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1) Stress 
 

During their life, organisms will experience a wide range of environmental components 

recently defined as the "exposome" (Vermeulen et al., 2020) (Figure 1). Chemicals, dietary 

constituents, psychosocial situations or even physical factors and biotic aggressions are potential 

challenges susceptible to induce a physiological stress to an organism. The term "stress" is generally 

used in common parlance to describe a state of psychic perturbation similar to anxiety. Initially 

proposed by Hans Selye and defined in his book from 1956 entitled "The Stress of Life", the term 

"stress" was coined to refer to a physiological state. Etymologically, it derives from the English word 

“distress”, itself originating from the old French word “destresse”. Despite its common use, few 

people agree on a precise and consensual definition of stress. It is actually understood in our society 

as the feeling of being anxious or worried about something, but it was initially coined to consider all 

manifestations of organisms during their response against environmental disruptors. This complex 

situation needs to be clarified by coming back to the origins of the stress notion. 

 

!!

Figure 1 - The exposome concept. The exposome corresponds to all the challenges humans can face during 

their life. These elements can be extended to all living organisms and are considered as stress factors. Adapted 

from (Vermeulen et al., 2020). 
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One of the main goal of medicine is to determine the specific manifestations that characterize 

diseases: the symptoms. If a disease is caused by a pathogen (bacteria, virus, parasite) or by a toxic, 

depending on its nature and its mode of damage, it is expected to display specific effects on a patient. 

Identifying these specific clinical descriptions is the key to assure a proper diagnostic and so to 

provide the most appropriated treatment. To this aim, the method that is employed consists in 

systematically ignoring all symptoms that are shared between different pathologies, as they are not 

discriminating of the causes. Around 1930, Hans Selye, a graduated student in medicine at Prague 
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University, postulated that if a wide range of diseases exacerbates similar reactions, this could be the 

sign of a global biological response to many environmental perturbations. This observation was the 

foundation of his stress theory. 
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When patients are exposed to a pathogenic or toxic agent, they develop a list of symptoms, 

some of them independent of the nature of the agent. Such symptoms include the feeling of 

discomfort, muscle and articular pain, intestinal disturbances, loss of appetite and general weight loss. 

Strikingly, it was known at that time that these symptoms are also manifested after exposition to non-

pathogenic agents. For example, surprisingly, patients that endured severe burns often develop 

gastrointestinal ulcers. This was challenging to understand, as it was no apparent direct connection 

between skin burns and the inflammation of the digestive tract. This observation raised the hypothesis 

of a common response mechanism that uses the same biological pathway, ending up in similar 

symptoms. Hans Selye decided to name “stress” this specific physiological state manifested after 

exposition to any disruptor. Firstly, he proposed to define stress by stating what it is not: it is not a 

nervous tension as it can also be observed in animals without nervous system, excluding it from being 

confounded with anxiety; nor it is only the nonspecific results of damages, as some normal activities 

(i.e. sport) can also lead to stress without causing any observable damage; it is neither any deviation 

from a stable state (homeostasis) as normal activities such as muscle contraction or feeding also 

causes deviations from the resting state in the concerned organs. Hans Selye then enounced two 

important characteristic features of stress: on one hand, stress is not a non-specific reaction as the 

pattern of stress reaction is very specific and it affects define organs in a selective manner. On the 

other hand, stress is not a specific reaction as it can results from a variety of pathogenic or non-

pathogenic agents. Finally, Hans Selye ended up with a notion of stress that he defined as "a 

physiologic state manifested by a specific syndrome which consists of all non-specifically induced 

changes within a biologic system" (Figure 2). In other words, "stress has its own characteristic form 

and composition, but no particular cause". 

Here is the distinction between a non-specifically formed change and a non-specifically caused 

change. The first situation corresponds to a mechanism that affects most or all parts of an organism 

without specificity. The second one describes a mechanism that can be induced by many factors, here 

corresponding to stress. In that way, stress and its manifestations are non-specifically induced, but its 

stereotypical manifestations are by definition, specific. 
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Figure 2 - Non-specificity of stress response. Each cause represented on the left is specific. Similarly, each 

result represented on the right is also specific. However, it is no possible direct connection between a cause 

and a result. Each cause can produce the same set of non-specifically induced results through a common 

pathway, here stress. Adapted from (Selye, 1976). 

 

From this definition, stress constitutes a physiologic state as it concerns an organism as a 

whole. In contrary to the specific effects caused by bacteria growing in lungs and leading to 

pulmonary problems, stress affects central organs (the central nervous system), peripheral organs 

(muscles, stomach, intestine) as well as the blood circulation. Even when a perturbation acts locally, 

stress always constitutes a global response. 

Stress is manifested by a specific set of symptoms, referred in medicine as a syndrome. These 

symptoms are the physiologic manifestations of a response that allows stress identification and 

quantification. They are specific in the way that they are always detected together during response to 

a stress factor. Consequently, they do not depend on the agent nature that can be biologic, chemical 

or physical.  
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The definition of stress proposed by Hans Selye led to major criticisms and 

misunderstandings. The term stress as used in his explanations seemed to be too much confusing and 

misleading, being interpreted as a cause, a state or a consequence simultaneously. Even today, 65 

years after publication of Selye’s seminal work, this remark persists as this term is yet misused. Some 

people talks about organisms exposed to stress, assuming that “stress” is a cause, the agent from 

which originates a response. Some others consider stress as a consequence, saying that organisms are 

stressed. Finally, the last ones consider stress as a state characterized by a typical response: the stress 

response. 

In his definition of stress as a physiologic state, Hans Selye highlighted the clear distinction 

between the state (the stress) and the factor able to produce this state, called the “stressor” and also 

referred as stress factor, agent or inductor. This point makes possible to describe an organism stressed 
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by exposure to a stressor that triggers an appropriated stress response. For example, nutrient 

deprivation can be considered as a stressor triggering a nutritional stress response.  

After many years of observations, Hans Selye clarified the organization of stress response at 

the organ level, underlying the importance of the hypothalamus pituitary adrenal (HPA) axis (Figure 

3). Hypothalamus is a region of the brain that connects the nervous system to the endocrine system 

through the pituitary gland intermediate. This gland is a protrusion of the hypothalamus responsible 

for hormones synthesis and its release within the blood circulation, such as growth hormone (GH), 

prolactin (PRL), luteinizing hormone (LH), follicle stimulating hormone (FSH), thyrotropin (TSH) 

or adrenocorticotropin (ACTH) (Perez-Castro et al., 2012).  

 

!

Figure 3 - The human HPA axis, an early model for stress response. Hypothalamus is tightly connected to 

the pituitary gland in the brain. Hypothalamus releases the corticotrophin-releasing hormone (CRH) to the 

pituitary gland that, consequently, secretes the adrenocorticotropic hormone (ACTH). ACTH is released in the 

blood circulation to reach the adrenal gland localized on the top of kidneys. Upon ACTH stimulation, the 

adrenal gland secretes cortisol, an anti-inflammatory steroid hormone. Then, the hypothalamus responds to 

cortisol level through a feedback inhibition mechanism.  

!

!"/#$012,'*3*('453$&.,6*),.$

!
In his book, Hans Selye reported that during a response to a stressor, multiples organs undergo 

specific and reproducible changes. These observations were made within a wide range of vertebrate 

species, from humans to chickens. Independently of the species and the nature of the stressor, the 

stress state presented many physiological manifestations, including a hypertrophy of the adrenal 

cortex, an atrophy of lymphatic organs scattered throughout the body, gastrointestinal ulcers and a 

general weight loss. Dissecting with more details these changes over time, he proposed two new 
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concepts validated in various vertebrate species: the general and the local adaptive syndromes, 

referred as GAS and LAS respectively. 

!
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GAS is a dynamic syndrome produced by agents that have a general effect on the whole body 

such as an intense heat wave or a long exposure to sun rays. The general stress response evolves over 

time through three different steps when exposure to the stressor is maintained:  

-! The first step called “alarm reaction” corresponds to the initial response after exposure to a 

stress factor. This stage is characterized by a deterioration of many physiologic parameters 

such as a decreases in muscular tone, blood pressure (hypotension), body temperature 

(hypothermia), blood sugar concentration (hypoglycaemia) and general body mass. 

Conversely, consequently to hormonal secretions from the adrenal cortex, hormones 

concentration in blood increases. When survival to the stressor is possible, this state allows 

the organism to prepare an appropriated response, aiming to recover the pre-stress state. If it 

failed to respond adequately, the stressed organism will die within hours to few days after 

initial exposure.  

-! Alarm reaction is followed by a "stage of resistance". This step is mainly characterized by the 

opposite manifestations: hormones accumulation in the adrenal cortex, blood sugar and 

hormones concentration decrease and recover of the initial individual weight. Resistance 

allows local adaptation to the stressor: multiplication of cells to enhance tissue capacities and 

activation of a local inflammation to defend the injured area against infection. During this 

adaptive transition, stressed organisms generally show a higher resistance against the 

causative stressor due to the optimal development of an appropriated response. In return, 

resistance capacities against most of other stress factors are lowered because of this 

specialization.  

-! In cases where stressor exposure is maintained and the organism is unable to return to the pre-

stress state, a last stage takes place: the "stage of exhaustion". The acquired resistance fades 

and symptoms from the alarm reaction are manifested again. Once this stage is reached, if 

stressor exposure is maintained, the stressed organism will die. 
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Figure 4 - Acquisition of adaptation during GAS. After stressor exposure, three stages follow in an organism 

to face the challenge. After the initial step of alarm reaction, the stage of resistance allows an organism to 

activate specific mechanisms against the causative stressor (straight line). In some cases, stressor exposure can 

lead to a cross-adaptation where the organism develops inappropriate resistance mechanisms (dotted line). In 

that case, the organism, not being able to cope with the environmental perturbation, will develop severe 

conditions. Adapted from (Selye, 1956). 

 

 During GAS, the second step will determine the ability to face a perturbation: the ability of 

adaptation (Figure 4). This determination is based on several physiological mechanisms and the 

probability to succeed depends on multiple parameters. 
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Adaptation, the process leading to resistance capacities during the second phase of GAS, is a 

complex mechanism. It is generally defined as all changes needed in a living being to accommodate 

against environmental conditions. It allows exposed organisms to survive by increasing their specific 

resistance against specific stressors. Basically, adaptation allows to transiently explore an alternative 

stable state, temporarily disrupting homeostasis. Two different but convergent processes permit this: 

adaptive homeostasis and hormesis. Adaptive homeostasis is a notion defined by Kelvin J. A. Davies 

in 2016 as "the transient expansion or contraction of the homeostatic range in response to exposure 

to sub-toxic, non-damaging, signaling molecules or events, or the removal or cessation of such 

molecules or events". Alternatively, hormesis is a notion predicted by Southam and Ehrlich in 1943 

that mainly differs from adaptive homeostasis by the involvement of a repair process: "the process 

by which sub-lethal damages caused by small doses of a toxin or poison would produce an 
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exaggerated repair response in which the organism actually becomes stronger than it was previously". 

These two concepts state that low intensity exposure to a stress factor induces an adaptation for further 

exposure. The acquired resistance capacities are then specific (Figure 4, straight line) or crossed 

(Figure 4, dotted line) depending on the agents against which adaptation is acquired. These two 

processes contribute to the variability of adaptive capacities in living organisms, determining if 

adaptation is possible, and against which range of stressors. 

Interestingly, adaptation is not acquired permanently but rather for a given but variable period. 

This knowledge supports that adaptive homeostasis is permitted only temporary, and that prolonged 

exposure to a derivation of the homeostatic state is deleterious. This observation is in agreement with 

the notion of allostatic charge or load (see 1.2.4). Consequently, the kinetic of response is a key 

phenomenon in the process.  

!
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Contrary to GAS, LAS is characterized by a selective and specific response from organs or 

tissues that are locally exposed to a stressor. Its manifestations will be the same independently of the 

stressor nature, but it is limited to the exposed organ. The principal role of LAS is to create a barrier 

between the invaded or damaged region and the rest of the body. As during the general stress 

response, three steps characterize LAS:  

 

-! First, the invaded or injured zone sets up an inflammation response. This step corresponds to 

a local counter-attack to eliminate the stressor while it is still possible. Locally, tissue-resident 

macrophages and mast cells initiate recognition of an infection or aggression (Medzhitov, 

2008). A wide range of inflammatory molecules are released such as chemokines or cytokines 

that will support host response, including recruitment of immune cells and plasma proteins, 

sent to the affected site to kill any eventual invader. To do so, immune cells release secretory 

vesicles containing highly reactive molecules including reactive oxygen species (ROS) and 

reactive nitrogen species (RNS) among others (Medzhitov, 2008). If the pathogenic agent is 

eliminated by this oxidative burst, a local repairing process occurs. Otherwise, a "fight-or-

flight" strategy is applied: pursuing the counter-attack with the risk of major collateral 

damages due to reactive species production that do not discriminate host and invader cells, or 

withdrawing by repression of the local inflammation.  

-! When the local inflammation is not sufficient, the inflammatory process is followed by 

degeneration of proximal cells and formation of granulomas: a wall constituted by 
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macrophage layers surrounding invader's cells. It aims to block or at least minimize 

infiltration of the stressor within the infiltrated tissue.  

-! Finally, if stressor exposure is maintained, affected cells massively die by apoptosis or 

necrosis leading to important damages at the tissue level (Figure 5). Apoptosis is a cell death 

program playing important roles during cell damage and cell stress response, similar to the 

process setting during development and morphogenesis (Nikoletopoulou et al., 2013). Cell 

death is initiated by caspases (cysteine-aspartic proteases) and proteases activation that induce 

mitochondrial membrane permeabilization, chromatin condensation and DNA fragmentation. 

Conversely, necrosis is a caspase-independent cell death activated more specifically during 

damage or stress response, and also in some pathologies (Nikoletopoulou et al., 2013). A third 

cell death mechanism, autophagy, consists in self-cannibalization that can be activated in 

response to particular situations such as nutrient deprivation, hormonal depletion or hypoxia. 

This process involves the engulfment of cytoplasmic material and intracellular organelles 

within intracellular vesicles called autophagosomes (Nikoletopoulou et al., 2013). 

 

 Although local and general responses are two distinct phenomena, their activation 

mechanisms are linked together: a sufficiently intense local stressor can trigger a general response 

and a general stressor can exacerbate or repress local effects (Selye, 1976). Indeed, GAS involves in 

its initial and final steps secretion of adrenal hormones, such as corticoids, that are known to repress 

inflammation. These molecules belong to the steroid hormones family and are used by many 

organisms as anti-inflammatory agents (Perez-Castro et al., 2012). Corticoid secretion favors an 

easier and faster local healing process by repressing inflammation, and avoiding useless side effects 

and energetic wasting in case the invader can be easily countered. In contrary during the second step 

of GAS, adrenal hormones concentration decreases in blood, stimulating inflammation. This situation 

generally allows the elimination of the invader but can also results in unintentional activation of 

inflammatory processes through different places of the body. Conversely, local responses can also 

triggers a general one as in case of allergic reaction resulting from pollen inhalation and caused by 

an inappropriate dysregulation of the immune system against generally harmless stressors (Selye, 

1976). Despite these observations, the functional relations between LAS and GAS are not well 

understood and only few indications on the nature of the first messenger involved in stress response 

are known.  
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Figure 5 – Apoptosis, autophagy and necrosis. Apoptosis, autophagy and necrosis are the main pathways 

for programmed and non-programmed cell death. Necrosis is a non-programmed caspase-independent 

pathway activated in healthy cells (a) and leading to necrotic cells of particular morphology (b). Necrotic cells 

display an endoplasmic reticulum and mitochondrial swelling, rupture of the cell membrane, distension of the 

nucleus and cell lysis. In contrary, apoptosis (the caspase-dependent cell death) leads to rounded cells, 

chromatin condensation, nucleus fragmentation and the loss of apoptotic bodies (c). These bodies are vacuoles 

containing intact organelles and cytoplasm. Finally, autophagy is another caspase-independent but 

programmed cell death, contrary to necrosis (d). Cells under autophagic death display numerous intracellular 

vesicles: autophagosomes. Adapted from (Nikoletopoulou et al., 2013). 
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 Although local and general responses are two distinct phenomena, their activation 

mechanisms are linked together: a sufficiently intense local stressor can trigger a general response 

and a general stressor can exacerbate or repress local effects (Selye, 1976). Indeed, GAS involves in 

its initial and final steps secretion of adrenal hormones, such as corticoids, that are known to repress 

inflammation. These molecules belong to the steroid hormones family and are used by many 

organisms as anti-inflammatory agents (Perez-Castro et al., 2012). Corticoid secretion favors an 

easier and faster local healing process by repressing inflammation, and avoiding useless side effects 

and energetic wasting in case the invader can be easily countered. In contrary during the second step 

of GAS, adrenal hormones concentration decreases in blood, stimulating inflammation. This situation 

generally allows the elimination of the invader but can also results in unintentional activation of 
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inflammatory processes through different places of the body. Conversely, local responses can also 

triggers a general one as in case of allergic reaction resulting from pollen inhalation and caused by 

an inappropriate dysregulation of the immune system against generally harmless stressors (Selye, 

1976). Despite these observations, the functional relations between LAS and GAS are not well 

understood and only few indications on the nature of the first messenger involved in stress response 

are known.  
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Response to general stress factors exposure has been clearly defined. However, several 

parameters are capable to modulate its manifestation. This is the origin of response variations 

observed between individuals, species and stressor natures.  

! Etress response is an ubiquitous process among species and individuals. GAS has been 

observed in different vertebrate organisms and always follows a stereotypical pattern. However, 

despite the conservation of this mechanism, individuals’ response is variable in dynamic and 

intensity. Depending on individuals or stressor nature, stress response can stand for hours to days and 

be more or less pronounced among individuals as illustrated by exacerbated allergic response 

occurring in some people. These divergences are partly due to what Hans Selye referred as internal 

and external conditioning. 

 Internal conditioning is due to modifications performed by endogenic factors such as heritable 

processes (i.e. genetic predispositions), past experiences (i.e. epigenetic), sex or age. In addition, age 

also plays an important part in stress response conditioning as it has been shown that the capacity for 

re-establishment of homeostasis progressively declines with age (Ewald, 2018).  

 Conversely, external conditioning is due to modifications caused by exogenic and 

environmental factors, microbial and viral challenges, climate, diet, drugs, and pollution being some 

examples. 

 Complementary to conditioning, the other main modulators of stress response are stressor's 

specific effects. Being non-specifically induced, stress response is believed to be independent of the 

stressor nature. However, depending on stressor properties, specific effects can modulate the classical 

stress response profile or even completely hide some non-specific effects. If a stress response is 

induced by injection of insulin, the expected stereotypical effect of stress-induced increased 

glycaemia will be counteracted by the insulin specific effect that consists in decreasing blood sugar 

concentration. 

The physiological flexibility of living organisms is an essential feature of their resilience. This 

term is increasingly used and mentioned in various fields from engineering (Lundberg and Johansson, 
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2015) to ecology and neurobiology (Feder et al., 2019). However, despite its common use, the word 

"resilience" represents a complex situation that is still poorly defined, sometimes explained by 

contradictory interpretations and lacking a universally accepted definition in the scientific literature 

(Aburn et al., 2016). In stress biology, resilience is generally employed to describe the ability of living 

organisms to respond appropriately to pertubations by resisting damages and setting a suitable 

biological response. This capacity to face a challenge usually consists in trying to maintain or at least 

to recover a pre-perturbation state, a strategy referred as homeostasis. In some complex situations, an 

alternative solution is to explore new set points to reach a novel and more resilient equilibrium called 

allostasis. This strategy is physiologically more costly and depends on the capacity to endure long-

term consequences of the adaptation, referred as the allostatic load. Depending on the stressor nature, 

intensity, persistence and the general organism state, the allostatic load accumulates at a variable 

speed and can result in an allostatic overload: a failure to adaptation due to sustained activation of 

regulatory mechanisms (Baffy and Loscalzo, 2014). In humans, it has been demonstrated that such 

chronic exposure to stress promotes the development of diseases such as Alzheimer disease (Tönnies 

and Trushina, 2017), cancer (Moloney and Cotter, 2018), diabetes (Jha et al., 2016), and 

cardiovascular problems (Aldosari et al., 2018).  
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Hans Selye’s work had a major impact in the Biology field, not only in health Science or clinic 

(Rice, 2012). Following his publications, numerous works were undertaken to understand how these 

notions translate at the cellular and molecular levels and to identify molecular processes or pathways 

representative of the physiological descriptions made at the individual level. 

Similarly to the physiologic phenomenon described by Selye, oxidative stress suffers from a 

semantic problem, as it is a term widely used, often misunderstand. It was initially defined by Helmut 

Sies as a "perturbation of the pro-oxidants to antioxidants balance in favor of pro-oxidants leading to, 

potentially, damages" (Sies, 1997). This concept relies on the maintenance of a dynamic equilibrium 

between oxidative and reductive reactions in cells, named the redox homeostasis, and oxidative stress 

is characterized by a shift towards an increased oxidant potential with toxic cellular effects. However, 

based on more recent findings, this definition has been updated by Dean Jones in 2006 and stated as 

"a disequilibrium between oxidants and antioxidants in favor to the firsts, leading to a perturbation of 

the redox signaling control and/or to molecular damages” (Jones, 2006). In this new concept, 

oxidative stress represents a disruption of redox signaling and control. 
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Since life appeared on Earth, the ecosystem has undergone significant environmental changes. 

Around 600 million years ago, the dioxygen (O2) concentration in the atmosphere dramatically 

increased and finally reached today’s level of 21% (Figure 6) (Eaton, 2006; Fischer et al., 2016). 

Dioxygen is a major driver of the equilibrium between oxidation and reduction reactions as it forms 

free radicals generated by electron acceptance. Due to the presence of one or two unpaired electrons, 

the superoxide radical (O2
.-) and peroxides (O2

2-) react with water to produce hydroperoxyl (HO2
.), 

hydroxyl (HO.) or hydrogen peroxide (H2O2). According to their capacities to react with other organic 

molecules, these compounds are unified under the term of “reactive oxygen species” (ROS). In 

addition, the presence of O2 favored the apparition of additional “reactive nitrogen species” (RNS), 

such as nitric oxide (·NO) and peroxynitrite (ONOO-).  

Both ROS and RNS are generated by harmful environmental factors - UV light, ionizing 

radiations or toxics (smoke, chemicals, drugs, pollutants) - but also many cellular functions using O2 

molecules to perform biochemical reactions. One of these key reactions in aerobic organisms is the 

oxidative phosphorylation that takes place in mitochondria in eukaryotes and at the cellular 

membrane in prokaryotes. During this process, electrons are transferred from donor to acceptor 

proteins through a cascade of complex enzymatic redox reactions coupled with protons transport to 

the intermembrane space (Cadenas, 2018). Finally, electrons end up in O2 molecules that are 

converted to water by the cytochrome c oxidase (also called complex IV), while ATP synthesis is 

permitted by the generated gradient of proton. However, leak in the electron transport chain can occur 

and transfer of electron to O2 leads to production of the superoxide radical O2
.-. Other sources of 

cellular ROS are (i) the auto oxidation of haemoglobin (Hb(Fe2+)•O2 -> metHb(Fe3+) + O2
.-), (ii) the 

Fenton reaction, involving redox-active labile iron, (Fe2+ + H2O2 -> Fe3+ + HO. + OH-), and (iii) 

several reactions catalyzed by enzymes, such as NADPH oxidase, superoxide dismutase, 

myeloperoxidase, nitric oxide synthase. 

Accumulation of O2 and other highly reactive species derivatives leads to excessive oxidation 

and disruption of redox homeostasis. This in turn induces cellular damages, resulting from reaction 

with all major cellular components (Eaton, 2006; Halliwell and Gutteridge, 2015). Different 

ROS/RNS toxicity relies on their oxidative reactivity, together with their half-life within the cell 

(Table I). Therefore, in an O2 containing environment, organisms had to evolve and develop new 
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strategies to integrate the properties of this factor. Some mechanisms appeared to counter harmful 

modifications induced by ROS, although others appeared to take advantages of these highly reactive 

species. These choices have led to the paradoxical situation in aerobic organisms: O2 is an 

environmental poison indispensable for life (Davies et al., 2017).  

 

!

Figure 6 – Appearance of dioxygen in atmosphere is a major challenge for life. Evolution of dioxygen 

(O2) concentration in Earth atmosphere. Life appeared on Earth when the dioxygen rate in the atmosphere was 

almost null. Around 600 million years ago, the dioxygen content in the Earth atmosphere dramatically 

increased to reach around 20%. Since that time, the dioxygen percentage in the air varied in a range from 15 

to 35%. Red line depicts the actual dioxygen content in our atmosphere. Adapted from (Olson, 2012).  

!

!

Table I – Characteristics of most abundant dioxygen radicals. Dioxygen derived free radicals and reactive 

oxygen species have a high potential to react with biological macromolecules according to their residing time 

in the cell and their oxidant properties. Alkoxyl and peroxyl radicals correspond to oxidized-lipid (L) entities. 
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In a context of high oxygen concentration, ROS have severe impacts on oxidation and 

reduction reactions possibly disrupting the redox homeostasis. When this equilibrium cannot be 

maintained and actual redox status overpasses a certain threshold, cells undergo oxidative stress. 

!!

Figure 7 – Mechanisms of molecular and cellular injuries mediated by ROS and RNS. At high 

concentration, ROS can cause oxidative damages to all principal cellular components, thereby affecting cell 
functions. When ROS damages are too important, cells engage a suicide process: apoptosis or necrosis. 

Adapted from (Sharma et al., 2012). 

 

Due to their high reactivity, ROS can modify DNA, proteins and lipids, thereby affecting their 

biological activities (Figure 7). DNA oxidation can lead to single or double strand breaks, and to 

nucleotide modifications (Cadet and Wagner, 2013). In one well-documented reaction, DNA 

oxidation targets the guanine nucleotide and leads to formation of 8-oxoguanine. Because of its 

alternative conformation, 8-oxoguanine induces an unusual pairing with an adenine nucleotide during 

DNA replication, consequently leading to its substitution by a thymine. Such mutations can be 

responsible for protein sequence alteration or modification of gene expression, by degradation of 

DNA motifs recognized by transcription factors within gene promoters. In addition to DNA, reactive 
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species also alter lipids. Main components of cell membranes, lipids play a key role in the 

maintenance of cell integrity. Because of the presence of several oxidizable double bonds in their 

lateral chain, polyunsaturated fatty-acids (PUFA) are the preferred targets of oxidation reactions. 

Referred as peroxidation, oxidation of PUFA molecules is a propagative process composed by three 

phases: initiation, propagation and termination (Gaschler and Stockwell, 2017). During initiation, 

hydroxyl and peroxyl radicals generated by metabolism or the Fenton reaction, oxidize PUFA, 

producing unstable fatty-acid radicals that immediately react with O2, leading to the formation of 

alkoxyl- or peroxyl- fatty-acid radicals (Table I, LO. and LOO.). 

The propagation step consists in the reaction of this radical with the surrounding fatty-acids. 

Thereby, a unique oxidation event can cause propagation of lipid oxidation along a lipid membrane. 

Finally, the propagation can be interrupted by antioxidant molecules or enzymes (e. g. phospholipid 

glutathione peroxidase), when two radicals react together, forming a covalent bond. In addition to 

fatty acids, cell membranes contain proteins susceptible to oxidation as well. When free radicals react 

with proteins, they induce amino acids modifications such as carbonylation, intra- and inter-molecular 

crosslinks and formation of protein crosslink by dityrosine (Dalle-Donne et al., 2003). These reactions 

lead to proteins misfolding or cross-linking, disabling their biological function or at least modifying 

their catalytic capacities (Stadtman and Levine, 2003). Moreover, when proteins are unfolded, 

hydrophobic residues get exposed, promoting protein aggregation or increasing their susceptibility to 

be recognized and degraded by the proteasome. Altogether, oxidation of these cellular components 

has major impacts on central cellular activities resumed in Figure 7. 

 Similarly to the physiologic stress response, cells adapt their behaviour and metabolism during 

oxidative stress. These modifications have different outcomes depending on the cell type or the tissue 

affected, but a stereotypical response takes place that can be considered as a "cellular general adaptive 

response". In an optimal situation, cells can repair the damaged components to avoid the deleterious 

effects using the antioxidant system and other dedicated repair mechanisms (see 1.5.2). In case of a 

most severe situation, depending on the intensity and duration of oxidative stress, cells can go through 

five different states (Halliwell and Gutteridge, 2015): 

-! Stimulation of proliferation, only takes place at low oxidative stress intensity, 

-! Activation of adaptive pathways such as overexpression of defence systems, 

-! Alteration of cellular component functions due to oxidative damages, 

-! Survival but inactivation of dividing capacity (also called "senescence"), 

-! Activation of cell death by necrosis or apoptosis. 
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 Similarly to the "fight-or-flight" strategy occurring during LAS, cells that initiate oxidative 

stress defence seem to follow a "sink-or-swim" method. First, cells try to replace their damaged 

components to maintain as much as possible the basic functions. When this solution is no longer 

possible, cells can still survive but with non-repairable damages. If the redox equilibrium is disrupted 

for a prolonged period, accumulation leads to general impairment of the whole cellular metabolism, 

severely affecting cell fate and activating a programmed suicide mechanism. 
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Despite all their negative effects when present in excessive concentration, ROS, RNS and in 

more general free radicals are nevertheless essentials. When their production and activity are correctly 

regulated in cells, free radicals perform indispensable biological functions. Notably, they are central 

in defence mechanisms against pathogens (Lorenzen et al., 2017) as well as for signaling processes 

(Zhou et al., 2019). Therefore, contrary to what is now obvious in the public mind, if some 

antioxidants are good, more antioxidants are not necessarily better and can trigger reductive stress 

(Pérez-Torres et al., 2017): it has been shown that an excess of antioxidants is deleterious to the 

immune system, notably by impairing T-cell activation (Lorenzen et al., 2017), or to stimulate tumour 

progression (Hawk et al., 2016). To highlight and precise the essential role of redox reactions in 

biological systems, Dean Jones and Helmut Sies have proposed the notion of “Redox Code” (Jones 

and Sies, 2015). Similar to the genetic code, the redox code aimed to establish how oxidation and 

reduction reactions control metabolic and signaling pathways in living organisms. This concept has 

been stated as a list of four principles: (i) the metabolic organization, (ii) the linkage of metabolism 

to structure, (iii) the redox signaling and spatiotemporal differentiation, and (iv) adaptation to the 

environment. 
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! Many vital metabolic pathways are intimately related to redox reactions involving electron 

transfers. Enzymes catalyzing these reactions are assisted by small molecules to capture released 

electrons: the so-called coenzymes. Among them, the nicotinamide adenine dinucleotide (NAD) and 

nicotinamide adenine dinucleotide phosphate (NADP) are two systems based on the use of the 

NAD+/NADH and NADP+/NADPH couples. Maintained at a near thermodynamic equilibrium, both 

systems participate to metabolic processes, such as dehydrogenases coenzymes, including catabolic 

(i.e. the pentose phosphate) and anabolic (i.e. the gluconeogenesis) pathways. For example during 

glycolysis, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) converts glyceraldehyde 3-
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phosphate to 3-phospho-glyceroyl phosphate using NAD+ as electron acceptor. Such system is also 

involved in the tricarboxylic acid (TCA) cycle in which three dehydrogenases depends on NAD+: the 

isocitrate, alpha-ketoglutarate and malate dehydrogenases. In the pentose phosphate pathway, 

NADP+ is preferred as electron acceptor for the 6-phosphogluconate dehydrogenase, responsible for 

ribulose-5-phosphate production. Production of NADH and NADPH during these reactions requires 

their regeneration as potential electron acceptor by other oxidative reactions. Therefore, both 

metabolic and oxidative activities are inter-dependent. 

 The NADP+/NADPH couple is participating in many reductive reactions as co-factors for 

thioredoxin- or glutathione-reductases for example, but is also involved in ROS production. In 

humans, seven membrane-bound proteins convert NADPH to NADP+: five NADPH oxidases 

(NOX1-5) and two dual oxidases (DUOX1 and DUOX2) (Lambeth, 2004; Bedard and Krause, 2007; 

Lambeth and Neish, 2014). These proteins produce superoxide radicals in different cell compartments 

participating in local ROS signaling, important for apoptosis or proteins modifications, as well as 

defence against pathogens by producing oxidative bursts. In addition, DUOX proteins possess a 

peroxidase domain that can directly transform O2
.- to hydrogen peroxide (H2O2) (Figure 8). 

Interestingly, NOX and DUOX enzymes seem to be conserved in animals as suggested by the 

presence of homologous proteins in the nematode Caenorhabditis elegans (Ewald, 2018). The protein 

sequence is weakly conserved between human and nematode’s DUOXs (around 30% of similarity), 

but their architectures and functions are strikingly conserved with functional domains sharing 90% 

of similarity. Consequently, the catalytic function of the worm’s Duox is similar to its mammalian 

counterpart and is capable to perform signaling reactions, as well as defensive mechanism to kill 

pathogens. 
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Figure 8 - DUOX protein topology. As in mammalian, C. elegans DUOX is a transmembrane protein. 

Conversion of NADPH to NADP+ by NADPH oxidase domain (NoD) leads to O2
.- production and its release 

through the membrane pore. In DUOX proteins, the additional peroxidase domain compared to NOX can then 

convert superoxide radicals to H2O2. Adapted from (Ewald, 2018). 
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! Other redox processes have an essential role for cells without being associated with a specific 

reaction or pathway. These processes act directly on proteins to modify their folding and consequently 

regulate their activity or their interactions with partners. Redox systems involved in this mechanism 

are considered as molecular switches and react with redox sensitive amino acids groups such as thiol 

group (R-SH), creating/breaking up intra- or inter-molecular disulfide bonds (R-S-S-R’). This activity 

is performed by thiol-dependent systems such as the cysteine/cystine (Cys/CySS), notably used by 

thioredoxin (TRX-SH/TRX-SS) and the tripeptide glutathione/glutathione disulfide (GSH/GSSG) 

among others couples (Figure 9) (Kemp et al., 2008). Four types of switch have been described: 

"on/off" switches that activate or inactivate a protein, allosteric switches responsible for the regulation 

of catalytic activities, thiolation switches orienting protein functions and interaction switches (Go and 

Jones, 2013). The paradigm of thiol switch controlling protein interactions is the case of the nuclear 

transcription factor NF-kappa-B (NFKB1) in which the DNA-binding capacity depends on 

modification of a cysteine residue (Toledano and Leonard, 1991). Interestingly, this thiol switch 

system has been identified also in prokaryotes, underlying its importance and conservation in living 

organisms (Hillion and Antelmann, 2015). 
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Figure 9 - Thiol systems. Thiol (R-SH) groups are highly reactive with their molecular environment. 

Cysteines can form internal disulfide bonds to modify a protein structure and external disulfide bonds to create 

proteins interactions. This reactivity of cysteine constitutes a switch system for activating/deactivating proteins 

or to create/break interactions. Reactive species are represented in blue. Adapted from (Ellgaard et al., 2017). 

 

Of note, enzymes of the selenoprotein family – and among them thioredoxin reductase, 

glutathione peroxidase and methionine sulfoxireductase - play a central role in the regulation of the 

thiol system. Selenoproteins belong to a group of proteins that contain at least one selenocysteine 

amino acid, presenting a selenol group (R-SeH) in place of the thiol group in cysteine. This particular 

amino acid is co-translationally inserted into a specific set of proteins (25 in human), thanks to a 

dedicated translation machinery (Vindry et al., 2018). Presence of the selenium atom in 

selenocysteine confers specific catalytic properties to the enzyme that translate into increased 

reactivity compared to a cysteine homolog. In addition, presence of the selenocysteine was 

hypothesized to protect the enzyme of oxidation in case of oxidative stress, to preserve its catalytic 

activity (Reich and Hondal, 2016). Indeed, oxidation of selenocysteine is spontaneously reversible, 

while oxidized cysteine or methionine requires enzymatic-catalyzed reactions for their reduction. 

Therefore, selenoproteins are predicted to act as rescue enzymes, with preserved activity in condition 

of increased oxidative status. 

 

 

 

!"

! !""!

!!"#

!"#$%$&'()*"%$'()

!"

! #$

!!$%

+'$,(-*"%$'()

!"

! %!"

!!"&

.#"/&*0,%$'()

!"

! %!$!

!!%&

.#"/1)*"%$'()

!"

!"

!"

!

!

!

!"

!

! 2)$1,3&%')4

0'-#"/'01 /(,5%$'()

!"

!"#$%&'()&$*("%+,-%+(

-./$%&'%(/&+%(-*0&'

2)$,%3&%')4

0'-#"/'01 /(,5%$'()



! HH!

!"F"D#$K+6&H$)-8'7@-'8$7'6$)*71-&1+0*&47@$6-..+4+'1-71-&'$

 

It exists another layer of complexity in the contribution of redox reactions to cell signaling, 

allowing space and time control. Cells components are subject to modifications that often result in a 

change of their properties or functions. Some of these modifications are permanent such as 

ubiquitination of proteins that triggers protein degradation. Conversely, other modifications such as 

phosphorylation are reversible and play a key role in signal transduction. Similarly, oxidation of 

cysteine thiols by endogenous metabolites and external substances is a reversible process. For 

example, oxidation/reduction of cysteine residues in actin controls its 

polymerisation/depolymerisation forms (Dalle-Donne et al., 2002; Farah et al., 2011). Moreover, 

thiol switches controlling cofilin oxidation level inhibits its interaction with actin and promotes its 

translocation to the mitochondria, where it stimulates apoptosis signaling (Klamt et al., 2009). As 

actin dynamics is essential for vital biological processes such as cell morphology, migration, growth 

or membrane trafficking, its direct and indirect regulation by redox reactions places thiol switch 

systems as a central signaling platform connecting intracellular with extracellular environments (Go 

et al., 2015). Similarly, activation/deactivation cycles of hydrogen peroxide (H2O2) metabolism was 

shown to support complex time-dependent processes controlling development of organisms.  

 Within the cell, redox reactions are spatially organized in two ways. Eukaryotic cells are 

divided in specialised compartments, containing a set of proteins catalyzing specific reactions. 

Membrane permeability being specific for different ROS, cellular repartition permits local 

independent activation of enzymes control within the cell. For example, oxidation state of TRX 

differs among major compartments within the cell, with oxidation status decreasing from 

endoplasmic reticulum, to cytoplasm, to nuclei, and being the lowest in mitochondria. A second way 

is the metabolic compartmentation, such as partitioning of H2O2 metabolism between different 

enzymatic systems. The knowledge of peroxide metabolizing systems has progressed with sequential 

discovery of catalase, selenium-dependent GSH peroxidase, selenium-independent GSH peroxidases 

(glutathione transferases), and peroxiredoxins (see 1.5.2). Several lines of evidence indicate that in 

mammalian cells, catalase has little contribution to peroxide metabolism outside the peroxisomes. 

Partitioning of metabolism between the three remaining systems was inferred from GSSG efflux after 

infusion of diamide in hepatocytes, resulting in irreversible oxidation of the thiol system. It showed 

that protein thiol oxidation constituted 73% of the net thiol oxidation while GSH oxidation was only 

27% of the total. Thus substantial protein oxidation can occur without depletion of GSH, indicating 

that protein and GSH oxidation occur independently. This result showed that most of the reductive 

activity was independent of the two GSH peroxidases, mainly relying on the activity of 

peroxiredoxins (Tribble and Jones, 1990).  
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The complex interplay between redox actors and their many different targets constitutes an 

intricate intracellular network controlling essential metabolic and signaling pathways in response to 

environmental signals. Thanks to the switch capacities of thiol systems, redox reactions are 

responsible for the fine-tuning of protein’s activities, including enzymes and transcription factors 

(HIF-1 alpha, NRF2, see 1.5.3). Other redox actors, also participate to signal integration, for example 

by mediating insulin signaling as H2O2 production is increased in presence of extracellular insulin 

(Szypowska and Burgering, 2011). Also, during wound healing, cells activate a modification of their 

shape based on calcium transport, ATP and H2O2 production (Cordeiro and Jacinto, 2013). From the 

tissue viewpoint, local production of ROS by neutrophils sent to the invaded place to kill pathogens 

also assures signaling to the neighbouring cells (El-Benna et al., 2016; Glennon-Alty et al., 2018). 

Finally, oxidative stress is predicted to be an active condition in many diseases (Table II). For 

example, redox reactions are believed to play a key role during aging. Older organisms present a 

higher rate of carbonylated proteins, genomic and epigenomic alterations, inducing deregulation of 

metabolic processes, mitochondrial dysfunctions and even disturbed cellular communication (Go and 

Jones, 2017; Ewald, 2018).  

 

!!

Table II – Major diseases and disorders related to ROS/RNS. Because ROS and RNS are ubiquitous 

molecules, they interfere with various biological processes. They are consequently linked to many different 

diseases and disorders.  
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This network constitutes an ideal biological structure sensing and responding to cell exposure 

to its environment and during its whole life, also defined as the exposome. To maintain redox 

homeostasis, cells deploy several strategies depending on the organism nature and on situations. 

Three main strategies have been established: flee the environment of high ROS concentration, 

decrease its endogenous production or increase antioxidant capacities. 

!
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To avoid perturbations of the redox homeostasis, particularly in situation of saturating 

oxidation, unicellular organisms such as bacteria, archaea or single-cell eukaryotes can just move 

away from external ROS production sources. Such solution still involves the use of ROS sensor 

systems to orient the organism. For multicellular eukaryotes, the situation is more complex, since 

oxidative stress generally constitutes an endogenous condition. In this situation, ROS exposure can 

be decreased by inhibition of its endogenous production reactions. However, because redox systems 

are interconnected to metabolism control, such inhibition can have deleterious effect. 

$
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Alternatively, cells can use antioxidant agents that are defined as “any substance capable to 

delay, avoid or repair molecular oxidative damages” (Halliwell and Gutteridge, 2015). These 

substances act by different ways: removing reactive species, protecting other biomolecules or 

preventing their oxidation. Depending on their location in cells and mode of action, these different 

activities are performed either by enzymatic or non-enzymatic agents (Eaton, 2006).  

The non-enzymatic molecules generally consist in low-molecular weight entities scavenging 

ROS (Table III). Thanks to the reactive capacity of the thiol group present in cysteine, a consequent 

number of antioxidants consist in cysteine-containing molecules. Glutathione is one of these 

molecules, a tripeptide composed by a glutamate, cysteine and glycine amino acids. When oxidized, 

its cysteine can form a disulfide bridge with another glutathione molecule, thereby protecting other 

cell's components from oxidation. Other kind of antioxidants does not contain cysteine such as 

vitamin C (also referred as ascorbic acid), an enzymatic cofactor obtained from the diet in humans. 

This molecule is essential for the activity of antioxidant enzymes such as peroxidases, but also acts 

as an independent scavenger of free radicals. Being water-soluble, vitamin C is found in the cytosol 

and acts on ROS and RNS thanks to its two ionizable hydroxyl (R-OH) groups. Similarly, vitamin E 

refers to a group of fat-soluble compounds (tocopherols and tocotrienols) obtained from the diet and 

playing an antioxidant role. Thanks to its lipophilic properties, vitamin E plays a major role in cell 
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membrane integrity by blocking peroxidation propagation through its peroxyl-fatty-acid radical and 

its scavenging capacity. 

In opposition to their non-enzymatic counterpart, antioxidant enzymes are high-molecular 

weight entities aimed to reduce reactive species (Table IV). Due to their enzymatic nature, these 

compounds are generally more efficient and specific catalysts of redox reactions (Figure 10). The two 

most often presented antioxidant enzymes are the superoxide dismutase (SOD) and the catalase 

(CAT). In humans, SOD exists in three forms that have a different location: SOD1 is localized in the 

cytoplasm and mitochondria, SOD2 is mitochondria-specific and SOD3 is found in the extracellular 

space. These enzymes catalyze the production of H2O2 and dioxygen from two O2
.- radicals. As 

hydrogen peroxide is also a reactive specie, it must be reduced by a second enzyme: CAT. 

 

  

Table III – Major non-enzymatic antioxidants. Non-enzymatic antioxidants can be synthetized (endogenous 

antioxidants) or obtained from the diet. In addition, some synthetic molecules are also an antioxidant source 

used to treat patients.  

 

Using four porphyrin heme groups, CAT converts two H2O2 molecules into harmless 

products: water and dioxygen. Other enzymatic systems occur in cells in addition to SOD and CAT, 

such as glutathione peroxidases (GPX), peroxiredoxins (PRX) and thioredoxins (TRX). The first one 

refers to a group of enzymes that use glutathione to reduce H2O2. Once oxidized, GPX enzymes are 

recycled by glutathione molecules, themselves reduced by glutathione reductase (GR) enzymes. 
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Peroxiredoxins and thioredoxins are two categories of enzymes that also work together. In a first step, 

peroxiredoxins reduce H2O2 molecules in water, leading to oxidation of their own cysteine. This step 

leads to the creation of disulfide bonds between two PRX, forming a PRX homodimer. Then, 

thioredoxins recycle peroxiredoxins by reducing their S-S bond. In a final step, thioredoxin reductase 

(TR) reduces oxidized TRX. Altogether, enzymatic and non-enzymatic compounds constitute the 

major mechanism of redox regulation in cells.  

 

  

Table IV – Main enzymatic antioxidants. Enzymatic antioxidants display a specific repartition in different 

cellular compartments and allow the spatialization of redox responses.  
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Figure 10 - Enzymatic antioxidant systems. In a first step, superoxide radical (O2
.-) is dismutated in hydrogen 

peroxide (H2O2) by superoxide dismutase (SOD) enzymes (represented in orange). Then, three enzymatic 

systems can manage this cellular ROS (represented in blue): A) the peroxiredoxin (PRX)/ thioredoxin (TRX)/ 

thioredoxin reductase (TR) system, B) the glutathione peroxidase (GPX)/ glutathione (GSH)/ glutathione 

reductase (GR) system and C) the catalase (CAT) system. For systems A) and B), the final step leads to NADP+ 

production. 
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In cells, oxidative stress defense is managed by transcription factors, proteins able both to 

sense oxidative signals and to regulate genes expression. Three transcription factors are known to be 

central components of the redox-disruption response: NF-kappa-B (discussed previously), HIF-1 

(hypoxia-inducible factor 1) and NRF2 (NF-E2-related factor 2). 

 HIF-1, an obligatory heterodimer composed by two distinct subunits, respectively HIF-1 alpha 

and HIF-1 beta, was identified as an O2 sensor. Under normoxia (a state of basic physiological oxygen 

concentration), the alpha subunit is modified by PHD enzymes (prolyl-hydroxylases), leading to its 

rapid ubiquitination and degradation (Movafagh et al., 2015). Conversely, under hypoxia (a state of 

reduced oxygen availability), PHD enzymes activity decreases, and HIF-1 alpha and beta subunits 

accumulate to form a functional heterodimer. It is still controversial, but it has been hypothesized that 

HIF-1 is also sensitive to high intracellular ROS levels induced by the hypoxic conditions. Oxidation 

of HIF-1 promotes its translocation to the nucleus where it binds DNA motifs called HREs for 

"hypoxia responsive elements", activating the transcription of related genes. Such activity mediates 

an adaptive metabolic response increasing the flux of enzymes of the glycolytic pathway, the serine 

synthesis and the folate cycle, while decreasing the TCA cycle turnover. These adaptations result in 

the production of antioxidant molecules and NADPH regeneration to counter the oxidative pressure 

(Semenza, 2017).  

 NRF2 is another system of cellular response to oxidative stress that is regulated by a protein 

heterodimer formation: KEAP1-CUL3 (kelch-like ECH-associated protein 1, cullin 3) (Yamamoto et 

al., 2018). In unstressed situations, the KEAP1-CUL3 complex interacts with NRF2, promoting its 

ubiquitin-dependent degradation through the proteasome. Upon a redox-disrupting stimulus, three 

cysteines of KEAP1, which is a thiol-rich redox sensor, are oxidized by ROS, thereby modifying its 

interaction with CUL3 and decreasing CUL3 ubiquitination activity. In this case, NRF2 is stabilized 

and gets translocated to the nucleus where it interacts with sMAF (small musculo-aponeurotic 

fibrosarcoma protein) to bind AREs (antioxidant responsive elements) motifs. Interaction of NRF2 

with promoter regions activates the transcription of genes encoding cytoprotective enzymes, such as 

proteins involved in glutathione synthesis, thioredoxin reductase, peroxiredoxin, glutathione-S-

transferase, NAD(P)H dehydrogenase and multidrug resistance-associated proteins. In addition to 

this regulation by ROS, NRF2 activity is also controlled in the nucleus through the PI3K-AKT 

signaling pathway. When the PI3K (phosphoinositide 3-kinase) phosphorylation activity is not 

stimulated, GSK-3ß (glycogen synthase kinase 3 beta) gets activated and phosphorylates NRF2. 

Consequently, NRF2 is recognized by the ß-TRCP/CUL1 (beta-transducin repeats-containing 
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protein/cullin 1) complex, resulting in its ubiquitination and subsequent degradation. These 

regulatory mechanisms based on thiol modifications and signal transduction are essential since it has 

been demonstrated that uncontrolled NRF2 activity promotes reductive stress, and is involved in 

many cancer types (Yamamoto et al., 2018). 

!
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In a study of 2007 (Toledano et al., 2007), a genomic comparison was conducted to determine 

the degree of conservation of oxidative stress response components and mechanisms. For this 

purpose, the thiol redox system from the bacteria Escherichia coli and the yeast Saccharomyces 

cerevisiae were compared. Interestingly, two conserved response pathways were identified in these 

organisms: the GSH and the thioredoxin pathways. The GSH pathway consists in the glutathione 

peptide and the associated enzymes from the glutaredoxin family (Grx). In E. coli, four Grx enzymes 

exist: GrxA, GrxB, GrxC and GrxD. In yeast, this family contains five homologous enzymes: Grx1 

to Grx5. Similarly for the thioredoxin pathway, the same enzymes exist both in the bacteria and yeast: 

TrxA and TrxC in E. coli, Trx1 and Trx2 in S. cerevisiae. This observation indicates that oxidative 

stress responsive proteins are conserved between distant organisms. However, the two pathways show 

a strong functional redundancy in bacteria while they display specialized activities in yeast. These 

data indicate that even if the factors are conserved, they can perform more or less specialized activities 

depending on the organism. This observation might explain species specificities in response to one 

stressor despite the involvement of the same general pathway. On the other hand, these results also 

support the idea that living organisms had to develop and to conserve stress response mechanisms to 

handle a highly oxidative environment. 
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Stress is a state that can have severe impacts on the health of living organisms and even leads 

to death. Similarly, at the cellular level, oxidative stress can lead to cell disorganization and apoptosis, 

and consequently to tissue and organ damages. One of the main goals of stress research is to 

understand the biological mechanisms behind stress response and adaptation to propose better 

resilience solutions and treatments. However, to manage this state, in patients or animals, powerful 

markers are needed to detect stress issues and to respond with appropriated intervention. 

A biomarker is any measurement reflecting an interaction between a biological system and a 

potential hazard, which may be chemical, physical, or biological. The measured response may be 

functional and physiological, biochemical at the cellular level, or a molecular interaction. In the 

medical field, biomarkers are of common use to anticipate or at least detect pathologies (Liu et al., 
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2013). Biomarkers must be easy to measure, optimally using non-invasive techniques, for example 

through a blood test or urine collection. For disease diagnostic, these markers must be sensitive and 

robust enough to allow specific identification of a given disease. In comparison to observable 

symptoms, biomarkers have the advantages of being detectable before the manifestation of 

pathogenic signs. Indeed, as phenotypic (i.e. measurable) alterations have molecular origins, 

biomarkers detectability precedes the apparition of symptoms. This characteristic allows to act in 

anticipation and to facilitate the cure. 

 One major hurdle with the identification of stress biomarkers resides in the complexity of the 

biological process: (1) it involves a vast diversity of possible inductors and physiological targets 

(cells, organs and tissues); (2) It is a dynamic process that occurs through multiple phases with a wide 

degree of variability due to conditioning or specific effects of stressors, even if the response follows 

a stereotypical scheme. 
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Hans Selye extensively described the physiologic stress response through its GAS and LAS 

manifestations. During GAS, three successive stages have been defined, each one with its own 

biological characteristics and its physiologic manifestations that are supposed to be ubiquitous and 

independent of the nature of the stressor. Hormones as blood circulating molecules, which are, by 

definition easily measurable, constitute ideal biomarker candidates. Some stress biomarkers have 

been previously proposed among circulating hormones, notably cortisol, ACTH (the 

adrenocorticotropic hormone), adrenaline, oxytocin or vasopressin (Covelli et al., 2005; Milivojevic 

and Sinha, 2018). In addition, local inflammation playing a major role in LAS, inflammation 

biomarkers such as local production of hydrogen peroxide or myeloperoxidase activity (the enzyme 

responsible of hypochlorous acid production to kill pathogens) constitute widely used markers 

(Marrocco et al., 2017).  

However, these general markers show several limitations. Most of these molecules are only 

transiently detectable, ranging from few hours to several days depending on the stressor or the species 

considered. Consequently a fluctuating time window dictates their detection and general symptoms 

can be hidden even if the response is still on going. Moreover, many classical markers, such a high 

concentration of corticoids in blood, cannot differentiate if an organism is in a pre- or post-resistance 

state.  

Regarding our current knowledge, it is still not understood why some organisms will respond 

better and faster than others, nor what determines adaptive capacities. To propose better biomarkers, 

it is needed to understand the biological mechanism behind stress response and adaptation. This could 
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help to understand the spatial and temporal specificities and to determine strategies for designing 

relevant markers. 
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Several cellular biomarkers have been identified thanks to cell culture studies. They have the 

advantage of being easy to detect at different levels in cell cultures: expression of stress responsive 

genes, membrane lipids oxidation, proteins carbonylation or DNA damages. Indeed, as oxidative 

stress causes modifications and degradation of many cellular components, catabolism products are 

robust markers of an oxidative stress response: malondialdehyde (MDA), isoprostanes, 

hydroperoxides, oxidized low-density lipoproteins (LDL), hexanoyl-lysine are witnesses to the 

general accumulation of oxidized lipids; nitro-tyrosine and carbonylated proteins are indicative of 

oxidized proteins accumulation; and 8-hydroxy-2'-deoxyguanosine is a good indicator of DNA 

damages. Also, the activity of intracellular antioxidant systems are indicative of the setting of an 

oxidative stress response through superoxide dismutase, peroxiredoxins, thioredoxins, glutaredoxins, 

glutathione peroxidases and glutathione production rates (Frijhoff et al., 2015; Marrocco et al., 2017). 

Most of these enzymes correspond to genes which expression is controlled by the transcription factor 

NRF2 (Yamamoto et al., 2018). 

However, the analysis of these markers cannot so easily be translated at the living organism's 

level, some of them requiring invasive methods such as biopsy and a special attention to avoid post-

sampling oxidation. Moreover, even if lipid oxidation or protein carbonylation can be assessed by 

blood or urine test, they can fail to represent the oxidative damage state of a given tissue or organ. 

For example, oxidative damages in the brain could be undetectable by blood analysis. Finally, 

biological tissues are often constituted by an heterogeneous material composed of many different cell 

types, and the kinetic specificities of cell type dependent response are not well defined. Therefore, it 

is needed to understand the molecular basis of stress response in cells and its propagation to tissues, 

organs and whole organisms. With such a knowledge, it will be possible to identify more convenient 

biomarkers representative of stress response kinetic, stressor specificity, tissue specificity and 

ultimately extendable to a wide range of living species. 

 In conclusion, due to the inherent complexity of stress response mechanisms, it is predicted 

that no biomarker will, alone, be an indicator for all stressors and their effects. Some stress-specific 

biomarkers have already been defined at the physiological and cellular levels, but none of them is 

accepted as universal and current methods are neither informative about stress conditions, nor 

predictive of stress integration. A set of markers is likely to provide more exhaustive description of 

the condition and to cover most possible situations (Eline Slagboom et al., 2018) (Figure 11). To 
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identify a combination of markers, high-throughput technologies supported by bioinformatics tools 

are appropriated methodologies, as they allow conducting integrative investigations from intracellular 

molecules to whole organisms. 

 

!

Figure 11 - Biomarkers for stress response. Stressor effects on biomarkers are complex. A given stressor 

can both up-regulate (+) or down-regulate (-) a biomarker that will become measurable or disappear. In such 

a complex situation, only the use of a set of several markers associated with a good knowledge of stress 

response can overcome this issue. Adapted from (Sanchez and Porcher, 2009). 
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 One question that remains poorly addressed so far is how cellular stress response translates to 

a physiological response. Historically, scientists tried to define stress at the organism level because 

stress response was impacting the animal physiology. Then, with technological advances, it became 

possible to analyze stress response at the cellular and molecular levels. At that time, a fast shift 

occurred from generalist studies on whole organisms to detailed studies in cell cultures. These 

powerful analyses led to the identification of central factors implicated in stress response, such as the 

transcription factors HIF-1 alpha and NRF2, and provided detailed mechanistic insights at the cellular 

level. However, one difficulty in establishing a link between cellular and physiological stress 

originates from conceptual biases generated by experiments conducted on cell culture systems. 
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 Most current cell cultures are composed of one single cell type grown in two-dimensions in 

contrary to tissues in living organisms. Accordingly, animal tissues are constituted of mixed cell types 

closely interconnected and communicating together. 
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 Also, contrary to what happens in animals, cultured cells are not exposed to circulating 

hormones that establish a communication between distant organs. Consequently, phenomena 

observed during GAS such as temporal secretion of corticoids from adrenal glands to peripheral 

tissues does not occur.  

 Additionally to the gap between physiologic and cell cultures organization, cells in culture 

must also cope with a widely fluctuating O2 concentration and a constant oxidative stress. Dioxygen 

concentration in atmosphere is 20.9% (140 mm mercury (Hg)).!In laboratory condition, cell cultures 

are carried out in incubators containing of 18.5% O2 and 5 % carbon dioxide concentrations. The 

only cells in the body that are exposed to an environment with 20% O2 (110 mm Hg) are lung alveolar 

cells. Shortly after blood gets oxygenated, the O2 level falls to 10.5-13% (80-100 mm Hg), and most 

organs function normally at O2 levels ranging from 2-8% (19-70 mm Hg) (Figure 12). Moreover, 

within a given organ, substantial gradients can emerge and O2 tensions within a given tissue can 

undergo temporal fluctuations after increased metabolic demand. Importance of this hypoxic gradient 

for tumour development, progression and resistance to therapy has been widely documented. 

Therefore, compared to its intra-tissue concentration, O2 in the atmosphere causes a permanent 

oxidative stress for cultured cells (Ast and Mootha, 2019). This situation can drive natural selection 

in cells to develop or adapt metabolic and signaling pathways that are physiologically irrelevant. In 

addition, to compensate, cell culture media contain antioxidants in different concentration and 

composition compared to extracellular body fluids, corresponding also to an artificial environment. 

This problem is particular prominent in the study concerning oxidative stress defence, since O2 

concentration is a major component of ROS production.  

 These observations support the notion that, even if mammalian cell culture with 

supraphysiological O2 tensions has led to transformative discoveries, cellular models are poorly 

representative of a physiological environment, especially concerning O2 metabolism, and this could 

explain why the transposition of the data obtained from cell culture analysis to physiological models 

has failed in most cases (Ast and Mootha, 2019).  

To minimize the biases of cell culture, it would be ideal to analyze molecular parameters at 

the full organism level. This is possible thanks to integrative approaches that allow to study a full 

system and without a priori. Using these approaches could lead to a precise understanding of stress 

response mechanisms occurring at the cellular level in a biologically relevant context. 
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Figure 12 - Cell culture versus physiological system oxygen tensions. Cell culture is subject to many 

biologically irrelevant artefacts. In biological systems, organs are generally exposed to variable but generally 
lower dioxygen concentrations than in culture systems, depending on their biological activity and exposure to 

the environment. Taken from (Ast and Mootha, 2019). 
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Integrative approaches aimed to analyze living organisms as a whole and to integrate 

molecular and cellular information obtained on biological models such as in vitro experiments or cell 

cultures. It consequently intends to analyze complex but biologically relevant processes. One major 

limitation in this approach is the immeasurable complexity of biological systems under investigation, 

which requires to be organized and prioritized. Studying biological mechanisms from an evolutionary 

perspective is one possibility to focus on particularly interesting and relevant conserved functions. 

Anatomy and embryology are two fields of biology in which the comparison of similarities and 

differences between species have been applied with remarkable success. Comparative anatomy 

introduced the concepts of homologous and analogous structures, resulting from divergent (common 

ancestor) or convergent (similar environment) evolution. 

Ageing is one example of a complex process. In a study of 2015 concerning ageing (Mansfeld 

et al., 2015), Ristow team searched for the impact of evolutionary conserved genes between the mouse 

Mus musculus, the fish Danio rerio and the worm Caenorhabditis elegans on life expectancy. Using 

a transcriptomic approach (RNA-seq), they investigated differential gene expression for these animals 

at three time points of their life. Doing so, they could identify 29 conserved genes up-regulated or 

down-regulated during life-time. To validate the importance of these genes during ageing, they used 

the RNA interference (RNAi) method in C. elegans to inactivate the candidate genes. Thanks to this 

technique, it has been shown that 12 genes are indeed able to extend the mean lifespan of C. elegans 

when their expression is repressed. One of these genes, bcat-1 for "Branched-chain-amino-acid 

aminotransferase" (BCAT1 in human) has been particularly investigated as this gene was extending 

lifespan, also preserving the best vital aptitude, when inhibited. This gene encodes a protein important 

for the catabolism of branched-chain-amino-acids (BCAA), suggesting that BCAAs play an 

important role in lifespan regulation. Interestingly, overexpression of bcat-1 was shown to decrease 

lifespan but also fertility in C. elegans. This behaviour suggests that a low expression of this gene is 

a selective advantage independent of its relation with ageing. 

This example demonstrates that considering evolution is an efficient way to analyze the 

complexity of biological systems. Indeed, living organisms have evolved during billions of years, 

leading to the emergence of various life forms each one with their own specificities and complexity, 

but also preserving central functions. Phylogenetic comparisons provide crucial information to 

distinguish environmental adaptation from conserved mechanisms and allow the characterisation of 

the most relevant processes in the light of evolution. 
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Transcriptomics studies are based on the measurement and comparison of gene expression 

levels using microarrays or RNA sequencing (RNA-seq) technologies. While microarrays consist in 

chips on which are anchored sets of probes to detect targeted RNAs, RNA-seq allows gene expression 

measurement at the whole genome scale, without the need for a priori assumptions. Interestingly, as 

it is possible to sequence RNAs from a tissue or even from full organisms rather than using cell 

cultures, it is a well-suited protocol to move from reductionnist to integrative approaches. Many 

transcriptomics studies were performed to gain a better understanding of stress response using 

different species exposed to different stressors and investigating a variety of tissues including in time 

course experiments: transgenic versus wild-type mice submitted to chronic mild stress (Wassouf et 

al., 2019), salmons exposed to heat stress (Shi et al., 2019), zebrafish exposed to multiple chemicals 

(Schüttler et al., 2017) and corals exposed to thermal or cold stress (Lee et al., 2018) are some recent 

examples of such studies.  

In the course of this Thesis project and during the writing of this manuscript, I tented to 

explore the literature of transcriptomics analyzes related to stress in different models, to compare the 

information obtained. However, I came to the conclusion that this study was impossible to conduct. 

Similarly to reductionnist approaches, integrative methods come with their own biases and limits, 

including the diversity of analytical methods available (RNA-seq or microarrays, bioinformatics 

tools, significance thresholds…) as well as the variety of tissues, species and stressors studied, 

preventing accurate comparison. In addition, in the large majority of these studies, only the most 

strongly differentially expressed genes are considered to perform functional analyzes. Otherwise, set 

of genes are filtered by their involvement in a particular biological process of interest such as 

inflammation, development or cancer. However, comparison of such restricted lists, especially those 

containing only the most differentially expressed genes between different models, rarely converge to 

a set of common genes, because they mainly focus on the specificities of the different processes 

studied. In addition, comparison of genes from different species is often a complicated task, as the 

gene name nomenclature is variable between distant species and because genomes are often 

uncomplete or poorly annotated. This observation raised the importance of evolutive and comparative 

approaches to determine gene and protein equivalence between species and to identify central 

mechanisms conserved during evolution. 
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2) The evolution principle 
!
! Estimations propose that around 10,000,000 different species exist on Earth, representing the 

so-called biodiversity (Mora et al., 2011). In the current scientific community, there is no doubt that 

these species have emerged from an evolutive process. This theory of evolution states that all actual 

living beings originate from a common ancestor that gave rise to all the diversity we know. 
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Before the establishment of the theory of evolution as proposed by Charles Darwin in 1859, 

several different explanations on the variety of living forms co-existed, some of them still supported 

today. In that time, the age of Earth was estimated at around few thousands to 100 million years, 

supporting the idea that life appeared early and already with a high level of complexity. 
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In Darwin’s time, the influence of religion was omnipresent in society. Most people believed 

that all living beings were created by a divine entity and that their forms were unchangeable over 

time. Although this vision of life’s history was deeply rooted in society, some people over the world 

considered that these assumptions were wrong. Jean-Baptiste de Lamarck proposed that animals 

could adapt themselves to their environment during their life and transmit these adaptive changes to 

the progeny (Jablonka et al., 1998). In this vision, living beings are not immutable but rather highly 

adaptable and doomed to change from a generation to the next one. 

!
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In 1831, Charles Darwin, student at the Cambridge University, was selected to participate in 

a maritime cartographic expedition along the South American coast (http://darwin-online.org.uk/). 

This journey let him observe the diversity of plants and animals and probably constituted the roots of 

the theory he will propose few years later. Notably, he observed fossils strikingly similar to animals 

still living in South America, leading him to consider that extinct species gave rise to the actual ones. 

In the Galapagos islands, he noted the resemblance between animals and plants he observed with 

those present in South America. Closer resemblance with these organisms rather than with animals 

and plants from other parts of the world suggested the existence of a certain continuity among them. 

Following these observations, Darwin started to write a book that laid the foundations of modern 

biology: “On the Origin of Species” (Darwin, 1859). 
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In this book published in 1859, Darwin presented his vision of evolution with a naturalist 

viewpoint based on comparison of observations, a disruptive view regarding the ideas in place at that 

time about the hierarchical organization of life (Figure 13). In contrary to Lamarck who was focused 

on changes occurring during the life of an organism, Darwin extended the notion of evolution to a 

time scale that includes all living and past organisms. This suggested that, at the root of actual species 

existed ancestral organisms, and ultimately converging to one single common ancestor that today we 

call LUCA for Last Universal Common Ancestor (Koskela and Annila, 2012). To explain how 

species could originate and evolve from common ancestors, Darwin proposed a mechanism central 

to his evolution theory: the notion of natural selection. 
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! A proposed explanation to how such a variety of life forms emerged from ancestor was that 

organisms are submitted to a constant modification process. For Lamarck, this process occurred at 

the level of an organism to permit a specific and transmissible adaptation required in a precise 

environmental situation. In contrast, Darwin proposed a mechanism based on chance. He argued that 

within a same species, a set of random variations pre-exist and do not correspond to a specific need 

for adaptation. Then, he stated that considering these variations, some organisms would experience 

success or difficulties to face a given environmental context. Individuals showing advantages are 

generally stronger, live longer and are consequently able to reproduce more easily to transmit their 

positive variations. In contrast, organisms that are disadvantaged by their variations will be less 

capable to reproduce. Such system should result to a selection of advantageous traits and to the 

disappearance of the deleterious ones. Charles Darwin considered that this selective process named 

“natural selection” was what favored the development of the actual diversity among living beings. At 

that time, the major counter argument was that such selection process was incompatible with the 

estimated age of Earth and could not give rise to the observed variability of living forms. However, 

20 years after Darwin’s death, the discovery of radioactivity led to a revise dating of Earth formation 

at around few billion years. This duration was then fully compatible with the theory of evolution 

(Figure 14). 
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Figure 13 - Haeckel's tree of life. Even after publication of Darwin's evolution theory, many people were 

convinced that humans are the pinnacle of evolution. This representation from Ernst Haeckel (1879) places 

humans on the top of the animal evolutive tree. Adapted from (Gontier, 2011) 
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Figure 14 - Life at the geological timescale. Development of life through the evolutive process proposed by 

Darwin was difficult to believe because of the erroneous predicted age of Earth. Later, when geological 

timescale was specified (approximately 4.6 billion years), the theory of evolution became plausible. Coloured 

lines correspond to the apparition of some of the major life domains still present today. Years are represented 

in Ga: Giga years ago. Adapted from (Dias and Mattos, 2011). 
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At the publication of “On the Origin of Species”, many people were disturbed by the idea that 

humans share a common ancestor with other species, including monkeys. Before the work of Darwin, 

humans were often considered as the pinnacle of evolution and systematically represented as the 

legitimate ruler of the living world (Figure 13). Considering that all living species share a common 

root, the theory of evolution was in total opposition with this worldview. Many criticisms appeared 

from people, even among scientists. One of the major objections was that the theory of evolution is 

based on transmission of variations. However, the precise mechanism of transmission and its 

biological support were not known. At that time, Hugo de Vries stated that random variations should 

led to the brutal apparition of new species, something inconsistent with the Darwinian gradualism 

exposed in his theory (De Vries, 1910a).  
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! In 1889, Hugo de Vries introduced the notion of “pangene” (De Vries, 1910b) followed by its 

simplification proposed in 1905 by Wilhelm Johannsen (Johannsen, 1909), “gene”, as the carrier of 

heredity. Inspired by the work of Gregor Mendel (1822-1884) on heredity, they postulated that 

inheritance of specific traits in living being is achieved by “particles”. To establish the link between 

the ensemble of genes on one hand, and the ensemble of traits on the other hand, Wilhelm Johannsen 

coined the terms “genotype” and “phenotype” respectively (Johannsen, 1909). These concepts are 

still of main importance in today genetics, the science of gene variation and transmission in 

organisms. Concomitantly, in 1902 and 1903, Walter Sutton and Theodor Boveri discovered that 

transmission of genetic inheritance was achieved by a group of intracellular components, the 

chromosomes (Sutton, 1903). However at that time, their molecular nature was not clearly defined. 
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During the 20s, progresses in the characterization of the cellular content led to the discovery 

of nucleic acids, a family of macromolecules subdivided in two types: one containing a ribose sugar, 

the other one containing a deoxyribose sugar. In 1919, Phoebus Levene specified the composition of 

these molecules constituted of polymers (believed to be short) of four repeated bases, linked by a 

sugar-phosphate backbone (Levene, 1919). The terms deoxyribonucleic acid (DNA) and ribonucleic 

acid (RNA) were coined to differentiate the two types of molecules. However at that time, their roles 

were still unknown and no relation with the transfer of genetic information was made.  

In 1928, Frederick Griffith conducted an experiment on mice infection that would lead to the 

molecular characterization of genes (Griffith, 1928). He worked with two strains of Pneumococcus 

bacteria: a pathogenic and a non-pathogenic one, inactivated by the removal of its lipopolysaccharide 

envelope, but containing an enzyme responsible for its toxicity. Surprisingly, Griffith showed that a 

mixture of dead pathogenic bacteria with alive non-pathogenic ones, which are separately harmless, 

led to mice death. After examination, Griffith could find pathogenic bacteria in the mixture and 

concluded that the information needed to synthetize the enzyme or the lipopolysaccharide envelope 

was transferred from the dead cells to the living ones. At that point, it was established that a genetic 

carrier, which nature was unknown, is able to carry information for protein synthesis.  

In 1944, Oswald Avery, Colin MacLeod and Maclyn McCarty decided to determine the agent 

responsible for the genetic information transfer acting in the Griffith experiment (Avery et al., 1944). 

They mixed non-pathogenic Pneumococcus cells with different extracts of the pathogenic one 

containing either its envelope, its protein part or its DNA fraction. They could show that the non-

pathogenic bacteria became infectious only when mixed with pure DNA. These observations led to 
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the conclusion that DNA is the molecular support of heredity and thereby, the molecular component 

of chromosomes and genes.  
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! After the demonstration that DNA is the molecular support of heredity, it was still not 

understood how this molecule could carry such information. Thanks to the work of Phoebus Levene 

in the 20s, the molecular composition of DNA was partially solved and was shown to be composed 

of the four bases: adenine (A), guanine (G), cytosine (C) and thymine (T) in DNA. In 50s, Erwin 

Chargaff studied in more detail the composition of DNA and established that this composition was 

highly divergent depending on the DNA origin, but systematically composed of equivalent amount 

of A and T, as well as C and G (Chargaff et al., 1952). Due to this property, Chargaff stated that DNA 

molecule always contain as much purines (big bases constituted by two cycles: A and G) than 

pyrimidines (small bases constituted by a unique cycle: C and T). These observations were of major 

importance for the characterization of DNA structure and to understand how it encodes the genetic 

information. 

 In 1953, based on the X-ray diffraction data collected by Rosalind Franklin and on the 

properties of DNA composition established by Chargaff, James Watson and Francis Crick proposed 

their model for DNA structure (Watson and Crick, 1953). This molecule is composed of two anti-

parallel chains paired together and constituting a regular double helix. This pairing property implied 

that the nucleotide sequence of one strand is necessary and sufficient to determine the sequence of its 

complement and was at the origin of the idea that DNA is replicated in cells thanks to this singularity. 

 Five years later, Matthew Meselson and Franklin Stahl tested the three models proposed to 

explain replication of DNA: the conservative, semi-conservative and dispersive models (Meselson 

and Stahl, 1958). They concluded that the replication of DNA is performed in respect of the semi-

conservative model involving the separation of each strand and the neo-synthesis of a complementary 

one thanks to the pairing rule. This replication is achieved by a specific enzyme discovered by Arthur 

Kornberg in 1956: the DNA polymerase (Kornberg et al., 1956). 
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! Due to its sequential composition and the conservative property of replication, many people 

became convinced that DNA could encode information based on its sequence order. Knowing that 

proteins are composed of an amino acids sequence coming from a set of 20 possible amino acids, 

DNA should be able to encode at least 20 different messages. Francis Crick and its colleagues 

concluded that, to be able to encode at least this number of amino acids, the encoding units, referred 
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as “codons”, should be a combination of more than two consecutive nucleotides. With three 

nucleotides, it is up to 64 possible combinations. In 1964, the work of Marshall Nirenberg and Philip 

Leder solved the genetic code (Nirenberg and Leder, 1964). From the 64 possible combinations, 61 

encode amino acids with a certain degree of redundancy, and the remaining three ones correspond to 

stop signals aimed to stop protein synthesis. This discovery was a major advent in the understanding 

of evolutive mechanisms, for that for the first time, it became possible to read DNA and to deduce a 

protein composition encoded in the molecular support of genetic heredity.  
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! Thanks to the knowledge acquired by studying DNA and its role in heredity, Francis Crick 

established in 1958 and clarified in 1970 the central dogma of molecular biology as such: “The central 

dogma of molecular biology deals with the detailed residue-by-residue transfer of sequential 

information. It states that such information cannot be transferred back from protein to either protein 

or nucleic acid”. Interestingly, the central dogma of molecular biology assumes that any modification 

in the DNA sequence will provoke a modification of the transcribed RNAs and with possible 

repercussion on proteins composition and function (Figure 15).  
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According to modern definitions, proteins are encoded by delimitated DNA regions, the so-

called genes, and genes are part of long DNA strands organized linearly or circularly that form, in 

eukaryotes and prokaryotes respectively, a super-compact structure called chromosome (Kuzminov, 

2014). In a cell, the overall content of DNA is referred as “genome” and can be constituted of several 

chromosomes. In prokaryotes, genomes are generally smaller and more compact. Genes are encoded 

close to each other and can sometimes be transcribed as one single unit, a structure called operon. In 

eukaryotes and more frequently in multicellular eukaryotes, genomes are larger and genes have a 

higher level of organization. They contain coding and non-coding regions respectively referred as 

exons and introns respectively. This mosaic structure of the gene allows a mechanism called 

alternative splicing and consisting in skipping of some exons under certain conditions to produce 

different proteins from one unique gene.  
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! Since its statement, the central dogma of molecular biology was considered as an essential 

pillar to understand the living world. However, the position of DNA at the top of the transcription-

translation cascade was discussed in the light of recent discoveries about gene expression regulation, 

notably by epigenetic and environmental factors. In 2012, Denis Noble proposed the principle of 

biological relativity, arguing that there is, a priori, no privileged level of causation in biological 

systems, contrary to what is depicted by the central dogma of molecular biology (Noble, 2012). In 

this paper, Noble presented the DNA molecule as a passive entity that must be interpreted by a variety 

of other components to determine when and what to produce, similarly to a musician playing a music 

score. These essential components include hormones, transmitters, transcription factors as well as 

epigenetic marks such as methylation and histone modifications. Furthermore, it is also important to 

note that the integrity of the DNA molecule itself depends on protein machineries able to read and to 

continually correct mutations in the genome. The concept of biological relativity was then extended 
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Figure 15 - The central dogma of molecular biology. DNA contains one-dimensional (digital) 

information copied in coding (mRNAs) or non-coding (ncRNAs) molecules through transcription. 

Then, the initial information is lost due to conversion into an analog or three-dimensional signal. For 

coding-genes, this process involves a translational step followed by a folding step. For ncRNAs, only a 

folding step is required for them to display their functions. Adapted from (Koonin, 2015)  
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to all components of living organisms, stating that "in multi-scale networks of interactions, as found 

everywhere in organisms, any parts of a network at any level might affect every other part" (Noble et 

al., 2019). For example, a variation in calcium ions concentration in the heart can lead to multiple 

molecular, cellular and tissular outcomes ultimately resulting in heart attack, a situation refered as 

upward causation. Conversely, the decision to practice physical exercise is a choice taken at the 

individual level that induces physiological modifications to finally result in adaptations at the 

molecular level, a situation refered as downward causation. 
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The central dogma of molecular biology positions DNA at the top of the transcription-

translation cascade, and regarding the theory of evolution, this place makes DNA the most important 

effector of natural selection. Any change in the DNA sequence can lead to changes in proteins, 

consequently affecting the cell fate. When a change in DNA takes place in the germline, it become 

heritable, and it can cause diseases or decrease the organism’s ability to face environmental 

challenges. In case, this change in DNA lead to a premature death, it will not be transmitted to the 

next generation and will not be conserved. Conversely, if a change favor adaptation to an environment 

or at least has no deleterious effect, it will have greater chances to be maintained and transmitted to 

the progeny. In DNA, different kinds of changes can occur ranging from single nucleotide to whole 

chromosome modification.  

!
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 One of the main sources of DNA modifications is linked to the DNA replication step. 

Replication is an error-prone mechanism that sometimes generates nucleotide substitutions generally 

referred as mutations. The error rate of replication is a key concept of evolution at the DNA scale as 

a too low error rate would produce an insufficient amount of variations and consequently, limited 

evolution possibilities. Mutations are divided into three categories depending on their impact on the 

encoded protein: silent, missense and nonsense mutations. A silent mutation happens when a single 

nucleotide substitution does not alter the protein sequence thanks to the genetic code redundancy. 

Missense mutations correspond to nucleotide substitutions leading to a change in the protein 

sequence. This change can be conservative if the properties of the new amino acid are equivalent to 

the original one, or non-conservative otherwise. If the mutation is non-conservative, the protein 

function can be altered, improved or completely disrupted. Finally, nonsense mutations lead to four 

main issues: stop-gain, stop-loss, start-gain and start-loss. Stop-gain and stop-loss are due to the 

premature apparition of a stop-codon or the replacement of the true termination codon, leading to 
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shorter or longer proteins, and generally result in non-functional proteins. Similarly, start-gain and 

start-loss involve apparition of an additional ATG start codon or the replacement of a start codon 

respectively, leading to aberrant protein formation or to the complete loss of protein production.  

!
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! DNA replication, particularly of repeated regions, can also lead to nucleotides insertions or 

deletions grouped under the term "indels". Depending on the region where indels take place and the 

number of added or removed nucleotides, these anomalies cause more or less severe deleterious 

consequences. When the number of affected nucleotides is a multiple of three, codons are added 

which result in additional amino acids in the encoded sequence or in premature stop signal. 

Otherwise, the indel event induces a shift in the reading frame (frameshift) causing a consequent 

change of the protein sequence and function. 
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! Some changes in DNA can affect larger regions than indels and point mutations and are due 

to transposable elements, also called "transposons". They consist in DNA sequences of variable size 

able to change of positions within the genome. Two types of transposons exist: retrotransposons and 

DNA transposons. Retrotransposons originate from DNA regions transcribed in RNA and then 

reverse transcribed in DNA by a reverse transcriptase. The reverse transcribed DNA can then be 

inserted back at a different position in the genome. Conversely, DNA transposons are not transcribed. 

Their genomic transposition is catalyzed by transposase enzymes that bind DNA regions in a specific 

or non-specific manner. When transposons are inserted at a novel genomic locus, they can interrupt 

genes thereby disabling their function and sometime leading to diseases. 

!
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! DNA can undergo duplication at different level, from nucleotide to whole chromosomes or 

genomes. Five types of duplication are generally considered: partial gene duplication (nucleotide 

level), complete gene duplication, partial chromosomal duplication, complete chromosomal 

duplication (referred as aneuploidy) and full genome duplication (referred as polyploidy).  

 Gene duplication can occur through many different ways, notably by retrotransposons. In that 

case, DNA is transcribed, reverse transcribed and re-inserted within the genome, leading to two 

copies of the same gene. Gene duplication is believed to play a major role during evolution, 

participating to a neo-functionalization process. A duplicated gene is, indeed, free of selective 

pressure, as mutations will not lead to deleterious effects since the original gene is still functional. 
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Two types of gene duplications are observed: invariant and variant repeats. In the former case, the 

two sequences are almost identical and share identical functions. This case allows the increasing 

synthesis of one gene product. Transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs) are a good 

example of invariant repeats. In the second case, one copy of the duplicated gene accumulates many 

mutations eventually leading either to the development of new functions or its inactivation. Indeed, 

mutations inducing a frameshift or a premature stop codon will turn the affected copy to a 

pseudogene.  

When duplication happens internally due to exon duplication, the encoded protein can gain an 

additional domain, corresponding to a region of the protein performing a specific function (i.e. 

reaction catalysis) or constituting a structural unit. Serum albumin (ALB) is one example of a protein 

constituted by three repetitions of the same domain (Figure 16). Alternatively, exons encoding 

functional domains can also be transferred from one gene to another, creating mosaic proteins. The 

human tissue-type plasminogen activator (PLAT or TPA) is an example of mosaic protein evolution, 

combining five domains present in other proteins: one fibronectin type-I domain, one EGF-like 

domain, two Kringle domains and one peptidase S1 domain (Figure 16). 

 

!

Figure 16 - Modularity of protein domains. Schematic representation of domain duplication in serum 

albumin (ALB) and mosaic protein organization of tissue-type plasminogen activator (TPA), prourokinase 

(pUK), fibronectin (FN) and epidermal growth factor precursor (EGFP) domains. ALB contains three 

repetitions of the albumin domain acquired from exon duplication. TPA contains diverse domains acquired 

through exon insertion from the three other proteins. Only non-proteinase regions are represented. A, albumin 

domain; K, kringle module; G, growth-factor module; F, finger module. 
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 While in eukaryotes the main way to acquire new functions is gene duplication followed by 

neo-functionalization, horizontal gene transfers (HGTs) are probably the favored way in bacteria and 

archaea. HGTs consist in transfer of genetic material between different species. This transfer can 

occur between representatives of very distant taxa of life: viruses, bacteria, archaea and eukaryotes. 

HGTs imply the need for a vehicle to transport the genetic information between cells, and a molecular 

machinery to insert DNA into another genome. Retroviruses are paradigm of this phenomenon. These 

entities insert their retro-transcribed genomic RNA into the host chromosomal DNA and are easily 

transmittable between individuals and species by nature. These two characteristics are what define 

HGTs. Genes acquired through retroviruses infection are referred as virogenes and are easily 

detectable (Todaro, 1975). Indeed, vertebrate genomes encode a non-negligible part of sequences 

homologous to retrovirus sequences. Interestingly, HGTs events have also taken place between 

eukaryotic host cells genome and mitochondrial or chloroplast genomes. 

 With the development of comparative genomics, HGTs, initially believe to occur only 

marginally, have appeared as an essential process for unicellular life and evolution. For example, 

bacterial cases of antibiotic resistance acquisition in hostile environments correspond to Lamarckian 

evolution by short-term adaptation. In bacteria, this key phenomenon takes place through plasmid 

exchange. Notably, antibiotic resistance can be acquired through horizontal transposon transfer 

(HTT). For example, a gene is transposed from a resistant bacterial genome to one of its plasmid, and 

then the plasmid is exchanged to another bacterium. The transferred gene is then referred as xenolog, 

an homologous gene originating from another species. In these organisms, gene transfer occurs 

notably thanks to gene transfer agents (GTAs), specialized HGT vectors made of defective derivatives 

of tailed bacteriophages (Lang et al., 2012). The ensemble of genetic information exchanged is often 

referred as “mobilome”, a term including genes and their vector system: bacteriophages, plasmids or 

transposons>!

!
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 Before the discovery of DNA and its role as carrier of the genetic information, evolution of 

organisms was assessed through morphological comparisons. In 1958, Francis Crick proposed that, 

if the phenotype relies on the genotype, morphological comparisons could also be achieved by gene 

comparisons. Indeed, thanks to its hereditary property and its mutation ability, DNA is the cellular 

unit that allows the evolution of species. Hence, analyzing DNA at all levels of organisation should 

be the best way to study evolution.  
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 Before proposing its now famous theory, Darwin spent quite some time to observe living 

organisms, and this is what led him to compare his observations between species. Similarly, in 1962, 

inspection of haemoglobin sequences led Emile Zuckerkandl and Linus Pauling to propose the 

concept of molecular clock based on the idea that if the evolution rate of a protein sequence is 

constant, the evolutive distance between two organisms can be inferred from sequence comparisons 

(Zuckerkandl and Pauling, 1962). However, when this concept was applied to specific cases, the 

molecular clock was not always identical and appeared to depend on the protein under consideration. 

Moreover, many genes are not represented in all living organisms, sometimes preventing the 

identification of the phylogenic relation between species. Carl Woese solved this problem in 1987 

when he discovered that one ribosomal RNA (rRNA) present in all living species could constitute the 

ideal molecular clock: the 16S rRNA (Woese, 1987). For the first time, it was possible to compare 

and classify all living species using molecular criteria rather than morphology. These works resulted 

in the establishment of a new phylogeny and its representation by a new tree of life composed by 

three major domains: eukarya, bacteria and archaea. 

 Similarly, in 1990, Eric Westhof and François Michel applied a comparative method to RNA 

sequences investigations in order to decipher the three-dimensional architecture of group I catalytic 

introns (Michel and Westhof, 1990). Intron excision can be performed by a RNA-protein complex 

called the spliceosome, or thanks to an autocatalytic mechanism specific to some introns. Group I 

catalytic introns are part of this category and their function is closely related to their three-dimensional 

structural organization. The simple comparison of group I introns sequences between different 

although related species allowed Westhof and Michel to identify conservation or co-variation of 

nucleotides at specific position. As the sequence of the intron does not encode any protein, these 

nucleotides were apparently not important for the primary sequence of introns. Westhof and Michel 

proposed that these conservation/co-variations were linked to the three-dimensional structure and 

consequently essential to maintain the autocatalytic activity of the ribozyme. Based on the sequence 

comparison, they could model the 3D structure of group I catalytic introns and gain insights into the 

autocatalytic mechanism. This strategy was widely applied to solve multiple RNA structures of 

increasing complexity, up to the largest one of all, the ribosomal RNAs. Importantly, latter 3D 

structures of RNAs solved by X-ray crystallography or cryomicroscopy largely confirmed the results 

predicted from comparative sequence analyses (Miao et al., 2020). In parallel, Eugene V. Koonin and 

his group developed a similar strategy to establish the basis and concepts of protein sequence 

comparative analysis. 
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 Since the mid 90s, thanks to massive genome sequencing, a plethora of genomes from various 

organisms has become available. The idea to compare these genomes then became obvious, but some 

biologists as Ernst Mayr believed that this could not be feasible. He argued that living organisms have 

so enormous phenotypic divergences that genes should also be too different to be compared, even 

between closely-related species. However, the comparison of genes and their encoded proteins led to 

another conclusion: genes and their products are strikingly conserved, even between organisms 

sharing a distant ancestor. Some genes are conserved from bacteria to humans, and their evolution 

does not preclude sequence comparison. This raised the conclusion that comparative genomic was 

not only feasible, but also supported a mine of information. With increasing number of genomic 

sequences available, manual comparison was no more conceivable. Computers appeared as the ideal 

tool for sequence comparison leading to the development of comparative genomics as one of the more 

important field in bioinformatics. Over time, central concepts such as homology, orthology and 

paralogy (see 3.1.1) have emerged and became important supports to study evolution at the molecular 

level (Sonnhammer and Koonin, 2002).!

!  
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In such model, entities in various forms (molecules, proteins, genes, cells, organs) are 

interconnected based on their reciprocal activities and properties. At the genomic level, genes can be 

connected according to their organization in the genome (co-localization in a same chromosomal 

locus or synteny), their evolutive history (duplication-rearrangement…), or the function of the 

encoded protein. At the transcriptome level, encoded proteins can be deduced and their concentration 

can be estimated based on RNA expression levels. In addition, RNA-RNA interactions play important 

regulatory roles in controlling RNA translation or degradation. At the proteome level, proteins can 
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participate to common structural, metabolic or signaling processes, but they can also interact with 

DNA, RNA or other proteins contributing to regulation mechanisms. For example, in the case of a 

transcription factor protein, an interaction edge can represent the activity of the protein on DNA 

transcription. Compilation of all these data will ultimately lead to a complex physical and functional 

interactions network. !
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During this thesis, I was involved in three different projects although sharing a common 

heuristic method, as they were conducted in an evolutive perspective. In the first one, I used 

comparative analyses to identify genes and mechanisms involved in stress response that are conserved 

between different vertebrate species. In the second one, I investigated the divergent evolution of 

bacterial and archaeal specific genes belonging to the phosphopantothenate biosynthetic pathway. To 

standardize and facilitate such investigations of evolutive relations between genes in different species, 

as part of a third project, I developed an integrative tool accessible online and combining different 

bioinformatics approaches: PROTEDEX.  
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Stress is a major health issue both in Human and livestock. Indeed, stress factors are diverse 

in the environment and known for their potential to induce a stress state in living organisms 

(Vermeulen et al., 2020). To cope with such conditions, organisms developed a complex mechanism 

referred as stress response. This response was initially described as a stereotypical manifestation 

conserved between animals and independent of the stressor nature (Selye, 1956), suggesting the 

involvement of a conserved mechanism during this process. However, the dynamic and some specific 

effects of this response are variable and depends on individuals and species particularities, stressors 

nature as well as duration of exposure. Because of these variable parameters, stress response is a 

complex mechanism difficult to understand at the organism level. Several cellular stress models were 

developed to study this response. However, these reductionist approaches brought their own biases 

and specificities, and poorly translated at whole individual level to describe stress response and 

predict adaptive capacities. 

Comparative biology approaches is another way to dissect such complex process by the 

identification of conserved mechanisms, with their associated genes, between different species. To 

this aim, we developed four animal stress models initially characterized using specific stress markers. 

We applied an unbiased approach based on transcriptomics methods to determine differentially 

expressed genes in each model. The comparison of these genes sets led to the identification of specific 

and, more importantly, common genes between the four stress models. Ontological analyses of these 

conserved genes allowed to highlight their associated biological processes and to dissect which of 

them are rather involved in stress response or adaptation to stress conditions. Interestingly, 

identification of conserved genes between species could constitute a particularly interesting 

application for stress state diagnostic. Indeed, such combination of candidate biomarkers could help 

to evaluate health state of different organisms for an accurate diagnostic, or allow testing the 
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pertinence of animals or patients therapeutic interventions, ultimately improving their resilience to 

stress situations.  

$
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In parallel to my main subject, I also worked on two emerging projects, the first of which 

concerning the mosaic organization of prokaryotic pathways for acetyl-CoA biosynthesis. To classify 

species, taxa-specific enzymes have been identified and are currently used as evolutive indicators in 

phylogenetic studies. Conducting analyses on a particular group of unclassified bacteria referred as 

Candidatus poribacteria, I serendipitously observed an interesting phylogenetic distribution of two 

enzymes involved in phosphopantothenate biosynthesis. This couple of enzymes is known to display 

a bacteria- or archaea-specific distribution and is used as a taxa-specific marker to classify these 

organisms. However, presence of the bacterial enzyme was previously identified in one archaeal 

group. In this project, I investigated the particular phylogenetic distribution of these enzymes within 

Candidatus poribacteria genomes and determined a symmetric situation in which bacteria encoding 

the archaeal enzymes were identified. This observation, first, demonstrate the mosaic organization of 

this metabolic pathway in prokaryotes, but also lead to a reconsideration of the use of these enzymes 

to classify bacteria and archaea species. 
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! One common feature of bioinformatics studies and particularly omics data investigations is 

that they produce massive quantity of data, often difficult to interpret. Together with genomics, 

transcriptomics and proteomics are the three most represented omics categories and because of their 

intricate dependencies, outputs of these technologies (genes, RNAs, proteins) are affiliated to genes 

and convertible into gene sets. To analyze such sets, several approaches and associated tools have 

been developed among them ontological enrichment based on GO Terms is the most popular and 

practicable one. In addition, other approaches are possible, including for example extensive data-

mining, homology inference or network construction. Each of these methods can be performed 

individually using different tools, generally proposing adjustable parameters and thresholds. 

However, such tools are sparse and their diversity contributes to reproducibility problems. In this 

methodological project, I worked on the establishment of a single analytic workflow combining 

investigation of genes sets through different but standardized approaches. This workflow, 

PROTEDEX, aimed to propose an integrative way to analyze genes ensembles relying on different 

but complementary methods: data-mining based on genomes annotations and GO Terms enrichments, 
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clustering based on differential expression, identification of transcription factor regulators, 

establishment of protein interaction networks and assessment of homology relations. 
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During my thesis, I also worked to get insights into the selenoprotein N (SelenoN) 

function which is one of the main subject of the team. The selenoprotein N is one of the 25 

selenium containing proteins in human. This protein is encoded by a gene known to cause 

different forms of central muscular dystrophies when mutated in humans, but its precise 

function still remains elusive. Initially, this gene was detected within nearly all animal genomes 

and its presence was believed to be restricted to this phylum. However, recently, we could 

identify that SelenoN orthologous proteins are also encoded within bacterial genomes from one 

single group of unclassified bacteria referred as Candidatus poribacteria. Surprisingly, 

SELENON orthologous genes were identified only within a fraction of the sequenced C. 

poribacteria genomes and their distribution were correlated to the Poribacteria lifestyle. Indeed, 

this taxa gathers bacteria living either as symbionts with sponges and corals, or as free-living 

organisms in the sea. Only the symbiotic Poribacteria contain the SELENON gene. Presence of 

other eukaryotic- or archaea-specific genes (xenologs) was also observed within C. 

poribacteria genomes, indicating abundant gene exchanges through horizontal gene transfers 

(HGTs) between the bacteria and its eukaryotic host, as well as with other organisms of the 

prokaryotic community constituting the host microbiome. These HGTs are predicted to play an 

important role for the establishment of the symbiotic relationship with eukaryotic hosts. To get 

clues about SelenoN possible function, I worked on genes specifically conserved in SELENON-

containing C. poribacteria, and I serendipitously identified two enzymes from the 

phosphopantothenate biosynthetic pathway showing a singular distribution between these 

organisms. These enzymes participate in two consecutive reactions and are well-known to 

display a bacterial- or archaeal-specific phylogenetic profile. By comparing the gene 

distribution in the two C. poribacteria subgroups, we highlighted a mosaic organization of the 

two enzymes involved in phosphopantothenate biosynthesis, with some individuals using the 

bacterial enzymes while others relying on the archaeal proteins to achieve the production of 

this metabolite important to acetyl-Coenzyme A metabolism. In addition to improve gene 

annotations in this bacterial and other related groups, this observations highlights the dynamic 

evolution of the acetyl-Coenzyme A metabolic pathway during evolution. 
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This manuscript is submitted for publication as a short letter to Molecular Biology and 

Evolution. 

In this study, A.L. and L.T. designed the experiments, and L.T. conducted the 

identification of orthologous proteins between the different prokaryotic groups, performed the 

multiple sequences alignment and computation of phylogenetic trees. Both A.L. and L.T. 

drafted the manuscript. 
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>61<67A*61-1! @5+<89654! 57>! 59+-5854! K-N45H! U7! +./K595<6;8! A87./8! 5754N181! .J! 5! A9.*K! .J!

@5+<89652! !"#$%$"&'() *+,%-".&/,%"2! R8! /5>8! <-8! 1<96T67A! .@189;5<6.7! <-5<! <-8! 87ON/81!

+.9981K.7>67A! <.! <-8! K-.1K-.K57<.<-875<8! 1N7<-8161! K5<-R5N!R898! 7.<! +.998+<4N! 577.<5<8>H!

!"#$%$"&'() *+,%-".&/,%") 98J891! <.! 57! *7+45116J68>! A9.*K! .J! /59678! @5+<89652! 8;.4*<6.75964N!

9845<8>!<.!<-8!1*K89K-N4*/!02"#.&+45./&/(67/,,'.+4%.,+-%"6!12"45$%"!PG6818489!8<!54H2!#((Y]!

V5/T8! 8<! 54H2! #("YQH! ,-818! @5+<8965!R898! .96A67544N! 6>87<6J68>! 51!/8/@891! .J! <-8! @5+<89654!

+.//*76<N! 46;67A! 67! 1N/@6.161!R6<-!>6;8918! 1K.7A8!1K8+6812! 67+4*>67A!8*25(%#")"/,+*1+-"H!

!"#$%$"&'() *+,%-".&/,%") K98187<! <-8! K8+*46596<N! .J! 1-5967A! 18;8954! 8*T59N.<6+M46T8! J85<*9812!

1*+-!51!+./K48W!67789!/8/@9578!1<9*+<*981!16/6459!<.!8*T59N.<6+!67<95+844*459!+./K59</87<1!

57>!5!7*+48.6>M46T8!1<9*+<*98H!U7<8981<67A4N2!5!98+87<!/8<5A87./6+!1<*>N!6>87<6J68>!5>>6<6.754!

1<95671!.J!<-8!!"#$%$"&'()*+,%-".&/,%"!A9.*K!46;67A!51!J988M46;67A!.9A5761/1!K98187<!67!185R5<892!

>8J6767A <R.! >61<67+<! 1*@A9.*K1! +-595+<896O8>! 5++.9>67A! <.! <-869! 46J81<N482! 57>! >816A75<8>!

^7<.K.96@5+<8965) J.9! <-8! 1K.7A8M511.+65<8>) 57>! F845A6K.96@5+<8965! J.9! <-8! J988M46;67A! .7819!

_87./6+!5754N181!98;8548> 5!-6A-!48;84!.J!67789!>6;89A87+8!@8<R887!<-8!<R.!A9.*K12!67>6+5<67A!

5! >6JJ8987<! 8;.4*<6.759N! -61<.9N! PF.>844! 8<! 54H2! #("&QH! S7<.4.A6+54! 5754N161! .J! <-8! A878! 18<1!

1K8+6J6+!<.!85+-!1*@A9.*K!K98>6+<8>!<-5<!5!459A8!K59<!.J!<-8!A8781!1K8+6J6+!<.!<-8!̂ 7<.K.96@5+<8965)

A9.*K!+.7<96@*<8!<.!<-8!-.1<M1N/@6.7<!67<895+<6.7H!

!

!

! !



! "''!

D81*4<1!!

U7! @5+<89652! K57<.<-875<8! 1N7<-8<518! PF?Q! 61! 57! 87ON/8! 981K.716@48! J.9! +.7>8715<6.7! .J! ZM

5457678!57>!`MK57<.5<8!981*4<67A!67!`MK57<.<-875<8H!?*@18a*87<4N2!K57<.<-875<8!T67518!PF57VQ!

K-.1K-.9N45<81! `MK57<.<-875<8! <.! `MYEMK-.1K-.K57<.<-875<8! PG6AH! "QH! `MYEM

K-.1K-.K57<.<-875<8! 87ON/81! +57! @8! +45116J68>! 67<.! <-988! >6JJ8987<! <NK81! @518>! .7! <-869!

18a*87+81I!F57V1!.J!<NK8!U!57>!<NK8!UUU!598!J.*7>!67!5!R6>8!957A8!.J!@5+<89652!R-648!<NK8!UU!61!

/.1<4N! K98187<! 67! 8*T59N.<812! @*<! -51! 541.! @887! 6>87<6J68>! 67! :&"*152+.+..%) P188! G6AH! #3QH!

U7<96A*67A4N2! 5! 1859+-! J.9! F57V! 57>! F?! A8781! 67! <-8! 1N/@6.<6+! !"#$%$"&'() *+,%-".&/,%"!

A87./81!J5648>!<.!6>87<6JN!-./.4.A1!J.9!<-818!87ON/81H!b518>!.7!/*4<6K48!18a*87+8!546A7/87<1!

57>!K-N4.A878<6+!<988!+.71<9*+<6.72!R8!>8<89/678>!<-5<!<-8!K9.<8671!577.<5<8>!51!_cXF!T67518!

P_cXFVQ! 57>! K-.1K-.K57<.<-875<8dK57<.<-875<8! 1N7<-8<518! PFFdF?Q! 67! <-818! A87./81) 598!

16/6459! <.! <-8! 59+-5854! 87ON/81!K57<.5<8!T67518! PF.VQ! <-5<! K-.1K-.9N45<81!`MK57<.5<82! 57>!

K-.1K-.K57<.<-875<8!1N7<-8<518!PFF?Q2!981K.716@48!J.9!+.7>8715<6.7!.J!`MYMK-.1K-.K57<.5<8!

R6<-! ZM54576782! 981K8+<6;84N! PG6AH! #3! 57>! #b2! 57>! ?*KK! G6AH! "! 57>! #QH! ,-8! !"#$%$"&'()

*+,%-".&/,%"!K9.<8671!>61K45N8>!'"e!.9!YYe!6>87<6<N!R6<-!;/&1"#+(*%,%22'4)1'#<"&/%!F.V!57>!

FF?!981K8+<6;84N!P?*KK!,5@48!#QH!U/K.9<57<!FF?!9816>*81!J.9!1*@1<95<81!@67>67A2!>8>*+8>!J.9/!

<-8!'`!1<9*+<*98!PV6/!8<!54H2!#("'Q2!5KK8598>!<.!@8!+.7189;8>!P?*KK!G6A!#QH!,-61!.@189;5<6.7!

1*AA81<1! <-8!K98187+8!.J! <-8! 59+-5854! K5<-R5N! 67! <-8! 1N/@6.<6+!F.96@5+<8965H!B.718a*87<4N2!

1./8!5/@6A*.*1!K9.<867!577.<5<6.71!+57!@8!981.4;8>2!167+8!_cXFV!57>!FFdF?!598!.9<-.4.A1!

.J!F.V!57>!FF?!87ON/81!981K8+<6;84N2!@518>!.7!98+6K9.+54!@81<M-6<!b)3?,!1859+-81H!,-8!*18!

.J!<-8!59+-5854!95<-89!<-57!<-8!@5+<89654!985+<6.7!.9>89!J.9!<-8!1N7<-8161!.J!<-8!B.3!67<89/8>65<8!

`MYEMK-.1K-.K57<.<-875<8! 67! <-8! 1N/@6.<6+! ^7<.K.96@5+<8965! A9.*K! /699.91! R-5<! -51! @887!

1-.R7!67!<-8!59+-585!0%.,+*1%2'()&+,,%$'(3! 67!R-6+-!57!87ON/8!/*+-!+4.189!<.!<-8!@5+<89654!

F57V!<-57!<.!<-8!+57.76+54!59+-5854!F.V!R51!J.*7>!57>!-51!@887!577.<5<8>!51!f59+-5854!F57Vf!

P,5T5A6!8<!54H2!#("(]!?-6/.15T5!8<!54H2!#("gQ!PG6AH!#3QH!

?<96T67A4N2!<-8!59+-5854!87ON/81!.J!K-.1K-.K57<.<-875<8!K5<-R5N!K98187<!67!^7<.K.96@5+<8965)

5KK8598>!<.!@8!5@187<!J9./!F845A6K.96@5+<8965!<-5<!K.11811!<-8!+45116+54!@5+<89654!A8781!+.>67A!

J.9!<NK8MUUU!F57V!57>!F?!PG6AH!#3!57>!#b2!57>!?*KK!G6AH!'!57>!YQH!,-8!!"#$%$"&'()*+,%-".&/,%"!

K9.<8671! K98187<8>! #ge! .9! Y$e! 6>87<6<N! R6<-!0(/'$+4+#"() "/,'<%#+("! <NK8MUUU! F57V! 57>!

=(.1/,%.1%") .+2%! F?! 981K8+<6;84N! P?*KK! ,5@48! #QH! U/K.9<57<4N2! F57V! 57>! F?! 9816>*81! J.9!

1*@1<95<81!@67>67A2!>8>*+8>!J.9/!<-8!'`!1<9*+<*98!P;.7!`84J<!8<!54H2!#(("]![57A!8<!54H2!#((gQ2!

5KK8598>!541.!<.!@8!+.7189;8>!P?*KK!G6A!'!57>!YQH!,-61!.@189;5<6.7!6/K4681!<-5<!*<646O5<6.7!.J!

<-8!54<8975<6;8!K-.1K-.K57<.<-875<8!K5<-R5N1!61!>6+<5<8>!@N!<-8!@5+<89654!67<895+<6.7!R6<-!6<1!

87;69.7/87<!57>!46T84N!+.7<96@*<81!<.!<-8!-.4.@6.7<!67<895+<6.7H!



! "'Y!

`61+*116.7!

,-61!1<*>N!98;8548>!<-5<!<-8!.96A67!.J!K-.1K-.K57<.<-875<8!@6.1N7<-8161!61!/.98!+./K48W!<-57!

57<6+6K5<8>!57>! <-5<!R-5<!R51! 676<6544N!>8J678>!51!57!59+-5854!K5<-R5N! 61!541.!*18>! 67!1./8!

@5+<89654!A9.*K1H! U<! 541.! 1*AA81<1! 5!-6A-!>8A988!.J! 8;.4*<6;8! 57>! J*7+<6.754!K451<6+6<N! 67! <-8!

@6.1N7<-8161!.J!<-8!/8<5@.46+!67<89/8>65<81!.J!B.3H!U7<8981<67A4N2!5!16/6459!/.156+!8;.4*<6.7!

*<646O67A!54<8975<6;8!9.*<81!67!>6JJ8987<!@5+<8965!57>!59+-585!R898!6>87<6J68>!J.9!<-8!/8;54.75<8!

K5<-R5N2!5!@6.1N7<-8<6+!K9.+811!>.R71<985/!.J!K-.1K-.K57<.<-875<8!<-5<!+.7;89<1!B.3!67<.!

61.K987.6>!K98+*91.91! P)./@59>! 57>!X.986952! #(""]!c.1-67.! 57>!_5*+-892! #("%QH!SJ!7.<82!

>81K6<8! <-8! 16/64596<681! 67! <-8! +5<54NO8>! 985+<6.712! /*4<6K48! 18a*87+8! 546A7/87<! 1-.R8>! 7.!

+.//.7!>./567!@8<R887!F57V!57>!F.V!.7!.78!16>82!7.9!F?!57>!FF?!.7!<-8!.<-89!16>8H!,-61!

.@189;5<6.7!+48594N!67>6+5<8>!<-5<!<-818!87ON/81!.96A675<8!J9./!>6JJ8987<!57+81<954!A8781H!!

`81K6<8!<-8!*@6a*6<N!.J!<-8!B.3!K5<-R5N2!<-8!*78;87!<5W.7./6+!>61<96@*<6.7!.J!<-8!<R.!9.*<81!

J.9!K-.1K-.K57<.<-875<8!1N7<-8161!956181!18;8954!a*81<6.71!5@.*<!<-869!8;.4*<6.759N!.96A67H!,R.!

54<8975<6;8!@*<!7.7M8W+4*16;8!8WK4575<6.71!J.9!<-61!K-N4.A876+!K451<6+6<N!+57!@8!K9.K.18>H!S7!

<-8!.78!-57>2!<-8!8W+8K<6.71!<.!<-8!K-N45M1K8+6J6+!1N7<-8161!K5<-R5N1!R898!5+a*698>!@N!>61<67+<!

59+-5854! .9! @5+<89654! A9.*K1! <-9.*A-! -.96O.7<54! A878! <9571J891H! S*9! 981*4<1! 1*KK.9<! <-61!

-NK.<-81612! 167+8! R8! 1-.R8>! <-5<2! J9./! <-8! K..4! .J! 18a*87+8>! !"#$%$"&'() *+,%-".&/,%")

A87./812! .74N! 1N/@6.<6+! ^7<.K.96@5+<8965! *18! <-8! 59+-5854! K5<-R5N2! 51! <-8! J988M46;67A!

F845A6K.96@5+<8965! *18! <-8! @5+<89654! K5<-R5NH! ^7<.K.96@5+<8965! 598! K59<! .J! 5! 459A8!/6+9.@654!

+.//*76<N! <-5<!+.4.76O81! <-8!1K.7A8!/81.-N42!+.71<6<*<67A!57!57+81<954! J.9/!.J!/6+9.@6.<5!

Ph8@1<89! 57>!,-./512!#("g]!F6<5! 8<! 54H2! #("%QH!,-61! +.//*76<N! 67+4*>81!@.<-!@5+<8965! 57>!

59+-585! 67! +4.18! K9.W6/6<N2! 5! +.7>6<6.7! J5;.95@48! J.9! 67<8967>6;6>*54! A878! <9571J89H! U7>88>2!

5754N161!.J!!"#$%$"&'()*+,%-".&/,%"!A87./81!98;8548>!<-8!K98187+8!.J!/57N!A8781!+.>67A!J.9!

8*T59N.<8M46T8! K9.<86712! which were predicted to be involved in mediating host-microbe 

interactions PV5/T8!8<!54H2!#("Y]!F.>844!8<!54H2!#("&QH!34<8975<6;84N2!<-8!<R.!K5<-R5N1!/5N!-5;8!

.96A67544N!+.8W61<8>!67!5!+.//.7!57+81<.9!57>!.78!.9!57.<-89!.J!<-8!<R.!@957+-81!R898!<-87!

K.16<6;84N! .9! 78A5<6;84N! 1848+<8>! 5++.9>67A! <.! /8<5@.46+! K9.K89<681! .9! <.W6+! 8JJ8+<1! .J! <-8!

K.116@48!/8<5@.46+!67<89/8>65<81H!c.R8;892!1.!J59!+.8W61<87+8!.J!<-8!<R.!K5<-R5N1!-51!7.<!@887!

>81+96@8>!67!57N!.9A5761/2!1*AA81<67A!<-5<!<-8N!598!8W+4*16;8!<.!85+-!.<-89H!S*9!K-N4.A878<6+!

K9.J6467A! 1<*>N! 9867J.9+81! <-8! 7.<6.7! .J! 5 /.156+! .J! .9<-.4.A.*1! 9845<6.71-6K1! .J! B.3!

@6.1N7<-8<6+!A8781!@8<R887!@5+<8965!57>!59+-585!51!.96A67544N!K9.K.18>!@N!_871+-84!P#((YQH!

! !



! "'i!

X5<896541!57>!/8<-.>1!

?8a*87+8!98<968;54!57>!/*4<6K48!546A7/87<!+.71<9*+<6.7!

D8J8987+8!K9.<867!18a*87+81!J.9!85+-!87ON/8!.J!67<8981<!P<NK8!UdUUdUUU!F57V12!F.V2!F?2!FF?Q!

R898!98<968;8>!J9./!<-8!:76K9.<Vb!>5<5@518P-<<K1IddRRRH*76K9.<H.9AdQH!3++8116.7!7*/@891!J.9!

<-8! 1848+<8>! 87ON/81! 598! 1-.R7! 67! ?*KK! ,5@48! "H! G.9! <-818! 18a*87+812! +.7189;8>! K9.<867!

>./5671!R898!8W<95+<8>!J9./!<-8!B``!>5<5@518!P-<<K1IddRRRH7+@6H74/H76-HA.;d?<9*+<*98d+>>Q!

57>!+.7189;8>!98A6.71!R898!6>87<6J68>!67!<-8!/*4<6K48!546A7/87<!98K98187<5<6;8!.J!85+-!>./567!

P-<<K1IddRRRH7+@6H74/H76-HA.;d?<9*+<*98d+>>dR9K1@H+A6QH! ,-872! <-988! 5>>6<6.754! 18a*87+81!

J9./!.<-89!1K8+681!R898!98<968;8>!J.9!85+-!87ON/8!.J!67<8981<!@518>!.7!<-869!98;68R8>!:76K9.<!

577.<5<6.71! P188! ?*KK! ,5@48! "QH! G.9! 85+-! 87ON/82! 5! /*4<6K48! 546A7/87<! .J! <-8! 98<968;8>!

18a*87+81!R51!+.71<9*+<8>!*167A!X*1+48!57>!+.7189;8>!98A6.71!R898!/57*544N!+./K598>!<.!

<-8!8WK8+<8>!98A6.71!6>87<6J68>!67!<-8!+.7189;8>!K9.<867!>./5671H!

h8! <-87! *18>! 85+-! 98J8987+8! K9.<867! 18a*87+8! 51! 5! a*89N! J.9! 5! <b)3?,7! 1859+-! .J! <-8!

!"#$%$"&'() *+,%-".&/,%"! A87./81! 67! <-8! h_?! >5<5@518!

P-<<K1IddRRRH7+@6H74/H76-HA.;dA87@57TdRA1dQ2!167+8!<-898!598!/.98!A87./6+!5118/@4681!PgYQ!

<-57!K9.<8./81!5;5645@48!P##QH!,-61!544.R8>!*1!<.!98<968;8!J.*9!K9.<867!18a*87+81!J9./!K845A6+!

!9)*+,%-".&/,%"!*167A!<-8!98J8987+8!<NK8MUUU!F57V!K9.<867!51!5!a*89N2!57>!J.*9!K9.<867!18a*87+81!

J9./!1N/@6.<6+!!9)*+,%-".&/,%"!*167A! <-8! 98J8987+8!F.V!K9.<867!51!5!a*89N! P?*KK!,5@48!#QH!

_87./8!5118/@4681!57>!+.7<6A1!*18>!598!1-.R7!67!?*KK!,5@48!'H!G67544N2!/*4<6K48!546A7/87<1!

.J!<-8!98<968;8>!F.V!87ON/81!67+4*>67A!^7<.K.96@5+<8965)/61M577.<5<8>!18a*87+81!57>!.J!<-8!

98<968;8>! <NK8MUUU! F57V! 87ON/81! 67+4*>67A! F845A6K.96@5+<8965) 18a*87+81! R898! +.71<9*+<8>!

*167A!X*1+48!'H%H'"!P^>A592!#((YQ!P?*KK!G6AH!"!57>!'QH!

!

3!16/6459!5KK9.5+-!R51!*18>!<.!.@<567!F?!57>!FF?!18a*87+81H!G691<2!R8!98<968;8>!F?!18a*87+81!

J.9!<-8!<-988!98J8987+8!@5+<8965!K98;6.*14N!>8<89/678>!57>!J.*9!FF?!18a*87+81!J.9!<-8!J.*9!F.VM

+.>67A!59+-585!J9./!:76K9.<VbH!3++8116.7!7*/@891!J.9!<-8!1848+<8>!87ON/81!598!1-.R7!67!

?*KK!,5@48!"H!G.9!<-818!18a*87+812!+.7189;8>!K9.<867!>./5671!R898!6>87<6J68>!67!B``H!G.9!

85+-!87ON/82!5!/*4<6K48!546A7/87<!R51!+.71<9*+<8>!57>!+.7189;8>!98A6.71!R898!+./K598>!<.!

<-8!8WK8+<8>!98A6.71!J9./!<-8!+.7189;8>!K9.<867!>./5671H!:167A!<-8!=9).+2%)57>!<-8!;9)1'#<"&/%)

18a*87+812!R8! <-87!K89J.9/8>!5! <b)3?,7!1859+-!.J! <-8!h_?!>5<5@518! <.! 98<968;8! <-8! J.*9!

K9.<867! 18a*87+81! J9./! <-8! K98;6.*14N! +.716>898>! F845A6K.96@5+<8965) 57>! ^7<.K.96@5+<8965H!

_87./8! 5118/@4681! 57>! +.7<6A1! *18>! 598! K98187<8>! 67! ?*KK! ,5@48! #H! G67544N2! /*4<6K48!

546A7/87<1!.J!<-8!98<968;8>!FF?!87ON/81!P67+4*>67A!̂ 7<.K.96@5+<8965!/61M577.<5<8>!18a*87+81Q!



! "'g!

57>!.J! <-8! 98<968;8>!F?! 87ON/81! P67+4*>67A!F845A6K.96@5+<8965) 18a*87+81Q!R898! +.71<9*+<8>!

*167A!X*1+48!PG6AH!?*KKH!#!57>!YQH!

!

F-N4.A878<6+!5754N181!

,-8!<988!+.71<9*+<6.7!R51!+59968>!.*<!*167A!F-N4.b5N81!;HYH"!P)59<644.<!8<!54H!#((&Q!J.9!P6Q!<-8!

18<!.J! <NK8MUUU!F57V1!.9!P66Q!F.V!K9.<86712!57>!P666Q! <-8!18<!.J!F?!.9!P6;Q!FF?!K9.<8671!P?*KK!

G6A*981!"!57>!'!.9!#!57>!Y!981K8+<6;84NQH!G.9!85+-!18<2!<R.!b5N81657!5754N181!R898!K89J.9/8>!

*167A!86<-89!<-8!167A48!1*@1<6<*<6.7!/.>84!P)_Q!.9!<-8!K9.J648!/6W<*98!/.>84!PB3,M_,DQH!^5+-!

5754N161! R51! K89J.9/8>! 67! >*K46+5<82! 57>! <-8! +.7;89A87+8!R51! 5118118>! *167A! <-8! @K+./K!

J*7+<6.7!K9.;6>8>!@N!F-N4.b5N81H!G.9!85+-!5754N1612!"((!15/K48>!K.67<1!R898!98/.;8>!51!@*97M

67H! ,-8! <988! <.K.4.A681! .@<5678>! J.9! 85+-! 18<! *167A! @.<-! /.>841! 598! 54/.1<! 6>87<6+542! 57>!

<-898J.98!.74N!<-8!B3,M_,D!<9881!598!1-.R7!-898!PG6AH!#QH!

!

!

?*KK48/87<59N!/5<896541!

?*KK! G6A*98! "H! X*4<6K48! K9.<867! 546A7/87<! .J! 98J8987+8! K57<.5<8! T67518! PF.VQ! 57>! /61M

577.<5<8>!^7<.K.96@5+<89654!18a*87+81H!

?*KK!G6A*98!#H!X*4<6K48!K9.<867!546A7/87<!.J!98J8987+8!K-.1K-.K57<.<-875<8!1N7<-8<518!PFF?Q!

57>!/61M577.<5<8>!^7<.K.96@5+<89654!18a*87+81H!

?*KK! G6A*98! 'H! X*4<6K48! K9.<867! 546A7/87<! .J! 98J8987+8! 57>! F845A6K.96@5+<89654! <NK8MUUU!

K57<.<-875<8!T67518!PF57VQ!18a*87+81H!

?*KK!G6A*98!YH!X*4<6K48!K9.<867!546A7/87<!.J!98J8987+8!57>!F845A6K.96@5+<89654!K57<.<-875<8!

1N7<-8<518!PF?Q!18a*87+81H!

?*KK!,5@48!"H!B.7189;8>!>./5671!57>!:76K9.<!5++8116.7!7*/@891!.J!@5+<89654!57>!59+-5854!

K-.1K-.K57<.<-875<8!@6.1N7<-8<6+!87ON/81H!

?*KK!,5@48!#H!U>87<6<J6891!.J!B57>6>5<*1!K.96@5+<8965!+.7<6A1!87+.>67A!@5+<89654!.9!59+-5854!

K-.1K-.K57<.<-875<8!@6.1N7<-8<6+!87ON/81H!

!

!

! !



! "'$!

D8J8987+81 

^>A59! DBH! #((YH! X:?B)^I! /*4<6K48! 18a*87+8! 546A7/87<! R6<-! -6A-! 5++*95+N! 57>! -6A-!

<-9.*A-K*<H!>'.2/%.)8.%$()?/(H!'#PiQI"$&#M"$&$H!

!

G6818489!)2!c.97!X2!h5A789!X2!c87<1+-84!:H!#((YH!`61+.;89N!.J!<-8!C.;84!B57>6>5<8!F-N4*/!

jF.96@5+<8965k!67!X59678!?K.7A81H!8**29)=#@%,+#9);%.,+-%+2H!$(PgQI'$#YM'$'#H!

!

_871+-84!:H!#((YH!B.87ON/8!3!b6.1N7<-8161I!D8+.71<9*+<6.7!.J!<-8!F5<-R5N!67!39+-585!57>!

57!^;.4*<6.759N!?+87596.!b518>!.7!B./K595<6;8!_87./6+1H!;+2)A%+2)=@+2H!#"I"#Y#l"#i"H!

!

U1-6@51-6!,2!,./6<5!c2![.T..\6![2!X.96T6<5!,2!h5<575@8!b2!c695<5T8!m2!V61-6/.<.!32!V6<5!32!

X6T6! V2! U/575T5! ,2! 8<! 54H! #("#H! 3! >8<5648>! @6.+-8/6+54! +-595+<896O5<6.7! .J!

K-.1K-.K57<.<-875<8!1N7<-8<5182!5!7.;84!87ON/8!67;.4;8>!67!+.87ON/8!3!@6.1N7<-8161!67!<-8!

39+-585H!=B&,/4+*1%2/(!"gI%"&l%#%H!

!

V5/T8!m2!D67T8!B2!?+-R687<8T!F2!X5;9./5<61!V2!U;57.;5!C2!?+ON9@5!32!h.NT8!,2!c87<1+-84!

:H! #("YH! ,-8! B57>6>5<8! F-N4*/! F.96@5+<8965! @N! ?67A48MB844! _87./6+1I! C8R! U716A-<1! 67<.!

F-N4.A87N2! B844MB./K59</87<5<6.72! ^*T59N.<8M)6T8! D8K85<! F9.<86712! 57>! S<-89! _87./6+!

G85<*981H!0C+:)D>=9!&I8%$'i'H!

!

V5<.-!c2!,5/5T6!c2!,.T*<5T8![2!c575>5!?2!57>!B-.-757!?H!#("'H!U>87<6J6+5<6.7!.J!K57<.5<8!

T67518!57>!K-.1K-.K57<.<-875<8!1N7<-8<518!J9./!X8<-57.1K69644*/!-*7A5<86H!E)A%+(.%)A%+/#<H!

""iI'$#l'$gH!!

!

V6/!XMV2!37![m2!B-5!?M?H!#("'H!,-8!+9N1<54!1<9*+<*98!.J!5!7.;84!K-.1K-.K57<.<-875<8!

1N7<-8<518!J9./!<-8!-NK89<-89/.K-646+!59+-5852!,-89/.+.++*1!.77*9678*1!C3"H!A%+.1/4)

A%+*1)?/()!+9!Y'&Ii''li'%H!

!

)59<644.<!C2! )8K5A8! ,2! b457a*59<! ?H! #((&H! F-N4.b5N81! 'I! 5! b5N81657! 1.J<R598! K5+T5A8! J.9!

K-N4.A878<6+!98+.71<9*+<6.7!57>!/.48+*459!>5<67AH!A%+%#F+,4"&%.(!#iP"$QI##%gM##%%!

!



! "'%!

F6<5!)2!D6W!)2!?45@N!bX2!G957T8!32!c87<1+-84!:H!#("%H!,-8!1K.7A8!-.4.@6.7<!67!5!+-57A67A!

.+857I!J9./!/6+9.@81!<.!8+.1N1<8/1H!;%.,+-%+4/H!gIYgH!

!

F.>844!?2!b457<.7!mX2!C8*!32!3A59R54!n2!b6AA1!m?2!X..98!b?2!34487!^^H!#("&H!F57A87./6+!

+./K5961.7! .J! A4.@544N! >61<96@*<8>! F.96@5+<8965! 511.+65<8>! R6<-! 1K.7A8! -.1<1! 57>! /59678!

K59<6+481H!G:;=)EH!"'IYg%lY%"H!

!

?-6/.15T5!,2!,./6<5!c2!3<./6!cH!#("gH!D8A*45<6.7!.J!B.87ON/8!3!b6.1N7<-8161!67!<-8!

cNK89<-89/.K-646+!b5+<896*/!,-89/.<.A5!/596<6/5H!E9)A".&/,%+29!"&%I"&&'l#(((H!

!

,5T5A6!X2!,5/5T6!c2!X6N5/.<.![2!)8.759>6!D2!c575>5!?2!m5+T.R1T6!?2!B-.-757!?H!#("(H!

F57<.<-875<8!V67518!J9./!<-8!,-89/.5+6>.K-646+!39+-58.7!F6+9.K-64*1!<.996>*1H!E9)A".&/,%+2H!

"&#I#''l#Y"H!

 

,./6<5!c2![.T..\6![2!U1-6@51-6!,2!U/575T5!,2!3<./6!cH!#("#H!b6.+-8/6+54!B-595+<896O5<6.7!

.J!F57<.5<8!V675182!5!C.;84!^7ON/8!C8+81159N!J.9!B.87ON/8!3!b6.1N7<-8161!67!<-8!39+-585H!

E9)A".&/,%+29!"&YIiY'YliYY'H!

!

;.7!`84J<!G2!)8R87>.7!32!`-57595\!n2!b4*7>844!,)2!3@844!B2!?/6<-!3_H!#(("H!,-8!B9N1<54!

?<9*+<*98!.J!^H!+.46!F57<.<-875<8!?N7<-8<518!B.7J69/1!U<!51!5!X8/@89!.J!<-8!

BN<6>N4N4<9571J89518!?*K89J5/64NH!:&,'.&',/9!&IY'&lYi(H!

!

h8@1<89!C?2!,-./51!,H!#("gH!,-8!?K.7A8!c.4.A87./8H!4A%+H!$I8(("'iM"gH!

!

[57A!V2!^N.@.![2!b957>!)32!X59<N7.R1T6!`2!,./+-6+T!`2!?<95*11!^2!o-57A!cH!#((gH!

B9N1<54!?<9*+<*98!.J!5!,NK8!UUU!F57<.<-875<8!V67518I!U716A-<!67<.!<-8!X8+-5761/!.J!57!

^1187<654!B.87ON/8!3!b6.1N7<-8<6+!^7ON/8!:76;891544N!`61<96@*<8>!67!b5+<8965H!EA!

"%%Iii'#liiY(H!

!

[.T..\6![2!,./6<5!c2!3<./6!c2!U/575T5!,H!#((&H!F57<.5<8!V67518!57>!F-.1K-.K57<.<-875<8!

?N7<-8<5182! ,R.!C.;84! ^7ON/81!C8+81159N! J.9! B.3!b6.1N7<-8161! 67! <-8!39+-585H! E9) A%+29)

!1/4H!#%YI#%"'$l#%"YiH!

!

! !



! "'&!

3+T7.R48>A8/87<1!

h8!598!67>8@<8>!<.!m*468!,-./K1.7!J.9!J9*6<J*4!>61+*116.71!57>!+.//87<1!5@.*<!<-8!981*4<1!.J!

<-61!1<*>NH!,-61!1<*>N!R51!1*KK.9<8>!@N!J*7>67A!.J!BCD?2!G.7>5<6.7!X8N89!57>!3`U??^S!

GD3CB^!?3?!l)5@.95<.698!B.//*7!`65A7SW6!M!<.!3)2!57>!5!BUGD^!J844.R1-6K!J9./!<-8!

311.+65<6.7!C5<6.7548!D8+-89+-8!8<!,8+-7.4.A68!<.!),H!

 

!

!

 

 

 

! !



! "Y(!

G6A*981!48A87>1!

9&:+4(! ;8! <%',(4&%*! %-5! %4'/%(%*! 0/#$0/#0%-,#,/(-%,(! 1&#$2-,/(,&'! 0%,/3%2$6! X.1<!

@5+<89652! 46T8! 8*T59N.<812! *18! F?! 57>! F57V1! <.! 1N7<-8<6O8! YEMK-.1K-.K57<.<-875<8! J9./!

K57<.5<8H!,-8!54<8975<6;8!K5<-R5N!*<646O8>!@N!/.1<!59+-585!67;.4;8!F.V!57>!FF?!87ON/81!<-5<!

+5<54NO8!16/6459!985+<6.71!@*<!67!<-8!98;8918!985+<6.7!.9>89H!!

!

!

9&:+4(! =8! <%2($&%-! 0/2*#:(-(,&'! ,4(($! #.! (->2?($! &-)#*)(5! &-! 0/#$0/#0%-,#,/(-%,(!

0%,/3%2!&-!%4'/%(%*!%-5!1%',(4&%*!:4#+0$6!,-8!.@<5678>!<9881!1-.R!<-8!>61<96@*<6.7!.J!<-8!

1N/@6.<6+! P^7<.K.96@5+<8965H) 57>! J988M46;67A! PF845A6K.96@5+<8965Q! !"#$%$"&'() *+,%-".&/,%"!

A9.*K1! 5++.9>67A! <.! <-8! *18! .J! P@Q! K57<.<-875<8! T67518! PF57VQ! 57>! K57<.5<8! T67518! PF.VQ!

87ON/81! ! 57>! P<Q! K57<.<-875<8! 1N7<-8<518! PF?Q! 57>! K-.1K-.K57<.<-875<8! 1N7<-8<518! PFF?Q!

87ON/81! P*KK89!57>! 4.R89!K57841! 981K8+<6;84NQH!b957+-! 487A<-1!598! 1-.R7!J.9!/5\.9!7.>81H!

?+548!@59!98K98187<1!(H#!57>!(H"!5/67.!5+6>!98K45+8/87<1!K89!16<8!K89!*76<!8;.4*<6.759N!<6/8!.7!

K57841! @! 57>! <! 981K8+<6;84NH! 3@@98;65<6.7I! BFSI! !"#$%$"&'() *+,%-".&/,%"]! Xc:I!

;/&1"#+(*%,%22'4) 1'#<"&/%]! ,VSI!I1/,4+.+..'() J+$"J",/#(%(]!Xm3I!;/&1"#+."2$+.+..'()

K"##"(.1%%]! XX3I! ;/&1"#+(",.%#") 4"L/%]! ^BSI! =(.1/,%.1%") .+2%]! ?3:I! :&"*152+.+..'()

"',/'(]!F3DI!0(5.1,+-".&/,)",.&%.'(]!3b3I!8.%#/&+-".&/,)-"'4"##%%]!F3^I!0(/'$+4+#"()

"/,'<%#+("]!b?:I!A".%22'()('-&%2%(H!

!

!

!

!

!

!

! !
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!

!

! !
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!"#$%$&'()*#+&')

!"#$%&%

CPO_binSS2_GHMPK

CPO_bin40_GHMPK

CPO_PCPOR2a_GHMPK

CPO_bin70_GHMPK

0.095

0.103

0.116

0.034

0.126

0.099

MMA_POK

MJA_POK

0.673

0.884

0.691

0.163

TKO_POK

MHU_POK

0.961

1.039

0.117

0.125

0.2

CPO_UBA9662_Pank

CPO_NAT81_Pank
0.010

CPO_NAT1_Pank

0.321

0.340

CPO_B28_Pank

0.275

0.354

BSU_PankIII

0.281

0.338

PAE_PankIII

ABA_PankIII

PAR_PankIII

0.443

0.517

1.335

0.322

0.915

0.476

0.2

!"#$%&'()&*$+,")&$

!"#$%&'"

!"#$%$&'()*#+&')

!"#$%&%

Seaview    bpcomp.con.tre    Sun Jul 19 15:31:09 2020

CPO_bin70_PP/PS

CPO_PCPOR2a_PP/PS

CPO_binSS2_PP/PS

0.125

0.175

0.170

0.074

CPO_bin40_PP/PS

0.058

0.157

TKO_PPS

MJA_PPS

0.368

0.510

MMA_PPS

MHU_PPS

0.348

0.696

0.169

0.166

0.547

0.029

0.1

Seaview    bpcomp.con.tre    Sun Jul 19 15:26:26 2020

CPO_UBA9662_PS

CPO_NAT81_PS

CPO_NAT1_PS

0.399

0.316

CPO_B28_PS

SAU_PS

0.276

0.868

0.188

0.110

PAE_PS

ECO_PS

0.552

0.423

0.022

0.417

0.1

!"#$%&'()&*$+,")&$

!"#$%&'"

Entoporibacteria

Pelagiporibacteria

Bacteria

Archaea

Entoporibacteria

Pelagiporibacteria

Bacteria

Archaea
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!"##$ %&'($ )*$ +",-&#,.$ #/0-.&1$ 2,&'13.1-$ 04$ /.4./.15.$ 2/562.2,$ #21-02-.$ 7&128.$ 9:0;<$ 8.=".15.8$ >&-6$ ?1-0#0/&@25-./&2,$ 8.=".15.8$

2110-2-.A$ 28$BC+:$7&128.(!%&'()*+),!-./! 01)/,230,+4! 3/')(!53/0&+! .)4! 6'/3.&'7+4! 3/')(! 8.&6'+-! 9:.,+2;13/+! +,! .&<=! >??@A<!B&3+! C1D+/!

0122+/E1)4!,1!,;+!E+20+),!'4+),',F!-',;!,;+!01)/+)/3/!/+G3+)0+!')!,;+!.&'()*+),H!4.2I!C&3+!J!K?L=!*+4'3*!C&3+!J!M?L=!&'(;,!C&3+!J!#?L=!-;',+!N!

#?L<! %CC2+6'.,'1)H! 58%H! !"#$%&'(%)*'('((+,- .%&&%,($//O! 55%H! !"#$%&',%0(/&%- 1%2"/O! 5PQH! !"#$%&',3/0/))+1- $+&4%#"/O! RSTH!

5$"01'('((+,-6'*%6%0"&,/,O!UVTH!7%&*/*%#+,-3'0/8%(#"0/%<!!
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!"##$%&'($D*$+",-&#,.$#/0-.&1$2,&'13.1-$04$/.4./.15.$2/562.2,$#608#60#21-0-6.12-.$8E1-6.-28.$9::!<$8.=".15.8$>&-6$?1-0#0/&@25-./&2,$

8.=".15.8$2110-2-.A$28$#608#60#21-0-6.12-.F#21-0-6.12-.$8E1-6.-28.(!%&'()*+),!-./!E+2W12*+4!3/')(!53/0&+!.)4!6'/3.&'7+4!3/')(!8.&6'+-!

9:.,+2;13/+!+,!.&<=!>??@A<!U1)/+26+4!2+/'43+/!'4+),'W'+4!./!'*E12,.),!W12!/3C/,2.,+!C')4')(!.2+!')4'0.,+4!CF!.!/,.2!9S'*!+,!.&<=!>?"$A<!B&3+!C1D+/!

0122+/E1)4!,1!,;+!E+20+),.(+!'4+),',F!-',;!,;+!01)/+)/3/!/+G3+)0+!')!,;+!.&'()*+),H!4.2I!C&3+!J!K?L=!*+4'3*!C&3+!J!M?L=!&'(;,!C&3+!J!#?L=!-;',+!

N! #?L<! %CC2+6'.,'1)H! 5PQH! !"#$%&',3/0/))+1- $+&4%#"/O! 55%H! !"#$%&',%0(/&%- 1%2"/O! 58%H! !"#$%&'(%)*'('((+,- .%&&%,($//O! RSTH!

5$"01'('((+,-6'*%6%0"&,/,O!UVTH!7%&*/*%#+,-3'0/8%(#"0/%<!
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!"##$%&'($G*$+",-&#,.$#/0-.&1$2,&'13.1-$04$/.4./.15.$21A$50//.5-,E$2110-2-.A$:.,2'&#0/&@25-./&2,$-E#.HIII$#21-0-6.12-.$7&128.$9:21;<$

8.=".15.8(!%&'()*+),!-./!E+2W12*+4!3/')(!53/0&+!.)4!6'/3.&'7+4!3/')(! 8.&6'+-! 9:.,+2;13/+!+,! .&<=! >??@A<!U1)/+26+4! 2+/'43+/! '4+),'W'+4!./!

'*E12,.),!W12!0.,.&F/'/!.2+!')4'0.,+4!CF!.!/,.2!9Y.)(!+,!.&<=!>??MA<!B&3+!C1D+/!0122+/E1)4!,1!,;+!E+20+),.(+!'4+),',F!-',;!,;+!01)/+)/3/!/+G3+)0+!')!

,;+! .&'()*+),H!4.2I!C&3+!J!K?L=!*+4'3*!C&3+!J!M?L=! &'(;,!C&3+!J!#?L=!-;',+!N!#?L<!%CC2+6'.,'1)H!V%ZH!9,"+*'1'&%,-%"0+4/&',%O!V%[H!

9,:($0'8%(#"0-%0(#/(+,O!%B%H!;(/&"#'8%(#"0-8%+1%&&//O!B\QH!<%(/))+,-,+8#/)/,O!UVTH!7%&*/*%#+,-3'0/8%(#"0/%<!
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!"##$%&'($J*$+",-&#,.$#/0-.&1$2,&'13.1-$04$/.4./.15.$21A$50//.5-,E$2110-2-.A$:.,2'&#0/&@25-./&2,$#21-0-6.12-.$8E1-6.-28.$9:!<$8.=".15.8(!

%&'()*+),!-./!E+2W12*+4!3/')(!53/0&+!.)4!6'/3.&'7+4!3/')(!8.&6'+-!9:.,+2;13/+!+,!.&<=!>??@A<!U1)/+26+4!2+/'43+/!'4+),'W'+4!./!'*E12,.),!W12!
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PanK/PoK 
 

Species Enzymes 
Conserved 

domain 
Accession number  

Escherichia coli type-I PanK PRK05439 P0A6I3  

Yersinia pestis type-I PanK  A9R361  

Lactobacillus paracasei type-I PanK  Q036Y4  

Picrophilus torridus type-I PanK  Q6L2I5  

Staphylococcus aureus type-II PanK PRK13317 Q6G7I0  

Bacillus cereus type-II PanK  B7JSQ5  

Oceanobacillus iheyensis type-II PanK  Q8EN08  

Bacillus thuringiensis subsp. 
Konkukian 

type-II PanK  Q6HHK0  

Pseudomonas aeruginosa type-III PanK PRK13322 Q9HWC1  

Psychrobacter arcticus type-III PanK  Q4FUX4  

Bacillus subtilis type-III PanK  P37564  

Acinetobacter baumannii type-III PanK  B0VU08  

Methanospirillum hungatei PoK COG1829 Q2FUB2  

Thermococcus kodakarensis PoK  Q5JHF1  

Methanocaldococcus jannaschii PoK  Q58379  

Methanosarcina mazei PoK  A0A0E3RDM2  

PS/PPS 
 
 

Species Enzymes 
Conserved 

domain 
Accession number  

Escherichia coli PS PRK00380 Q8X930  

Staphylococcus aureus PS PRK00380 P65658  

Pseudomonas aeruginosa PS PRK00380 A6VCI6  

Methanospirillum hungatei PPS PRK13761 Q2FUA9  

Methanocaldococcus jannaschii PPS PRK13761 Q57662  

Thermococcus kodakarensis PPS PRK13761 Q5JIZ8  

Methanosarcina mazei PPS PRK13761 Q8PUQ1  

Supp Table 1. Conserved domains and Uniprot accession numbers of bacterial and archaeal 

phosphopantothenate biosynthetic enzymes. Bacterial type-I, type-II, type-III PanKs and archaeal 

PoK enzymes were retrieved from four reference organisms depicted in bold. Conserved domains were 

identified to validate protein annotations and the sequences were used to retrieve homologs from three 

other species for each enzyme based on reviewed Uniprot annotations. PS and PPS sequences were 

retrieved for the three reference bacteria and the four archaea encoding the PoK enzymes respectively. 

Archaeal species are depicted in red.   
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Query protein (Organism: 
UniprotKB ID) 

C. poribacteria contig ID (strain) E-value 
Identity 

(%) 
Query 

cover (%) 

Type-III PanK 

(P. aeruginosa: Q9HWC1) 

PACG01000088.1 (NAT1) 2E-05 23.2 97 

DPVI01000463.1 (UBA9662) 5E-04 26.6 58 

NZUQ01000044.1 (NAT81) 5E-03 26 58 

QNBQ01000081.1 (B28) 5E-04 28.5 50 

PoK 

(M. hungatei: Q2FUB2) 

VXXJ01000247.1 (bin40) 6E-27 31.7 89 

PYJA01000004.1 (PCPOR2a) 4E-23 30.7 89 

RKRR01000028.1 (binSS2) 4E-25 30.8 89 

MPMY01000015.1 (bin70) 2E-24 32 91 

PS 

(E. coli: Q8X930) 

PACG01000104.1 (NAT1) 9E-70 44.7 92 

DPVI01000290.1 (UBA9962) 4E-61 43.7 92 

NZUQ01000037.1 (NAT81) 4E-61 43.7 92 

QNBQ01000082.1 (B28) 3E-72 50.2 91 

PPS 

(M. hungatei: Q2FUA9) 

VXXJ01000393.1 (bin40) 2E-54 44.1 95 

PYJA01000017.1 (PCPOR2a) 3E-50 43.5 95 

RKRR01000051.1 (binSS2) 5E-51 41.3 95 

MPMY01000029.1 (bin70) 8E-50 48 81 

Supp Table 2. Identifiers of Candidatus poribacteria contigs encoding bacterial or archaeal 

phosphopantothenate biosynthetic enzymes. Presence of PanK, PoK, PS or PPS orthologs within 

Candidatus poribacteria genomes was established using tBLASTn searches against the WGS 

database. BLAST values representing the degree of similarity are indicated for each protein.  Proteins 

were extracted and translated from eight different Poribacteria assemblies: four Pelagiporibacteria 

(NAT1, UBA9662, NAT81, B28) and four Entoporibacteria (bin40, PCPOR2a, binSS2, bin70). Archaeal 

species are depicted in red.  
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Chapter 3 
!
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To test hypotheses and to answer biological questions rose by comparative 

transcriptomic or genomic analyzes conducted during my thesis, I was brought to investigate 

and manage large sets of genes originating from different species. In the recent years, many 

informatics tools have been developed to analyze and compare such sets resulting from omics 

studies. Searching and using these tools during my thesis allowed me to realize that it is not 

always as straightforward. Indeed, such tools are accessible through different platforms 

(websites, softwares or command-lines), using different methods, and intended to solve 

different problems. To face such a complex situation, one possible approach is to design new 

programs adapted to the specific biological questions, and providing better control, 

understanding and accessibility. However by doing this, each new tool is added to the pool of 

those already existing, making the situation even more complicated. To solve this conundrum, 

we wanted to propose an alternative approach based on a combination of pre-existing well-

known tools and databases (Uniprot, STRING, and BLAST), implemented with 

complementary analytical methods. This led us to the design of an original workflow providing 

a systematic and standardized process to analyze sets of genes, through an intuitive interface 

accessible online: PROTEDEX. In addition to its application in the following manuscript, 

PROTEDEX was also successfully applied in the study entitled "Transcriptomic analysis to 

identify conserved genes and mechanisms involved in stress response and adaptation in 

vertebrate species" (see Chapter 1). 

 

This project was conducted in collaboration with Victor Loegler, an undergraduate 

student, who worked on this workflow as part of an internship under my supervision. 

The computational protocol designed during this project is submitted for publication as 

an application note to Bioinformatics. 

V.L. and L.T. conceived and developed the bioinformatics workflow. V.L. implemented 

the EVOBLAST module and L.T. developed the remaining part of the bioinformatics protocol, 

including the TRACE module. This project was possible thanks to the advice of A.L. and F.J. 

and the work was conducted under their supervision. The manuscript was drafted by V.L., L.T. 

and A.L. 
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Abstract 

 

Summary: In the omics era, an increasing number of high-throughput studies result in 

large lists of proteins or genes and their associated quantitative data. Here we present 

PROTEDEX, an online workflow aimed at extracting pertinent biological information 

from these lists. Using a combination of five modules including both new and pre-

existing tools, it allows standardized and integrative investigation of gene sets from a 

unique request. It was designed to perform biological enrichment analyses, network 

construction, cluster extraction and identification of regulators, as well as prediction of 

homology relations. Moreover, PROTEDEX can also generate and analyze a generic 

list of genes by querying Gene Ontology and Reactome nomenclatures from the 

Uniprot database. As an illustrative example, the usefulness of PROTEDEX is 

demonstrated by investigating the use of human cholesterol-related genes in 

Drosophila melanogaster. 

 

Availability and implementation: https://protedex.fedcloud.fr 

 

Contact: l.thomes@ibmc-cnrs.unistra.fr 

 

Supplementary Information: Supplementary data are available at Bioinformatics 

online. 
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Introduction  

With the advent of high-throughput technologies in biology, an increasing number of 

studies, referred to as "omics" studies, lead to large lists of genes or proteins of 

interest. Compilation and interpretation of such lists requires dedicated bioinformatics 

tools, a challenging and time-consuming task considering the profusion of available 

methods. In many instances, extraction of biological meaning from a gene list starts 

with computation of Gene Ontology Terms (GO-terms) enrichments (Ashburner et al., 

2000). However, even for this simple step, there is no unified approach and the 

absence of a consensus method leads to a variety of interpretations depending on the 

algorithms and databases used. Subsequent data mining is even more complex and 

requires a combination of different analyses, including network analyses, identification 

of gene regulators and comparative or evolutionary studies. For each of these 

individual steps, many tools are available such as GOrilla (Eden et al., 2009), ShinyGO 

(Ge and Jung, 2018) or DAVID (Jiao et al., 2012) for ontological enrichment analysis; 

BioGRID (Oughtred et al., 2019) or IntAct (Orchard et al., 2014) for network 

investigations; iRegulon (Janky et al., 2014) or ChEA3 (Keenan et al., 2019) for 

identification of gene regulators and Inparanoid (Sonnhammer and Östlund, 2015), 

OrthoMCL (Fischer et al., 2011), OrthoInspector (Nevers et al., 2019) or Ensembl 

Compara (Vilella et al., 2009) for investigation of homology relations, to cite few 

examples. Such tools are essential to facilitate the analysis and guide the interpretation 

of large datasets in a concrete biological framework. Here we present PROTEDEX, a 

web-based standardized workflow to easily investigate gene lists in an integrative 

manner following such biological framework. PROTEDEX consists of five independent 

modules that combine on the same webpage well-known services, such as String 

(Szklarczyk et al., 2019) protein interaction networks and BLAST sequence database 

searches (Altschul et al., 1997), together with new tools and methods. Starting from a 

gene list or a functional query, PROTEDEX allows detection of potential biological 

functions based on (i) biological enrichment computations; (ii) analysis of the 

connectivity between the encoded proteins by network constructions and (iii) extraction 

of protein clusters, as well as identification of key regulators such as transcription 

factors. Additionally, the data can be interpreted in an evolutionary context by 

prediction of homology relations. PROTEDEX can also exploit quantitative data, such 

as differential gene expression datasets, to classify and prioritize the gene list. 
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Methods 

PROTEDEX is a Tornado-based web-service written in Python 3. It allows investigation 

of gene lists from ten well-annotated reference species covering most studied 

branches of the tree of life: Homo sapiens, Caenorhabditis elegans, Drosophila 

melanogaster, Danio rerio, Gallus gallus, Arabidopsis thaliana, Saccharomyces 

cerevisiae, Escherichia coli, Staphylococcus aureus and Pyrococcus furiosus. 

PROTEDEX proposes a modular workflow combining five autonomous and selectable 

modules: UNIDEX, ENRICH, BIONET, TRACE and EVOBLAST.  

UNIDEX is a MySQL database that contains protein annotations retrieved from the 

reviewed proteins available in Uniprot. This module converts the provided gene names 

into Uniprot accession identifiers required by EVOBLAST. Alternatively, UNIDEX is 

also able to retrieve or to filter a gene list based on GO-terms "Biological Process" or 

Reactome annotations (Jassal et al., 2019).  

ENRICH calculates functional enrichments from the gene set using the services 

provided by the String website API (Szklarczyk et al., 2019). PROTEDEX permits 

standardized submission to this website using customized parameters.  

BIONET reconstructs protein-protein interaction (PPI) networks, again using the 

services provided by the String website API. In addition, BIONET allows extraction of 

interaction clusters using the MCODE algorithm (Bader and Hogue, 2003). Assuming 

that clusters are formed by proteins involved in common biological pathway, functional 

enrichment is computed for each cluster individually using String. 

TRACE is a new method to query data from TRANSFAC (Wingender, 1996), ChEA 

(Lachmann et al., 2010) and ENCODE (The ENCODE Project Consortium, 2012) 

databases to models the degree of involvement of transcription factors (TFs) in the 

control of gene expression within a target list. TRACE is designed to propose an 

accessible and complementary approach to other tools such as iRegulon (Janky et al., 

2014), which predicts TFs involved in gene expression regulation based on the 

presence of DNA-binding motifs within the promotors of these genes. Briefly, TRACE 

assigns three values to each known TF corresponding to: “Influence” (ratio of the 

number of target genes compared to the total number of genes in the list), “Activity” 

(ratio of the number of target genes in the list compared to the total number of genes 

controlled by TF), and an associated P-value (see Supplementary File S1). ENRICH, 

BIONET and TRACE can also integrate quantitative data, since they analyze 
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separately genes associated with positive and negative values, in addition to the 

overall set. 

EVOBLAST is a module relying on the BLAST tool provided by the NCBI. It uses the 

"Bidirectional Best Hit" method (Tatusov et al., 1997) in real time to identify up-to-date 

homology relations between the gene list of reference organisms and genes encoded 

by any target species available at the NCBI. The gene list retrieved from the second 

BLASTp is scanned using an E-value Fluctuation Analysis (EFA) method (see 

Supplementary File S2). EVOBLAST annotates genes as (i) "Ortholog" if the results 

list includes the initial gene in the first position with an E-value below 10-10 and an 

identity score greater than 25%, (ii) "Homolog" if the results list includes the initial gene 

but not in the first position, with an E-value of the best hit below 10-10 and identity score 

greater than 25% suggesting a paralogous or co-orthologous relation and (iii) "Domain-

level" in the remaining cases. "Ortholog" and "Homolog" annotations together indicate 

the presence of an equivalent protein within the target proteome while the "Domain-

level" homology only highlight conservation of short amino-acid regions. Finally, genes 

are annotated as "None" if the encoded protein has no equivalent in the target, which 

means that BLASTp results contain only hits with either a BLAST score below 40 or 

an expect value (E-value) above 10-2, or no hit at all. Running tasks in real time, 

EVOBLAST does not rely on pre-computed data and allows homology relations 

investigation in any target species accessible from the NCBI. This strategy solves the 

limitation of available species and the problem of maintaining databases updated that 

are encountered by many current tools such as OrthoInspector (Nevers et al., 2019) 

or OrthoMCL (Fischer et al., 2011), but consequently reduces EVOBLAST processing 

speed, making it completely dependent on the NCBI server status. 

For each module, results are retrieved as text files that can be visualized with dedicated 

software, e.g. Cytoscape (Shannon, 2003) for network results visualisation. 
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Usage  

As a case study, we investigated the presence of cholesterol-related human genes 

equivalent in Drosophila melanogaster. This study is designed to analyze the possible 

function of cholesterol-related genes in flies, organisms that cannot synthesize 

cholesterol (see Supplementary File S3). The results obtained using PROTEDEX 

confirmed previously published information showing that cholesterol-related genes are 

either absent or reoriented to new metabolic pathways (Seegmiller et al., 2002; 

Rawson, 2003).  

Conclusion 

PROTEDEX is a web-based workflow implemented to provide a standardized and 

intuitive protocol to analyze gene sets in a biologically relevant framework. It allows 

investigation of biological processes, protein networks, gene regulators and homology 

relations from a single website, optionally including quantitative data. Each module can 

be independently selected with adjustable parameters: statistical thresholds, PPI 

confidence level or target group for the homology analysis. "
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Figure Legend 

Fig. 1. General workflow of PROTEDEX. Starting from a gene list, the PROTEDEX 

protocol includes five modules that compute and integrate ontological terms 

enrichment, a protein interaction network and its highly interconnected nodes, 

prediction of important gene regulators, and homology annotations. 
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Supplementary Information 

 
 
 
Suppl. File S1: TRACE, a method to identify transcription factors involved in the 

expression control of a gene set. 

Suppl. File S2: E-value Fluctuation Analysis (EFA), a method used by EVOBLAST to 

annotate homology relations between a tested and a reference organism. 

Suppl. File S3: Case study in Drosophila melanogaster 
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Suppl. File S1: TRACE, a method to identify transcription factors involved in the 

expression control of a gene set. 

 

TRACE scores computation 

 To identify transcription factors (TFs) potentially controlling the expression of 

genes from a list, we developed a method called TRACE. The central idea of the 

TRACE module is to compute two values for each TF, namely "Activity" and 

"Influence", in addition to a statistical value.  

Activity: 

 "Activity" describes the contribution of a TF in the regulation of a set of genes 

compared to the full list of reported genes controlled by this factor within the databases 

TRANSFAC (Wingender, 1996), ChEA (Lachmann et al., 2010) and ENCODE (The 

ENCODE Project Consortium, 2012). Raw "Activity" is computed as follows:  

!"#$%$#&' ( ' ) *+,-./'01'23'#4/5.#'5.6.7'$6'#8.'9$7#'
20#49'6+,-./'01'#4/5.#'5.6.7'10/'#8$7'23': '; '<=='

Influence: 

 "Influence" estimates the impact of a defined TF regarding the set of genes of 

interest. It is computed as follows:  

>619+.6".' ( )''*+,-./'01'23'#4/5.#'5.6.7'$6'#8.'9$7#3+99'6+,-./'01'5.6.7'$6'#8.'9$7#' : ''; '<=='

Normalization factor: 

 The significance of a TF's "Activity" is highly dependent on the total number of 

target genes for this TF. Indeed, a TF with few target genes will more easily reach 

maximum "Activity" for a large list of genes of interest without necessarily having 

biological meaning. To evaluate this bias, it is necessary to compute a "Normalized 

Activity" corresponding to the ratio between the "Calculated Activity" and an "Expected 

Activity". To calculate this "Expected Activity", we determined a normalization factor. 
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Taken together, the TRANSFAC (Wingender, 1996), ChEA (Lachmann et al., 2010) 

and ENCODE (The ENCODE Project Consortium, 2012) databases cover 23,595 

genes, which is considered to be the full human genome capacity. For each 

experiment, the normalization factor is then a constant computed as follows: 

*0/,49$?4#$06'14"#0/' ( '*+,-./'01'5.6.7'$6'#8.'9$7#'01'$6#./.7#*+,-./'01'5.6.7'$6'#8.'@4#4-47.A7B ''

 The factor corresponds to the fraction of the genome that is represented in the 

list of genes. If this list is equal to the full genome, all TF "Activities" are then expected 

to reach 100%. Accordingly, if the list only corresponds to a fraction of the genome, 

the "Expected Activity" is determined as follows, with the "Theoretical Maximal Activity" 

equal to 100: 

CDE."#.@'!"#$%$#&' ( '*0/,49$?4#$06'14"#0/' ; '28.0/.#$"49'F4D$,49'!"#$%$#&'

 From the "Expected Activity", a "Normalized Activity" is calculated for each TF 

by computing the following ratio: 

'*0/,49$?.@'!"#$%$#&' ( '' !"#$%$#&
CDE."#.@'!"#$%$#&''

 Note that PROTEDEX allows users to select data from TRANSFAC, ChEA and 

ENCODE databases together or independently. The normalization factor is modified 

accordingly.  

Statistical value: 

 For each TF, a P-value is computed according to the hypergeometric law using 

a Python command line:  

 

P-value = hypergeom.sf(gene_activated, Full_Controllable_Genes, 

gene_activable , n) 

  

 Here, "gene_activated" corresponds to the number of target genes for one TF 

in a given list. The "Full_Controllable_Genes" variable corresponds to the total number 
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of target genes controlled by any TFs within the database(s). The "gene_activable" 

variable corresponds to the number of all reported genes controlled by one TF within 

the databases. Finally, the variable "n" corresponds to the number of genes within the 

list of interest that is part of the "Full_Controllable_Genes" list. The P-value estimates 

the probability, for each TF, to regulate "gene_activated" over "gene_activable" genes 

after drawing "n" genes without replacement in a set containing 

"Full_Controllable_Genes" genes. If the P-value equals 0, it is replaced by the lowest 

P-value observed to the power of 1.2, as the output file calculates the -log10(P-value). 

The value of 1.2 was selected to facilitate graphical representation.  

 

Evaluation of TRACE prediction for transcription regulators of cholesterol-

related genes and comparison with the iRegulon package. 

 

TRACE generates multiple metrics used to visualize the contribution of 

candidate regulators controlling a set of genes (see above). A volcano plot is generated 

representing the log2(Normalized Activity) as a function of the -log10(P-value) for each 

factor according to selected thresholds (for example, see Fig. Supp. 1). Here we 

conducted a TRACE analysis to predict key regulators involved in the control of 66 

human genes related to cholesterol metabolism (for detailed analysis see 

Supplementary file S3). The results were compared with the predictions of the 

iRegulon application (Janky et al., 2014) available in the Cytoscape software 

(Shannon, 2003). iRegulon predicts TFs involved in the expression control of a set of 

genes, based on the presence of related DNA-binding motifs within the promotors of 

the genes. It generates a table of the top TF candidates from the most relevant group 

of TFs associated with a DNA-binding motif.  

 

To identify top candidate factors using TRACE, we set the -log10(P-value) 

threshold to 5, and the log2(Normalized Activity) threshold to 1. With these thresholds, 

the most likely TF candidates predicted by TRACE are: SREBF2, SREBF1, IRF3, 

HNF4G, NFYA, MBD4 and NR1I2 (Fig. Supp. 1). In parallel, iRegulon identified 26 top 

TF candidates, each representative of a group, and sorted them by an enrichment 

score, called "NES", as shown in Fig. Supp. 2. 
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Two TFs were predicted by both approaches: SREBF1 and SREBF2. 

Interestingly, these TFs corresponded to the two best candidates detected by the two 

methods. In addition, SREBF1 and SREBF2 are known to be the main regulators of 

cholesterol metabolism in humans (Espenshade and Hughes, 2007). NFYA was 

identified by TRACE as a potential TF, while iRegulon predicted two related TFs, NFYB 

and NFYC. To determine the relevance of the results obtained by the two methods, we 

performed bibliographical investigations using Uniprot and Pubmed to search for direct 

or indirect relations between the predicted TFs and cholesterol metabolism regulation. 

Based on these investigations, all seven TFs predicted by TRACE were known to be 

directly or indirectly related to cholesterol homeostasis regulation. Concerning 

iRegulon, nine of the 26 candidates predicted were previously shown to be directly or 

indirectly involved in this process (34.6%): SREBF1, SREBF2, NFYB, YBX1, SP1, 

GLI2, DBP, HSF1 and NFYC.  

 

 
Fig. Supp. 1. Volcano plot representing TRACE results for the analysis of 66 human genes related 

to cholesterol metabolism. Each dot corresponds to one transcription factor (TF) and is plotted 

according to its log2(Normalized Activity) and its -log10(P-value) values. The size of the dots 

corresponds to their respective TF "Influence" value. TFs with a log2(Normalized Activity) >=1 are 

depicted in red. TFs having a -log10(P-value) >=5 are represented in orange. TFs corresponding to 

most significant candidates (log2(Normalized Activity) >=1 and a -log10(P-value) >=5) are represented 
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in green and tagged with their respective gene names. Gene names of the significant TF candidates 

identified by iRegulon are highlighted in red.  

 
Fig. Supp. 2. Candidate transcription factors predicted by iRegulon for the analysis of 66 human 

genes related to cholesterol metabolism. The 26 transcription factors (TFs) detected are sorted 

according to their "NES" enrichment scores. SREBF1 and SREBF2, the two major regulators of 

cholesterol synthesis in cells, are the two most enriched TFs predicted using this method. 
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Suppl. File S2: E-value Fluctuation Analysis (EFA), a method used by EVOBLAST to 

annotate homology relations between a tested and a reference organism. 

(

Computation of E-value Fluctuation Analysis (EFA) 

 

In EVOBLAST, a protein is annotated as "Ortholog" when the best hit found in a 

bidirectional BLASTp search (Altschul et al., 1997) is identical to the protein query. In 

contrast, the homology relation is described as “None” when results of the initial 

BLASTp are not statistically significant. However it exists other homology relations 

without reciprocal identity of the BLASTp best hits, such as co-orthologous or non-

orthologous proteins arising from gene duplication, and block of conserved regions due 

to divergent evolution and genetic rearrangements. To annotate these homolog 

groups, existing methods have been developed (Tatusov et al., 1997; Linard et al., 

2011) that require multiple BLAST queries, a precise but time-consuming protocol 

difficult to apply for large datasets. To circumvent this limitation, we developed the E-

value Fluctuation Analysis (EFA) method to identify a potential homolog group from a 

single bidirectional BLASTp, allowing to perform this investigation in real-time at each 

EVOBLAST request.  

Homolog proteins or proteins containing resembling domains should share sequence 

similarities and thus have comparable E-values in a BLASTp result. The EFA method 

was designed to discriminate different homolog groups or domains based on the E-

value score. The method takes as input the results of the reciprocal BLASTp performed 

by EVOBLAST for the Bidirectional Best Hit method. The EFA method identifies a most 

significant E-value fluctuation between two consecutive hits within the BLASTp results. 

To quantify this increase, an R factor is computed for each hit "n" as: 

GA6B '( ' 905H ) C I %49+.A6B
C I %49+.A6 I <B:'

 As the R factor cannot be computed for the first hit (n=1) or for a null E-value at 

the denominator, it is assigned a null value. Using the R(n) values, EVOBLAST extracts 

all protein hits above the highest R factor, if the E-value is less than 10-2. If the protein 

initially queried is found in the extracted protein list, but is not the best hit of the 
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reciprocal BLASTp, the homology relation will be annotated as either "Homolog" or 

"Domain-level" given E-value and identity scores.  

To demonstrate the predictive capacity of the EFA method, we used the case 

of the KCTD family proteins using KCTD12 as query. This protein is known to be part 

of a closer subgroup sharing a higher inner similarity within this family and consisting 

of KCTD8, KCTD12 and KCTD16 (Liu et al., 2013). Table Supp. 1 and Fig. Supp. 3 

show results of the EFA method applied on a BLASTp search output against Homo 

sapiens using the human KCTD12 protein (KCD12_HUMAN) as query. Out of the 24 

proteins in the BLASTp results, the EFA method allowed to identify a group of three 

proteins sharing significantly high similarity: KCTD12, KCTD16 and KCTD8. These 

results are in agreement with the current knowledge about this family, confirming the 

efficiency of the EFA method.  

!"#$%&'()*$ +*,#)"%$%-')$ ./0-1&)$ 2$3-4#,*$

!" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8!9" :;<::" :=::"

9" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8!>" 9;/!:?" :=::"

@" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8A" >;/!:B" B=?:"

C" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$89!" !;/!D" !D>=9@"

B" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8!B" !;/!>" >=D!"

>" &*1,EE-F+"0G,..5H"452FH,1*4I"34*15-." C;/!>" !=@D"

?" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8>" @;/!B" 9=:!"

A" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8C" ?;/!B" :=AB"

D" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8!" @;/!C" !=C>"

!:" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8!A" D;/!C" !=!:"

!!" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$89" A;/!!" >=?D"

!9" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8!C" D;/!!" :=!9"

!@" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8?" B;/!:" !=?!"

!C" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8D" >;/!:" :=!A"

!B" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8@" @;/:D" !=>!"

!>" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8B" !;/:A" !=9:"

!?" JK@6#&!/L-.)-.2"34*15-."!" @;/:A" !=!:"

!A" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8!D" ?;/:>" B=CB"

!D" #$#%&'(")*+,-./0*.1,-.-.2"34*15-."67$8!!" @;/:B" !=C>"

9:" &*1,EE-F+"M*H1,25/2,15)"0G,..5H"EFLN,+-HI"8"+5+L54"!" @;/:@" C=>!"

9!" &*1,EE-F+"M*H1,25/2,15)"0G,..5H"EFLN,+-HI"7"+5+L54"@" :=:C" 9=>C"

99" &*1,EE-F+"M*H1,25/2,15)"0G,..5H"EFLN,+-HI"O"+5+L54"!" :=!" !=:B"

9@" &*1,EE-F+"M*H1,25/2,15)"0G,..5H"EFLN,+-HI"8"+5+L54"9" :=9" :=C!"

9C" J-2.,H/-.)F05)"34*H-N54,1-*./,EE*0-,15)"!/H-P5"34*15-."!" D=B" @=D?"
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Table Supp. 1. Results of the BLASTp request on Homo sapiens using KCD12_HUMAN as query. 

Performing the EFA method on these results allowed to obtain a maximum R factor value for hit 4, 

identifying the three first proteins as a homolog group (highlighted in green).  

 

!

!
Fig. Supp. 3. Graphical representation of the computed R factor values corresponding to each 

KCTD12 BLASTp hit. Maximum R factor value is reached for hit 4. Hits located above the maximum R 

factor peak correspond to a known group of highly similar proteins within the KCTD family. Hits located 

below the maximum R factor peak correspond to other KCTD groups and unrelated proteins.  

 

 As an example of the use of the EFA method within the EVOBLAST pipeline, 

Table Supp. 2 and Fig. Supp. 4 show results obtained from a request using 

ANXA1_HUMAN as the gene query and Caenorhabditis elegans as the target 

organism. ANXA1 codes for a protein from the annexin family, a large group consisting 

of twelve genes within the human genome (Rescher and Gerke, 2004). As expected, 

the EFA method allowed to discriminate annexins and annexin-related proteins from 

the other ones. Since ANXA1 is part of the identified annexin group but is not the best 

hit, EVOBLAST will annotate this gene as "Homolog". 

 

!
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!"#$%&'()*$ +*,#)"%$%-')$ ./0-1&)$
2$
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!" Q..5R-."Q?" ?;/!!!" :=::"

9" Q..5R-."Q!!" !;/!:B" !!=A?"

@" Q..5R-."QC" !;/DB" 9@=:@"

C" Q..5R-."QB" ?;/D9" A=AB"

B" Q..5R-."Q>" A;/D9" :=!@"

>" Q..5R-."Q!@" 9;/AA" ?=A9"

?" Q..5R-."QA/H-P5"34*15-."!" !;/A?" !=>!"

A" Q..5R-."QA" C;/A?" !=@D"

D" Q..5R-."Q@" C;/A>" 9=@:"

!:" Q..5R-."Q!" @;/A!" !!=9@"

!!" Q..5R-."Q!:" C;/?@" !A=?!"

!9" Q..5R-."Q9" B;/?9" 9=B@"

!@" &F1,1-M5",..5R-."" C;/>D" >=>A"

!C" Q..5R-."QD" @;/CA" CA=:?"

!B" &4*15-."H-N52F,4)"!" @;/:B" DD=:!"

!>" K*+5*L*R"34*15-."K*R/#?" :=!A" A=?:"

!?" S,H501-./@" !=D" 9=@>"

!A" &4*24,++5)"05HH")5,1G">/-.154,01-.2"34*15-." @=!" :=CD"

!D" T/3G,E5/E350-N-0"&U6!/-.154,01-.2"34*15-." ?=D" :=DC"
 

Table Supp. 2. Results of the reciprocal BLASTp of an EVOBLAST request using ANXA1_HUMAN 

as gene query and Caenorhabditis elegans as target organism. Hits 1 to 14 correspond to proteins 

from the annexin family or related proteins. Hits 15 to 19 correspond to proteins belonging to unrelated 

families. Maximum R factor value is achieved for hit 15, and therefore EVOBLAST retains proteins 

corresponding to hits 1 to 14. Since ANXA1 is not the first hit in this list, but it is present in hits 1 to 14, 

the homology relation will be annotated as "Homolog" by EVOBLAST. 
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Fig. Supp. 4. Graphical representation of the computed R factor values corresponding to each 

BLASTp hit. Maximum R factor value is reached for hit 15. Hits located above the maximum R factor 

peak correspond to the annexin family proteins or related proteins. Hits located below the maximum R 

factor peak correspond to unrelated proteins.  

 

Evaluation of EVOBLAST prediction of homology relations for a set of human 

cholesterol-related proteins and comparison with DIOPT. 

DIOPT (Hu et al., 2011) is a tool available on the Alliance for Genome 

References website (The Alliance of Genome Resources Consortium, 2020) that 

allows orthologs inference based on several reference approaches mostly 

benchmarked by the Quest for Orthologs (QfO) consortium (Gabaldón et al., 2009). 

We performed a comparative analysis using a set of 66 human proteins related to 

cholesterol metabolism to search for Drosophila melanogaster homologous proteins 

(for further analysis see Supplementary file S3). EVOBLAST annotates homology 

relations as "Ortholog", "Homolog" (excluding orthology relations), "Domain-level" or 

"None". In DIOPT, proteins from the target organism are associated with a weighted 

score representing the number of tools that identified this protein as ortholog of the 

query protein (between 0 and 14.75 for D. melanogaster) and a rank related to the 

orthology prediction confidence level: "None", "low", "moderate" or "high".  
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 Using EVOBLAST to annotate the 66 human cholesterol-related proteins versus 

the Drosophila melanogaster proteome, we identified 26 "Ortholog", 17 "Homolog", 14 

"Domain-level" and 9 "None" proteins. DIOPT generated a list of potential D. 

melanogaster orthologs for each human protein. Considering the most significative 

predicted orthologs based on their weighted score values, DIOPT identified 31 "high", 

19 "moderate", 11 "low" and 5 "None" proteins. Results are detailed in Table Supp. 3.  

1.! To compare DIOPT and EVOBLAST annotations, we assumed that EVOBLAST 

"Ortholog" and "Homolog" annotations were equivalent to DIOPT "high" and 

"moderate" annotations respectively, indicative of the presence of an 

homologous protein. Interestingly, all human proteins annotated as "moderate" 

or "high" and associated with a weighted value greater than five by DIOPT are 

also predicted as "Homolog" or "Ortholog" of D. melanogaster proteins by 

EVOBLAST. After establishing this correspondence, DIOPT predicted 50 

potential homology relations, including the 43 proteins annotated by EVOBLAST 

as "Ortholog" or "Homolog". From this set, the potential homologous proteins 

identified by EVOBLAST and DIOPT are identical in 90.7% of cases. However, 

for some proteins, EVOBLAST and DIOPT predictions appeared more divergent. 

These divergences can be classified in three general cases: EVOBLAST predicts 

“Domain-level” restricted homology while DIOPT results suggest protein 

presence in the target organism (CYP46A1, HSD17B7, MSMO1, NR1H4, 

DHCR7, NCOA1 and NCOA2). In most of these cases, the D. melanogaster 

protein identified by DIOPT was with a low weighted score value, indicating that 

only few of the orthology prediction tools implemented in DIOPT effectively 

detected this protein as ortholog. Finally, concerning the NCOA1 and NCOA2 

proteins, EVOBLAST and DIOPT made divergent predictions while associated 

with better weighted score values. This observation suggests that EVOBLAST 

failed to detect the presence of NCOA1 and NCOA2 homologs in D. 

melanogaster based on sequences similarity. However, the sequence similarity 

of NCOA1/NCOA2 with their respective D. melanogaster homolog taiman 

(predicted by DIOPT) or their "Domain-level" equivalents tango and spineless 

respectively (predicted by EVOBLAST) is limited to the N-terminal domains bHLH 
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(basic helix-loop-helix) and PAS (Per-Arnt-Sim) only, in agreement with the 

EVOBLAST "Domain-level" annotation. 

2.! EVOBLAST and DIOPT annotations are convergent for homology detection, but 

the protein predicted in EVOBLAST was not the best one identified by DIOPT 

(SLC27A5, AKR1C1, AKR1C4 and ACOX2). Of note, the proteins predicted as 

homolog by EVOBLAST were also identified by DIOPT but with slightly lower 

weighted values: 3.93 for SLC27A5, 4.92 for AKR1C1 and AKR1C4, 6.84 for 

ACOX2.  

3.! In the last cases, EVOBLAST predicted a different target protein as potential 

equivalent of the human protein compared to DIOPT in cases of "Domain-level" 

and "None" annotations. However, since the DIOPT score value obtained for 

these genes was below one, we assumed that the divergence of the potential 

orthologous protein predicted can be neglected. 

 

Altogether, these comparisons indicate that EVOBLAST predictions are mostly 

consistent with reference orthology inference tools as divergent predictions mainly 

concern "None" or "Domain-level" annotations.  
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Table Supp. 3. Homology relations between 66 human proteins related to cholesterol metabolism 

and D. melanogaster equivalents. Results are sorted by "DIOPT Weighted Score" values. 

Corresponding EVOBLAST and DIOPT annotations are highlighted using the same color: orthology or 



! "$J!

high confidence are blue; other homology relations or moderate confidence are green; domain-level 

homology or low confidence are orange; protein absence or absence of prediction are grey. Identity of 

the EVOBLAST and the DIOPT top predicted orthologs is specified by "Yes", "No" or by "NA" in absence 

of ortholog predictions. In 53 cases out of 66, EVOBLAST and DIOPT share equivalent annotations.  
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Suppl. File S3: Case study in Drosophila melanogaster 

Introduction  

 To evaluate the usefulness of the PROTEDEX workflow, we investigated the 

presence of cholesterol-related human gene homologs in Drosophila melanogaster. It 

is well-known that, in contrast to most animals, insects are auxotroph for cholesterol. 

However, they use this molecule, relying on cholesterol supply from food. On the basis 

of this knowledge, presence of genes related to cholesterol synthesis in flies is 

unexpected. We used PROTEDEX and a set of human protein-coding genes related 

to cholesterol metabolism in order to assess their conservation and to examine their 

possible biological functions in the insect Drosophila melanogaster. 

Material and method  

 To perform this analysis, a list of 66 genes of interest was extracted from the 

human genome by textual query of the Reactome annotations (Jassal et al. 2019) 

using the UNIDEX module and the keyword "cholesterol". To validate that the genes 

of the list are indeed involved in cholesterol-related pathways, we performed an 

enrichment analysis using the PROTEDEX ENRICH module with a statistical threshold 

of 0.001. To identify functionally interconnected proteins, the PROTEDEX BIONET 

module was used to build a network with the 66 proteins of the list, keeping default 

parameters. Next we used the PROTEDEX TRACE module with default method and 

parameters to identify key regulators, including factors controlling the synthesis of 

sterol-related molecules. Finally, we used the PROTEDEX EVOBLAST module to 

identify protein homologs in the insect Drosophila melanogaster proteome and to map 

their ontological relations.  

Results  

 The PROTEDEX workflow was performed by applying the different modules 

successively. Using the UNIDEX module, we retrieved a list of 66 human genes related 

to "cholesterol" according to Reactome annotations. These genes and their products 

are thereafter referred as "cholesterol-related proteins". As expected, computing 

biological enrichments with the ENRICH module generated a list of ontological 

annotations referred as "biological process" mostly related to cholesterol metabolism. 
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The top 10 enrichment terms retrieved are shown on Supp. Table 4. Using the BIONET 

module, we generated an interaction network including 64 interconnected proteins out 

of the 66 candidates. Inspection of this network highlighted its organization into six 

clusters containing 3 to 23 proteins (Fig. Supp. 5). For each cluster, an ontological-

terms enrichment analysis was performed and the results are summarized in Table 

Supp. 5. This approach defined three subgroups within the network: clusters 1 and 2 

were associated to sterol biosynthesis or metabolism; clusters 3, 4 and 6 were linked 

to bile acids, bile salts and oxysterols synthesis; and cluster 5 was related to regulation 

of cholesterol synthesis annotations. The TRACE module allowed the identification of 

a set of candidate factors involved in expression control of the genes coding for the 

cholesterol-related proteins of our list. Obtained results were visualized on a volcano 

plot representation displayed on Fig. Supp. 6. In agreement with the current 

knowledge, these results stress the importance of the transcription factors SREBF2 

and SREBF1 as two key regulators of cholesterol-related genes expression. Based on 

our analysis, other transcription factors, such as HNF4G or IRF3 were also predicted 

to be involved in sterol synthesis control. Interestingly, a publication from Castrillo et 

al. (2003) established a connection between the IRF3 factor activity and the control of 

cholesterol homeostasis mediated by the transcription factor LXR. Indeed, LXR is 

involved in regulation of cholesterol absorption, transport and elimination and was 

shown to be inhibited by IRF3 through activation of the TLR (toll-like receptor) 

signalling pathway and competition for a common transcriptional co-activator: 

p300/CBP. Finally, EVOBLAST results showed that among the 66 proteins used as 

query, 43 homology relations were identified in the target species and classified as 26 

orthologs and 17 other homologs (Table Supp. 6). For the 23 remaining proteins, no 

direct homologs were inferred as the proteins annotations were annotated "Domain-

level" only (14) or "None" (9) and therefore, they were considered as absent from the 

D. melanogaster proteome.  

 Combining the clusters generated by the BIONET module and the homology 

relations analyses, the percentage of proteins conserved between D. melanogaster 

and Homo sapiens within each cluster was calculated (represented on Fig. Supp. 7). 

By integrating the enrichment data, we also computed this percentage according to the 

ontological annotations referred as "biological process": sterol biosynthesis (51.7%); 
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bile acids, bile salts and oxysterols synthesis (61.1%); regulation of cholesterol 

synthesis (88.9%). This result indicated that even if proteins linked to sterol metabolism 

are partially represented in Drosophila melanogaster proteome (51.7 and 61.1%), 

proteins related to regulation of sterol synthesis are more conserved in the insect 

(88.9%).  

Discussion 

 Using the PROTEDEX protocol, we showed that cholesterol-related proteins are 

only partially conserved in Drosophila melanogaster compared to human. Indeed, it is 

known that insects, such as the fly, are unable to synthetize sterols and they rely on 

cholesterol from nutrition. However, although enzymes involved in sterol biosynthesis 

(cluster 1 and 2) are largely absent compared to human, proteins involved in 

cholesterol synthesis control (cluster 5) are mostly conserved in the fly, including the 

ortholog of the two human paralogous proteins SREBF1 and SREBF2. In mammalian 

cells, these transcription factors are activated by a mechanism based on sterol sensing 

within the endoplasmic reticulum membrane. When sterol concentration drops, the 

active part of SREBF1 and SREBF2 is translocated inside the nucleus to promote 

expression of genes coding the enzymes involved in cholesterol synthesis 

(Espenshade and Hughes, 2007). In D. melanogaster, one possible explanation for 

SREBF conservation is that, even if insects do not need a control mechanism to 

regulate sterol synthesis, a sterol sensor is still required to regulate food absorption or 

synthesis of steroid hormones, such as ecdysteroids, which control insect moulting. 

The case of SREBF conservation in this organism sheds light on this matter, as it was 

demonstrated that D. melanogaster SREBF responds to the intracellular fatty-acid 

content instead of cholesterol, indicating an evolution of its function and an adaptation 

to the absence of cholesterol synthesis (Seegmiller et al., 2002; Rawson, 2003).  

Conclusion 

In conclusion, we developed a workflow combining different tools for analysing a set 

of genes, PROTEDEX. Conducting a PROTEDEX analysis on human cholesterol-

related proteins, we showed their selective conservation in the Drosophila 
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melanogaster proteome, suggesting an adaptive mechanism, consistent with current 

knowledge.   
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Term ID Statistical value Enriched term 

HSA-8957322 1.09E-122 Metabolism of steroids 

GO.0008202 1.91E-87 steroid metabolic process 

HSA-556833 3.85E-86 Metabolism of lipids 

GO.0006694 8.56E-79 steroid biosynthetic process 

GO.1901615 2.27E-76 organic hydroxy compound metabolic process 

GO.1901617 7.02E-75 organic hydroxy compound biosynthetic process 

GO.0016125 4.20E-65 sterol metabolic process 

GO.0008203 6.74E-63 cholesterol metabolic process 

GO.0006066 1.07E-58 alcohol metabolic process 

HSA-1655829 1.41E-56 Regulation of cholesterol biosynthesis by SREBP (SREBF) 

Table Supp. 4. Ontological terms enrichment computed by the ENRICH module using the 66 

human cholesterol-related genes. Only the ten most significant terms are displayed. The statistical 

value corresponds to the false discovery rate computed by the String website.  
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Fig. Supp. 5. Network graph of the 64 interconnected human proteins related to cholesterol. 

Nodes correspond to proteins, edges correspond to interactions. Proteins belonging to the same cluster 

are shown in the same color and defined in the text as: Cluster 1 (light blue), cluster 2 (orange), cluster 

3 (yellow), cluster 4 (green), cluster 5 (dark blue), cluster 6 (pink). Edges are represented with different 

grey intensity according to the interaction confidence score available on the String website. The graph 

was generated using Cytoscape. 
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Cluster 

N° 
N° of proteins Enriched terms 

1 23 
Cholesterol biosynthesis, cholesterol biosynthetic process, cholesterol 

metabolic process, Steroid biosynthesis, Metabolism of steroids 

2 6 

Cholesterol metabolism, Cytochrome P450 cholesterol 7-alpha-

monooxygenase-type, Cytochrome P450 E-class group IV, Primary 

bile acid biosynthesis, Endoplasmic reticulum 

3 4 

Primary bile acid synthesis, Synthesis of bile acids and bile salts via 

24-hydroxycholesterol, bile acid biosynthesis process, Endogenous 

sterols, steroid hydroxylase activity 

4 11 

Bile acid metabolic process, Synthesis of bile acids and bile salts via 

7alpha-hydroxycholesterol, bile acid biosynthesis process, Primary 

bile acid biosynthesis, Metabolism of lipids 

5 9 

Regulation of cholesterol biosynthesis by SREBP (SREBF), Protein 

processing in endoplasmic reticulum, Antigen presentation: Folding, 

assembly and peptide loading of class I MHC, Cargo concentration in 

the ER, Sec23/Sec24 zinc finger 

6 3 

Endogenous sterols, Synthesis of bile acids and bile salts via 27-

hydroxycholesterol, Synthesis of bile acids and bile salts via 7alpha-

hydroxycholesterol, Recycling of bile acids and salts, BMAL1: 

CLOCK, NPAS2 activates circadian gene expression 

Table Supp. 5. Ontological terms enrichment calculated for each cluster of the BIONET network. 

Only the five most significant terms are displayed. Terms corresponding to Pubmed publications (PMID) 

were not included. 
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Fig. Supp. 6. Volcano plot displaying transcription factors involvement in the expression control 

of the 66 human cholesterol-related genes. Only factors with "Normalized Activity" >1 are 

represented. Each dot corresponds to a transcription factor (TF) and is represented according to its 

log2(Normalized Activity) and its -log10(P-value). The size of the dots corresponds to the TF “Influence” 

value. TFs with a log2(Normalized Activity) >=1 are represented in red. TFs having a -log10(P-value) 

>=5 are represented in orange. TFs corresponding to most significant candidates (log2(Normalized 

Activity) >=1 and a -log10(P-value) >=5) are represented in green and labelled with their respective 

gene names. The SREBF2 TF appears as the best candidate for cholesterol-related gene regulation. In 

addition, its paralog SREBF1 is also one of the most involved transcription factors. 
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Cluster N° 
Nb of 

proteins 

Nb of 

"Ortholog" 

Nb of    

"Homolog" 

Nb of "Domain-

level" 

Nb of 

"None" 

1 23 10 3 5 5 

2 6 1 1 3 1 

3 4 0 2 2 0 

4 11 3 5 1 2 

5 9 6 2 0 1 

6 3 1 0 2 0 

Not 

clustered 
8 3 4 1 0 

Not in 

network 
2 2 0 0 0 

Total 66 26 17 14 9 

Table Supp. 6. Protein homology-relation distribution by cluster. Protein homology relation was 

calculated by EVOBLAST as described in Supplementary File S2. For each cluster or unclustered 

protein set, total number of proteins, number of proteins annotated as "Ortholog", "Homolog", "Domain-

level" and "None" by EVOBLAST are shown. Degree of conservation between human and D. 

melanogaster is variable between clusters with some containing mainly conserved proteins (e.g. cluster 

5) and others composed of proteins with no equivalent in the fly (e.g. cluster 2). 
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Fig. Supp. 7. EVOBLAST annotations in the network of the 64 interconnected human proteins 

related to cholesterol. Nodes correspond to proteins, edges correspond to interactions. Proteins 

conserved between human and D. melanogaster proteomes are highlighted by the respective cluster 

colour. Nodes filled with grey represent proteins annotated as "Domain-level" or "None" by EVOBLAST 

and therefore considered as absent in the fly proteome. Percentages displayed on the figure correspond 

to the frequencies of the Homo sapiens proteins conserved in D. melanogaster within each cluster. The 

graph was generated using Cytoscape. 
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Conclusion and perspectives to "Transcriptomic analysis to 

identify conserved genes and mechanisms involved in stress 

response and adaptation in vertebrate species" 
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To gain insight on the functional relations between proteins encoded by the DE genes 

of each model, I generated four protein-protein interaction networks. Such method allowed me 

to highlight groups of highly interconnected proteins and also to propose central regulators of 

these networks. However, the biggest flaw of such methodology is that these networks 

condensed all three comparisons for each model (adapted versus control, non-adapted versus 

control and non-adapted versus adapted), a complicated situation to characterize adapted and 

non-adapted animals specificities. To decompose the complexity of these stress-related 

networks, one possibility is to hierarchize the DE genes involved in adapted and non-adapted 

individuals during stress response. An option consists in the identification of common and 

specific DE genes between adapted versus control and non-adapted versus control animals 

respectively and to compute biological enrichments. Eventually, a preliminary step of network 

could be generated to put away encoded proteins not interconnected. Alternatively, DE genes 

could also be classified according to their expression variation in the two comparisons to 

determine group of co-up-regulated, co-down-regulated or with an opposite differential 

expression between comparisons. To this aim, hierarchical clustering methods could provide 

an appropriated solution. Such methodology would help to analyze the specificities of adapted 

and non-adapted organisms and to complete our results mainly focused on genes conserved 

between models and their co-expressed partners. 
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Conclusion and perspectives to "Mosaic organization of 

metabolic pathways between bacteria and archaea species" 
!

Despite the absence of a clear classification, the Candidatus poribacteria group is of 

particular interest because it gathers organisms with different lifestyles that radically differ at 

the genomic level as confirmed by comparative genomics studies (Podell et al., 2019). Indeed, 

the percentage of genes conserved between the free-living and symbiotic Poribacteria is about 

50%, indicating an important specialization depending on the lifestyle. In our study, we 

demonstrated that phosphopantothenate biosynthesis, one of the initial steps in Coenzyme A 

synthesis, is part of this specialization, with the bacterial-specific enzymes PanK and PS in free-

living Poribacteria (Pelagiporibacteria) genomes and the archaeal-specific enzymes PoK and 

PPS in symbiotic Poribacteria (Entoporibacteria) genomes. It was concluded that the presence 

of the archaea genes in this bacterial group could be the result of an horizontal gene transfer 

favored by the close proximity of bacteria and archaea organisms as part of the symbiotic 

community within the sponge. Alternatively, the archaeal pathway was selected because it 

provides an evolutionary advantage for the symbiosis. Because of the impossibility to grow 

these organisms outside of the sponge host, it is difficult to solve this question. It is also possible 

that this observation of bacteria containing the archaea-specific genes for pantothenate 

biosynthesis could be extended to other organisms. Indeed, during this work, I observed the 

presence of the archaeal enzymes in a few members of the bacterial superphylum 

Planctomycetes-Verrucomicrobia-Chlamydiae (PVC). Interestingly, it was proposed that 

Candidatus poribacteria constitute a group phylogenetically related to the PVC clade. It would 

be of interest to disclose if these organisms are also symbiotic bacteria, but the genomic 

sequences retrieved from metagenomic project analyzes were poorly annotated. As mentioned 

before, Entoporibacteria are impossible to grow in laboratory conditions because it needs the 

unique environment provided by the eukaryotic host. By default, we could engineer an 

Escherichia coli mutant strain expressing the archaeal enzymes instead of the endogenous 

bacterial ones, and to test for its viability. This will tell whether the two pathways are 

functionally redundant. Another important aspect of this question concerns the regulation of 

these pathways. Indeed, it has been shown that the PanK enzyme is regulated through a 

feedback inhibition mechanism by Coenzyme A (Shimosaka et al., 2016). In the case of the 

archaeal PoK, this enzyme was shown to be moderately regulated by its substrate pantoate to 

prevent accumulation of phosphopantoate within the cell (Tomita et al. 2012). During this 

study, I investigated in more details the case of these couples of two enzymatic, but the question 
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of other genes showing such atypical distribution can be asked. It would be of interest to search 

for other archaeal genes specific to the Entoporibacteria sub-group, indicative of their 

characteristic link with the symbiotic lifestyle. 

!  
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Conclusion and perspectives to "Development of an 

integrative tool for gene sets investigation" 
!

PROTEDEX is a workflow developed to propose a straightforward way to manage large 

sets of genes and to investigate their roles. With this project, we aimed to design a standardized 

protocol combining well-known programs and to increase reproducibility. However, despite 

our initial intentions, we made the choice to develop two additional original modules, TRACE 

and EVOBLAST, while other solutions already existed. TRACE was proposed instead of 

iRegulon. The iRegulon analysis is based on the identification of consensus DNA binding 

motifs recognized by transcription factors, as TRACE relies on publicly available databases of 

transcription factors and their related gene targets. One advantage of TRACE, in contrast to 

iRegulon, is that it does not require any local software installation. Some specialized tools to 

perform such online identification of transcription factor involved in gene expression regulation 

have been recently proposed and could constitute interesting alternatives to TRACE, including 

BART (Wang et al., 2018) and ChEA3 (Keenan et al., 2019). EVOBLAST was designed to 

offer a complementary approach to other well-known tools for orthology search, such as 

OrthoInspector (Nevers et al., 2019), with no limit for target organisms but conversely, a slower 

computational capacity, because it relies on no precomputed data. In return, EVOBLAST is 

also completely dependent on the NCBI server status, a necessary condition to maintain it up-

to-date. Another possible criticism to PROTEDEX is that it offers a standardized approach, but 

it is based on arbitrary choices that we made, such as the use of certain annotation systems (GO 

Biological Process and Reactome), certain databases (Swissprot, Transfac, ChEA and 

ENCODE) and certain tools (STRING, BLAST). Here is a dilemma between adding more 

possible tools and parameters, and keeping a reduced standardized workflow to increase 

reproducibility. One way to improve PROTEDEX impact would be to ensure that the options 

we choose for each module are the most relevant. For example, using the STRING API to build 

networks is a good choice, but is not the best way to compute ontological enrichments because 

it does not offer the possibility to integrate a user-provided background list.  

 

In addition, several improvements are possible and planed for each module:  

First, we plan to make PROTEDEX usable with unique IDs in addition to gene names 

and to implement a more robust gene converter than UNIDEX, such as BioMart (Durinck et 

al., 2005). 



! :;J!

Concerning the network construction and clustering by the BIONET module, we want 

to test other clustering algorithms instead of MCODE, such as ClusterONE and to propose the 

possibility to manage cluster property parameters through the PROTEDEX interface directly. 

Moreover, the output files generated could provide more quantitative information about the 

network basic parameters such as the number of nodes, number of edges and mean degree. 

Finally, BIONET and ENRICH results are currently generated as text files, but it would be 

useful to automatically generate pictures of the networks and graphical representations of the 

computed enriched terms. 

One possibility that PROTEDEX offers to the user is to group genes based on quantitative 

values if they are provided. To go further than just generating independent networks and 

computing specific enrichments, we would like to implement TRACE in order to integrate these 

values for the transcription factor (TF) scoring by coupling it with functional data. Currently, 

if a list of genes contains many targets for a TF, this regulator will be pointed by TRACE as a 

good candidate for transcription activation, independently of the up- or down–regulation of the 

gene. However, TRACE should consider if the TF is an activator or repressor of transcription, 

regarding the values associated to its target genes.  

EVOBLAST could be improved in many ways notably to perform faster analyzes. First, 

EVOBLAST could be associated to other services like those provided by the Alliance of 

Genome Resources (The Alliance of Genome Resources Consortium, 2020) that propose pre-

computed homology relations for some model organisms. By this way, our module could run 

faster and rely on well-annotated homology relations. Another way to decrease the 

computational time of our method would be to pool the best hits from protein requests. In its 

actual version, EVOBLAST considers each protein successively to use it as query for a 

BLASTp search first, and then retains the best hit for a reciprocal BLASTp. However, in some 

situations, different proteins from the user list can point to the same best hit in a target organism, 

a relevant situation in case of large family members. In this situation, EVOBLAST will launch 

redundant reciprocal BLASTp requests. This could be avoided by: first, launching all BLASTp; 

then, establishing the best hit redundancy and, finally, running only unique reciprocal BLASTp 

searches. We also consider the possibility to improve the EVOBLAST computation speed by 

launching several requests in parallel without exceeding what is permitted by NCBI. 

 

Finally, we plan to extend the possibilities of PROTEDEX by implementing additional 

databases and services. For example, we would like to add databases specialized on signaling 

pathways such as SIGNOR 2.0 (Licata et al., 2019) to complete the network generated by 
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BIONET with oriented edges based on functional data. We are also interested to extend the 

possibilities of EVOBLAST to allow it to use the tBLASTn service in addition to BLASTp. 

Indeed, a high amount of data is exclusively accessible through the WGS database from NCBI, 

and can be requested with protein sequences queries only by tBLASTn. 

To conclude, we are currently working on an offline version of PROTEDEX accessible 

from GitHub and to be used locally.  

! !
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