparative Endocrinology, 228, 60–68.

https://doi.org/10.1016/j.ygcen.2016.02.012

46. Ilg, L., Klados, M., Alexander, N., Kirschbaum, C., & Li, S.-C. (2018).

Long-term impacts of prenatal synthetic glucocorticoids exposure on

functional brain correlates of cognitive monitoring in adolescence. Scientific

Reports, 8(1), 7715. https://doi.org/10.1038/s41598-018-26067-3

47. Bolt, R. J., van Weissenbruch, M. m., Lafeber, H. n., & Delemarre-van de

Waal, H. a. (2001). Glucocorticoids and lung development in the fetus and

https://www.frontiersin.org/article/10.3389/fevo.2019.00431
https://www.frontiersin.org/article/10.3389/fevo.2019.00431
https://doi.org/10.3389/fmolb.2019.00091
https://doi.org/10.3389/fmolb.2019.00091
https://doi.org/10.1097/YCO.0b013e328363b4ed
https://doi.org/10.1097/YCO.0b013e328363b4ed
https://doi.org/10.1016/j.ygcen.2016.02.012
https://doi.org/10.1016/j.ygcen.2016.02.012
https://doi.org/10.1038/s41598-018-26067-3


preterm infant. Pediatric Pulmonology, 32(1), 76–91.

https://doi.org/10.1002/ppul.1092

48. Stubbe, J., Madsen, K., Nielsen, F. T., Skøtt, O., & Jensen, B. L. (2006).

Glucocorticoid impairs growth of kidney outer medulla and accelerates loop

of Henle differentiation and urinary concentrating capacity in rat kidney

development. American Journal of Physiology. Renal Physiology, 291(4),

F812-822. https://doi.org/10.1152/ajprenal.00477.2005

49. Chou, J. Y., Wan, Y. J., & Sakiyama, T. (1988). Regulation of rat liver

maturation in vitro by glucocorticoids. Molecular and Cellular Biology, 8(1),

203–209. https://doi.org/10.1128/mcb.8.1.203-209.1988

50.Parsell, D. A., & Lindquist, S. (1993). The Function of Heat-Shock Proteins in

Stress Tolerance: Degradation and Reactivation of Damaged Proteins. Annual

Review of Genetics, 27(1), 437–496.

https://doi.org/10.1146/annurev.ge.27.120193.002253

51. Lévesque, M., Guimond, J.-C., Pilote, M., Leclerc, S., Moldovan, F., & Roy, S.

(2005). Expression of heat-shock protein 70 during limb development and

regeneration in the axolotl. Developmental Dynamics, 233(4), 1525–1534.

https://doi.org/10.1002/dvdy.20458

52. Rohner, N., Jarosz, D. F., Kowalko, J. E., Yoshizawa, M., Jeffery, W. R.,

Borowsky, R. L., Lindquist, S., & Tabin, C. J. (2013). Cryptic variation in

morphological evolution: HSP90 as a capacitor for loss of eyes in cavefish.

Science (New York, N.Y.), 342(6164), 1372–1375.

https://doi.org/10.1126/science.1240276

https://doi.org/10.1002/ppul.1092
https://doi.org/10.1002/ppul.1092
https://doi.org/10.1152/ajprenal.00477.2005
https://doi.org/10.1128/mcb.8.1.203-209.1988
https://doi.org/10.1146/annurev.ge.27.120193.002253
https://doi.org/10.1146/annurev.ge.27.120193.002253
https://doi.org/10.1002/dvdy.20458
https://doi.org/10.1002/dvdy.20458
https://doi.org/10.1126/science.1240276
https://doi.org/10.1126/science.1240276


53. Sollars, V., Lu, X., Xiao, L., Wang, X., Garfinkel, M. D., & Ruden, D. M. (2003).

Evidence for an epigenetic mechanism by which Hsp90 acts as a capacitor

for morphological evolution. Nature Genetics, 33(1), 70–74.

https://doi.org/10.1038/ng1067

54. Voss, A. K., Thomas, T., & Gruss, P. (2000). Mice lacking HSP90beta fail to

develop a placental labyrinth. Development, 127(1), 1–11.

https://doi.org/10.1242/dev.127.1.1

55. Hoffstrom BG, Kaplan A, Letso R, Schmid RS, Turmel GJ, et al. (2010)

Inhibitors of protein disulfide isomerase suppress apoptosis induced by

misfolded proteins. Nat Chem Biol 6: 900–906.

56. Wang, Y., Nizkorodov, A., Riemenschneider, K., Lee, C. S. D.,

Olivares-Navarrete, R., Schwartz, Z., & Boyan, B. D. (2014). Impaired Bone

Formation in Pdia3 Deficient Mice. PLOS ONE, 9(11), e112708.

https://doi.org/10.1371/journal.pone.0112708

57. Wang, C., Zhu, Y., Wu, D., Wang, Z., Xu, X., Shi, Y., Yang, G., Yu, Y., & Peng,

X. (2020). The role of PDIA3 in myogenesis during muscle regeneration.

Experimental & Molecular Medicine, 52(1), 105–117.

https://doi.org/10.1038/s12276-019-0368-2

58. Fraser, S. T., Midwinter, R. G., Berger, B. S., & Stocker, R. (2011). Heme

Oxygenase-1: A Critical Link between Iron Metabolism, Erythropoiesis, and

Development. Advances in Hematology, 2011, e473709.

https://doi.org/10.1155/2011/473709

https://doi.org/10.1038/ng1067
https://doi.org/10.1038/ng1067
https://doi.org/10.1242/dev.127.1.1
https://doi.org/10.1242/dev.127.1.1
https://doi.org/10.1371/journal.pone.0112708
https://doi.org/10.1371/journal.pone.0112708
https://doi.org/10.1038/s12276-019-0368-2
https://doi.org/10.1038/s12276-019-0368-2
https://doi.org/10.1155/2011/473709
https://doi.org/10.1155/2011/473709


59. Luu Hoang, K. N., Anstee, J. E., & Arnold, J. N. (2021). The Diverse Roles of

Heme Oxygenase-1 in Tumor Progression. Frontiers in Immunology, 12.

https://www.frontiersin.org/article/10.3389/fimmu.2021.658315

60.Blackiston, D., Lederer, E., Kriegman, S., Garnier, S., Bongard, J., & Levin, M.

(2021). A cellular platform for the development of synthetic living machines.

Science Robotics, 6(52), eabf1571. https://doi.org/10.1126/scirobotics.abf1571

61. Session, A. M., Uno, Y., Kwon, T., Chapman, J. A., Toyoda, A., Takahashi, S.,

Fukui, A., Hikosaka, A., Suzuki, A., Kondo, M., van Heeringen, S. J., Quigley,

I., Heinz, S., Ogino, H., Ochi, H., Hellsten, U., Lyons, J. B., Simakov, O.,

Putnam, N., … Rokhsar, D. S. (2016). Genome evolution in the allotetraploid

frog Xenopus laevis. Nature, 538(7625), 336–343.

https://doi.org/10.1038/nature19840

62.Guille, M. (1999). Microinjection into Xenopus Oocytes and Embryos. In M.

Guille (Ed.), Molecular Methods in Developmental Biology: Xenopus and Zebrafish

(pp. 111–123). Humana Press. https://doi.org/10.1385/1-59259-678-9:111

63.Lane, M., Mis, E. K., & Khokha, M. K. (2022). Microinjection of Xenopus

tropicalis Embryos. Cold Spring Harbor Protocols, 2022(4), pdb.prot107644.

https://doi.org/10.1101/pdb.prot107644

64. Potassium channel, inwardly rectifying, Kir6.1 (IPR003278)—InterPro

entry—InterPro. (n.d.). Retrieved April 23, 2022, from

https://www.ebi.ac.uk/interpro/entry/InterPro/IPR003278/

65. Kluyver, T., Ragan-Kelley, B., Fernando P&#x27;erez, Granger, B.,

Bussonnier, M., Frederic, J., … Willing, C. (2016). Jupyter Notebooks – a

publishing format for reproducible computational workflows. In F. Loizides

https://www.frontiersin.org/article/10.3389/fimmu.2021.658315
https://www.frontiersin.org/article/10.3389/fimmu.2021.658315
https://doi.org/10.1126/scirobotics.abf1571
https://doi.org/10.1038/nature19840
https://doi.org/10.1038/nature19840
https://doi.org/10.1385/1-59259-678-9:111
https://doi.org/10.1101/pdb.prot107644
https://doi.org/10.1101/pdb.prot107644
https://www.ebi.ac.uk/interpro/entry/InterPro/IPR003278/
https://www.ebi.ac.uk/interpro/entry/InterPro/IPR003278/


& B. Schmidt (Eds.), Positioning and Power in Academic Publishing: Players,

Agents and Agendas (pp. 87–90).

66.Ilievski, V. (2021, May 2). Simple but Stunning: Animated Cellular Automata in

Python. Medium.

https://towardsdatascience.com/simple-but-stunning-animated-cellular-auto

mata-in-python-c912e0c156a9

https://towardsdatascience.com/simple-but-stunning-animated-cellular-automata-in-python-c912e0c156a9
https://towardsdatascience.com/simple-but-stunning-animated-cellular-automata-in-python-c912e0c156a9
https://towardsdatascience.com/simple-but-stunning-animated-cellular-automata-in-python-c912e0c156a9

