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I. SUMMARY 
The past few decades biological research has turned its attention towards the 

interspecies interactions taking place between multicellular organisms and their 

associated microbial communities. The focus has been placed mainly on symbiotic 

prokaryotes and their ability to modulate their host’s physiological traits and 

responses, with the most representative example belonging to the field of human gut 

microbiome research. While currently popular, these interactions consist only a 

fraction of the inter- and intra-species relationships within a given niche. Ecological 

communities are often represented as complex networks, in an attempt to illustrate the 

multifaceted interplay present as well as the communication between the interacting 

partners that may determine their evolutionary trajectories and influence their 

adaptation. The study of such systems depends on the ability to establish simple but 

representative proxies. Nematodes, such as Pristionchus pacificus, and their diverse 

environment possess an array of properties that deem them an excellent choice to 

study interspecies interactions. During the last years, we have gathered important 

information regarding the effect of bacterial diets on P. pacificus’ behavior along with 

the worm’s impact on the associated bacterial communities. My work aims to broaden 

the scope of the questions and hypotheses formed, from specific genes or traits to 

entire regulatory networks as well as outline the importance of the information 

harnessed from the bacteria itself. To this end, I initially reconstructed the phylogeny 

and identified the metabolic potential of a subset of bacteria isolated from Pristionchus-

associated environments in previous studies. This strategy allowed me to uncover the 

variation of the predicted metabolic potential across the phylogeny, detect genus-

specific metabolic signatures in the bacterial strains and associate them with 

nematode traits from previous works. Furthermore, I identified environmentally 

responsive regulatory networks in P. pacificus through the implementation of a gene 

co-expression network constructed with transcriptomic profiles of the nematode and 

almost half of the sequenced bacterial strains as a dietary source. Lastly, I combined 

the collected data both from the bacteria and the nematode in a bipartite network and 

revealed the bacterial metabolic pathways with the strongest effect on the worm’s 

regulatory networks. Overall, my work explores the interspecies interactions between 

P. pacificus and bacterial food sources and offers novel insights on a larger scale.   
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II. DEUTSCHE ZUSAMMENFASSUNG 
 

In den letzten Jahrzehnten lag ein wesentlicher Schwerpunkt der biologischen 

Forschung  auf dem Einfluss des Darmmikrobioms auf den menschlichen 

Stoffwechsel und das Immunsystem. Allerdings machen diese Wechselwirkungen nur 

einen Bruchteil aller Interaktionen zwischen Arten innerhalb einer Nische aus. Die 

Interaktionen zwischen Partnern innerhalb einer ökologische Gemeinschaft bilden ein 

komplexes Netzwerk, das die Anpassungsfähigkeit und damit die Evolution der 

ganzen Gemeinschaft beeinflusst. Um solche Systeme besser zu verstehen, ist es 

unumgänglich, repräsentative Ersatzstrukturen zu schaffen. Nematoden wie 

Pristionchus pacificus und ihre vielfältige Umgebung besitzen eine Reihe von 

Eigenschaften, die sie zu einer ausgezeichneten Wahl für die Untersuchung von 

Interaktionen zwischen Arten machen. In den letzten Jahren haben wir wichtige 

Erkenntnisse über die Auswirkungen der bakteriellen Ernährung auf das Verhalten von 

P. pacificus und den Einfluss des Wurms auf die zugehörigen bakteriellen 

Gemeinschaften gewonnen. Meine Doktorarbeit zielt darauf ab, den Umfang der 

Fragen und Hypothesen zu erweitern, von spezifischen Genen oder Merkmalen bis 

hin zu ganzen regulatorischen Netzwerken, und den Einfluss verschiedener Bakterien 

besser zu beschreiben. Zu diesem Zweck habe ich 84 Genome von Bakterien 

sequenziert, die in einer früheren Studie aus Pristionchus-assoziierten Umgebungen 

isoliert wurden. Anschließend habe ich deren Phylogenie rekonstruiert und die 

Variation des vorhergesagten Stoffwechselpotenzials untersucht. Dadurch konnte ich 

gattungsspezifische Stoffwechselsignaturen erkennen und sie mit 

Nematodenmerkmalen in Verbindung zu bringen. Darüber hinaus identifizierte ich 

umweltabhängige regulatorische Netzwerke in P. pacificus durch die Analyse eines 

Gen-Koexpressionsnetzwerks, das aus Expressionsprofilen des Nematoden auf 38 

bakteriellen Stämmen erstellt wurde. Schließlich habe ich die gesammelten Daten der 

Bakterien und des Fadenwurms in einem zweistufigen Netzwerk kombiniert und die 

bakteriellen Stoffwechselwege mit den stärksten Auswirkungen auf die 

regulatorischen Netzwerke des Wurms ermittelt. Insgesamt erforscht meine Arbeit die 

Wechselwirkungen zwischen P. pacificus und bakteriellen Nahrungsquellen und bietet 

neue Erkenntnisse in größerem Maßstab.   
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1. INTRODUCTION 
 

“Whenever we look at life, we look at networks.” 

Capra and Luisi - The Systems View of Life: A Unifying Vision (2014) 

 

1.1 Reductionism and holism in biology 

Until the early 19th century, what we know today as “biology” was essentially 

natural philosophy. In fact, the first appearances of the term are traced to its systematic 

use by Jean Baptiste Lamarck (1744-1829) and Reinhold Gottfried Treviranus (1776-

1837) in his book Biologie oder Philosophie der lebenden Natur für Naturforscher und 

Aerzte1, 2. Up to that point, the investigation of natural phenomena was part of natural 

philosophy, indicating that the majority of discourse would take place within the realm 

of philosophy itself. Regardless of the intellectual or scientific framework, 

interpretations of biological entities have been historically centered either around a 

holistic approach which suggests viewing them as wholes or a reductionist approach 

which mandates dismantling them in order to derive a general explanation from the 

individual parts3. While seemingly polar opposites, a combination of reductionism and 

holism is necessary in most cases4. Dissecting any system (for example, a cell) can 

reduce its complexity and aid both with the investigation and the comprehension of it; 

however, the interactions between its components and their behavior within the system 

should be taken into account as well5. At the same time, both approaches can present 

significant drawbacks. A strictly reductionist strategy implies that describing each part 

of a system can essentially describe the entirety, while an exclusively systemic method 

can prove daunting and result in incorrect models and assumptions3.  

In the following sections, I will give a brief historical summary of the back and 

forth between reductionism and holism within the context of natural sciences and in 

particular biology. I will then focus on the transition from holism to what we know today 

as Systems Biology and its use of networks as an essential tool of the field. Lastly, I 

will describe interspecies interactions both generally as well as within the scope of 

host-microbiome interactions. 
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1.1.1 A centuries-long debate 

The discourse between Western reductionists and holists can be traced back 

to ancient Greece. The first rationalist formulations came from the Milesian school of 

thought (circa 5-6th century BC) where its most prominent figures Thales, Anaximander 

and Anaximenes attempted to explain natural phenomena pragmatically; devoid of any 

mythological influences6-8. Their work is noted as the first incidence of a rationalist 

approach to philosophy and science5 and includes their individual notions about the 

source of natural phenomena8. According to Thales and Anaximenes, everything 

comes from water and air respectively while Anaximander credited an infinite, primitive 

element as the foundation of life8. Their contributions laid the groundwork for a 

materialistic view of the world - that is the explanation of nature solely with matter as 

its source9-11. The rationalist ideas of the Milesian school were carried on by Leucippus 

(circa 5th century BC) and his student Democritus (460-370 BC) who established 

atomism, the theory that everything is comprised from invisible, physically indivisible 

parts (“atoma”), the interactions of which shape nature7, 8. The atomists did not 

consider a final cause as the explanation for an event; rather they questioned the 

conditions that led to it, providing a mechanistic interpretation7, 8.  

On the opposite side of the atomists stood the teleologists Plato (circa 427-348 

BC) and his student Aristotle (384-322 BC). Both were critical of the materialist school 

of thought and opposed a rationalist approach to the interpretation of nature7, 10, 12. 

The teleologists focused on the “why”, defining the end goal (“telos”) of a form as the 

cause for its existence13. While there were significant differences in their teleological 

perspective - namely Aristotle’s attempt to introduce reason in Plato’s belief system - 

they both maintained that order in a system cannot be sufficiently explained through a 

materialist lens7, 8, 13-15. This summarized discourse between mechanism and teleology 

is the earliest documented. 

The Aristotelian view of nature was at the forefront until the Scientific Revolution 

in the 16th century16. In his book History of the inductive sciences, William Whewell 

describes the transition from philosophical explanations to “dependence upon external 

observation”17, which according to Bertrand Russell relied heavily on the patience of 

the observer and their courage to form hypotheses8. The development of empirical 

science based on experimental, observation-based evidence found its strongest 

proponent in Francis Bacon (1561-1626) who rejected the teleologists and favored the 
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atomist school of thought8, 18-20. At the same time, in opposition to Bacon’s inductive 

approach, rationalism was experiencing a revival with René Descartes (1596-1650). 

With an emphasis on reason, Descartes approached science and the world in general 

from a mechanistic, deductive point of view, where everything can be broken down in 

parts that interact with each other resembling the gears of a well-oiled machine21, 22. 

This theory is therefore known as Descartes’ clockwork and is representative of a 

reductionist, mechanistic scientific process, that seeks to explain natural phenomena 

using solely physical and chemical terms while equating them to machinery 

components5, 16, 23, 24. Descartes’ ambition to describe everything mechanistically is 

evident by his depiction of biological functions such as blood circulation and the 

nervous system in the form of hydraulic systems, paving the way for the rise of 

mechanistic biology, especially in the field of physiology25. His endeavors along with 

the contributions of Nicolaus Copernicus (1473-1543), Johannes Kepler (1571-1630) 

and Galileo Galilei (1564-1642) were instrumental in ushering science from the Middle 

Ages to its modern era and setting the path forward for Newton (1647-1727)8. 

Newton’s work provided a mechanistic, deterministic explanation of nature and 

cemented his status as one of the most important figures of the Scientific Revolution 

as well as contemporary science25.  

The first reactions to Descartes’ mechanistic view of biology came from 

supporters of two holistic approaches: the vitalists and later the organicists5, 25. While 

both claimed that investigating different parts of a system at a time cannot produce a 

reliable general explanation of it, they exhibited irreconcilable differences. Vitalism 

assumed an invisible force (entelechy or vis essentialis) distinguishing inanimate entities 

from living organisms, while organismic biologists believed that the key was in the 

organization of a system and refused to accept invisible forces as a prerequisite for 

understanding natural phenomena5, 16, 24, 26. Vitalism was supported by notable 

philosophers and biologists such as Hans Driesch27, but was abandoned due to the 

reliance on a nonmaterial force to describe life26, 28. On the contrary, organismic 

biology was integral to the emergence of systems thinking5; initially through Lawrence 

J. Henderson (1878-1942), a biochemist and supporter of organicism, who depicted 

biological entities as systems, outlined their ability to self-regulate to facilitate their 

survival and explored their interactions with the environment29. An unexpected and yet 

significant contribution in favor of incorporating a holistic methodology in biology came 
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from the field of psychology in Germany and specifically the “Gestaltpsychologie” 

movement5. The founder Max Wertheimer (1880-1943), along with his collaborators 

Wolfgang Köhler (1887-1967) and Kurt Koffka (1887-1941), focused on their subjects’ 

perception and argued that it is not the individual parts of a whole that determine its 

behavior; rather their interactions within it (in this case, the brain)30, 31. 

While outside the scope of this thesis, it is worth noting that the shift away from 

reductionist approaches was heavily aided by the groundbreaking discoveries taking 

place in the field of physics at that time. The first decades of the twentieth century were 

marked by the conceptualization of quantum mechanics and signaled the transition 

from the deterministic view of the universe in the classical Newtonian approach to the 

statistical laws calculating the probabilities of events within a system on an atomic and 

sub-atomic level5, 22. 

Before elaborating on the establishment of Systems Theory in the field of 

biology by Ludwig von Bertalanffy, it is imperative to mention (the arguably lesser 

known) Aleksandr Bogdanov and his theory of tektology32. Bogdanov, in his quest to 

decode social structures, declared that all phenomena are governed by organizational 

laws and promoted the study of a system both through the relationship of its parts and 

within the context of its environment33. Tektology preceded von Bertalanffy’s General 

System !eory (GST) by 30 years, however the latter found recognition and was 

deemed necessary to achieve a greater understanding of living organisms34. Von 

Bertalanffy’s intention as an organicist was to disconnect biology from both vitalism 

and mechanism26, 32. His published work on GST spanned more than two decades 

and focused on the need to adopt a holistic approach. A summary of GST is provided 

in his book General System !eory (p.37): “General system theory is a general science of 

‘wholeness’ [..] In elaborate form it would be a mathematical discipline, in itself purely formal 

but applicable to the various empirical sciences. For sciences concerned with ‘organized wholes’, 

it would be of similar signi"cance to that which probability theory has for sciences concerned 

with ‘chance events’”35. Throughout his body of work, von Bertalanffy vehemently 

opposed the dominance of physics in the field of biology and maintained that biological 

systems should be researched separately5, 36. Failing to reconcile the second law of 

thermodynamics with the maintenance and stability of biological systems, he 

developed a theory known as Fließgleichgewicht36 which stated that, contrary to physical 



 

 5 

 

 

systems, biological systems are “open” due to the flow of matter and energy between 

them and their environment, allowing them to exist far from equilibrium5, 36-39.   

When examining the rise of a systemic way of thinking, it is necessary to 

mention the impact of Jan C. Smuts. In his book Holism and Evolution (1926), Smuts 

heavily criticized the separatist, reductionist approach dominating nineteenth century 

natural philosophy and insisted on the need to adopt a holistic strategy4. He argued 

that despite the establishment and acceptance of Darwinism, mechanistic approaches 

were still prevalent. It’s in this work that the term holism appears for the first time3 as a 

starting point for describing the universe (p. 88): “!is character of ‘wholeness’ meets us 

everywhere and points to something fundamental in the universe. Holism […] is the term here 

coined for this fundamental factor operative towards the creation of wholes in the universe”4. 

Despite initially presenting holism as the stark opposite of mechanism (and thus 

reductionism), he concluded that both approaches carry merit and are useful, with 

holism being fundamental and able to incorporate mechanism. Considering the 

complexity of biological structures, in many cases it is necessary to break them into 

smaller pieces in order to explore and explain them. However, Smuts argued, we 

should not be tempted to characterize this strategy as mechanistic but rather 

evolutionary4.  

Parallel to the development of GST by von Bertalanffy, the field of cybernetics 

began to flourish. The term was established by Norbert Wiener in 1948 who defined it 

as the “control and communication in the animal and the machine”40. While an intersection 

with biology might have seemed counterintuitive at that point, cyberneticists introduced 

certain principles and theories that took center stage in the later development of 

systems biology. In particular, Wiener recognized the importance of the organizational 

aspects governing biological phenomena such as feedback and control that are 

necessary to advance the understanding of living organisms5. The proposed 

cybernetic model comprised of two entities connected to each other: the regulated 

system and its controller40, 41. The system produces an output which represents the 

variable in need for regulation and receives as input a reference that is necessary to 

be maintained in order to produce the wanted output. Taking into account that every 

living system is subject to perturbations, the existence of a control mechanism 

registering the differences between the reference input and the actual output is 

essential, in order to inform the controller about necessary changes to the system’s 
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response40, 41. This control mechanism is known as a negative feedback loop and is 

considered a homeostat in cases where the reference input must remain the same40. 

On the contrary, a positive feedback loop seeks to amplify the change between the 

reference input and the system’s output40-42. Less than two decades later, feedback 

regulation as described by the cyberneticists would be used by François Jacob and 

Jacques Monod to explain the molecular framework of gene regulation43, 44 and 

ultimately would be considered key to the self-organization (and consequently the self-

maintenance) of an organism42. 

Researching living organisms as wholes requires accounting for the 

relationships and interactions between their parts, indicating their high complexity  

which increases even further when the focus shifts to entire communities45. A shift 

towards a holistic examination of biological systems mandated a general definition of 

a system’s properties, which entailed decoding its internal organization and the 

patterns emerging from it. The identified patterns should therefore be representative 

and descriptive of each examined system45, 46.  

 

1.1.2 The debate moves to the field of biology: from Systems Theory to 
Systems Biology 

The general definition of a system depicts it as a set of its individual parts and 

their interactions47. Considering the fact that systems theory focuses heavily on 

organization and the resulting behavior, it is only reasonable to conclude that systems 

biology - the intertwining of systems theory and biology - seeks a systemic (or holistic) 

understanding of concepts such as the structure of proteins or metabolic pathways 

and the connections between them43. The inherent interdisciplinary nature of such an 

approach can expand our understanding of living systems significantly. In comparison 

to molecular biology which focuses more on the individual low-level components, 

systems biology accounts for a high number of interacting partners and their 

relationships3, 48. This is the main reason molecular biology has been regularly labelled 

as reductionist22, 48. On the other hand, a key caveat in any systemic approach is the 

inability to predict the properties of a system solely from its components, as well as 

the behavior of the individual components through different states, which might be 

controlled systemically48. 
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It is important at this point to briefly discuss reductionism within the context of 

biology. Biological reductionism belongs in one of three categories: ontological, 

methodological or epistemological28. Ontological reductionism suggests that all living 

entities are made up by the same inorganic materials, limiting them essentially to an 

aggregation of molecules or atoms28, 49. Questions regarding the structure of 

organisms belong in this domain, whose most radical form encloses the argument 

between mechanism and vitalism. The practical aspect of reductionist research falls 

under methodological reductionism48, 49. In cases where a choice has to be made 

between the study of underlying causes (lower level) or a higher organizational level 

of living organisms, this approach favors the investigation of the lower levels28. 

Methodological reductionism can aid the investigation of a complex system greatly by 

simplifying it through fragmentation and examination of its core processes. Historically, 

methodological reductionism has been closely associated with Francis Bacon as well 

as Descartes3. The last type of biological reductionism (epistemological) suggests that 

biological laws are essentially subcategories of physical laws22, 28. In general, 

epistemological reductionism occurs when two scientific fields partially overlap, 

pointing towards a potentially universal set of laws or theories3, 28. While appearing 

similar to methodological reductionism, the two should not be confused.  

The contribution of all three types to science, and particularly, biology 

throughout the centuries has been of utmost significance. For example, the application 

of already existing theories to the explanation of biological phenomena by 

epistemological reductionism has uncovered the existence of patterns in nature28. 

Molecular biology approaches are inherently reductionist and belong to the 

methodological domain, due to the dependence on decomposition (focus on the 

processes taking place in a system’s components), which indicates the existence of 

levels within the system, and localization (connecting the identified processes to the 

internal structure)48. Considering the above, it is evident that reductionist approaches 

would not succeed in explaining complex nonlinear systems such as the human brain 

or ecological and social structures22, 50. Furthermore, the exponentially increasing and 

highly diverse -omics data exposes the complexity of biological systems22. These 

datasets as well as the computational tools currently available have made possible the 

application of recomposition in biological research. Recomposition involves the 

acquisition of all necessary information in order to identify the interactions between a 
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system’s components and investigate whether its behavior can be modelled48, 50. 

According to Hiroki Kitano, there are four factors to consider when attempting to 

understand and describe a biological system51: 

i. The structures present within a system and their modus operandi 

ii. The behavior of a system in response to fluctuations  

iii. The mechanisms stabilizing the system 

iv. The elected strategy for the representation of the biological system 

 

1.1.3 Properties of biological systems 

The non-linearity of biological systems indicates that small changes in their 

components can result in disproportionately large effects in other parts of it5, 22. Stuart 

Kauffman characteristically states that complex systems “exist on the edge of chaos” to 

emphasize the occurrence of sudden changes in response to a small perturbation52. 

Therefore, the ability of a biological system to remain stable through environmental 

fluctuations is imperative for its survival.  

Cyberneticists already emphasized the importance of feedback loops with 

regards to self-maintenance. A classic example of a necessary negative feedback in 

a biological system is temperature regulation; when the environmental temperature 

induces a change beyond the acceptable limits in homeotherms, control mechanisms 

such as shivering are activated to diminish the effect of the disruption and stabilize the 

system41, 53. Generally, homeostatic mechanisms rely on negative feedback loops. As 

mentioned in the previous section, positive feedback loops act in the exact opposite 

manner. For example, the levels of oxytocin released during childbirth in humans 

increase constantly in response to signals from both the central nervous system and 

the pressure the fetus places on the cervix in order to aid with the process, as well as 

post birth to help the uterus revert to its normal size54. Further instances of positive 

feedback loops in nature have been observed in the nesting behavior of the great blue 

heron and the bluegill sunfish; specifically the preference of both for constructing 

central colonies due to the benefits they receive for food resources in the case of the 

former and the higher vulnerability of peripheral colonies in the case of the latter42, 55, 

56. It is evident that positive feedback loops can escalate, with catastrophic effects to 

a system, similar to a snowball increasing in size and gaining momentum. Therefore, 

negative feedback as well as external constraints (e.g., crowding) manage or 
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antagonize positive feedback when boundaries need to be introduced42. The 

necessary communication and flow of information required for this type of regulation 

is a characteristic feature of dynamic systems42, 57.  

The survival of a biological system is tied to its ability to self-organize58. The 

term self-organization refers to the formation of higher-level patterns through 

interactions taking place in the lower levels of the system using information specific to 

each (low) level42. The most important development regarding the self-organizational 

aspect of biological systems came from the work of Ilya Prigogine (1917-2003), who 

established the term dissipative to describe the appearance of structures in systems 

existing far from equilibrium, following non-linear kinetics42, 59, 60. The patterns 

generated through these non-linear interactions consist emergent systemic properties 

and are characteristic of complex systems5, 42. The term emergent is used to describe 

their absence from the individual components (lower levels) of a system; they emerge 

during the processes taking place and lead the way from simplicity to complexity42. 

The resulting complexity requires the existence of some internal hierarchical 

organization within the system. It also implies the existence of level-specific laws that 

are absent in lower levels as a consequence of emergence, making the study of the 

whole system based solely on general features impossible5, 22. This reaffirms Smuts’ 

conclusion that neither reductionism nor holism are enough on their own - in most 

cases both approaches are required to adequately represent a complex system4.  

Patterns are not necessarily indicative of a self-organized system. To assume 

self-organization simply by the presence of a pattern would be a problematic 

conclusion. The identification of the internal mechanism responsible for the 

emergence of a pattern is crucial, as is disrupting the system or interfering with internal 

processes to prove that self-organization is responsible for its stability and not external 

contributors42. Small perturbations can result in a transition from the pattern present 

under standard conditions to a new one through bifurcation, a process observed 

regularly in self-organizing system with positive feedback42. Taking into account the 

manifestation of large behavioral changes as a response to small alterations in the 

parameters of biological systems, the impact of adaptable emergent properties is 

profound, especially from an evolutionary standpoint. 

  



 

 10 

 

 

1.1.4 Networks in Systems Biology: a bridge between local and global 
approaches 

Identifying the organization of a system and its properties is one of the main 

concerns in Systems Biology. Encoding a system as an extensive network of 

interactions is a powerful tool that can provide important insight into the inner workings 

of its subsystems61. Depending on a variety of factors such as the design, the choice 

of model, the quality of the data and more, the patterns emerging through a network 

representation can reflect systemic ones, thus enabling the formulation of hypotheses 

about the system’s internal mechanisms. Additionally, the organization and structure 

of a system can easily be described through a network.  

Although networks belong to graph theory in mathematics, they are 

implemented in a variety of research fields. In biology, networks have found 

applications in the representation of protein-protein interactions, metabolic pathways, 

gene co-expression and more62, 63. The general description of a network or graph is a 

set of elements (nodes or vertices) and their connections (edges). Going by its 

mathematical notation, a graph G is a pair of (V, E) where V denotes a set of vertices 

and E a set of their edges63. There are several types of graphs, however the most 

widely used are undirected, directed, weighted and bipartite graphs and will be briefly 

discussed below.  

Undirected graph: The simplest form of a graph in which nodes are connected with a 

single edge (neighbors)63. A gene co-expression network is a representative example 

of this type of graph. 

Directed graph: The connection (edge) between two vertices i and j is an arrow, 

demonstrating direction and, in a biological context, possibly regulation or inhibition as 

well63. From the pair of interconnected nodes, one is considered the “head” and the 

other the “tail”, with the edge directing a one-way connection from the tail to the head 

vertex64. A directed graph can be denoted as an ordered G = (V, E, f), where f 

represents a function associating each edge in E to an ordered pair of nodes in V63.  

Metabolic pathways as well as regulatory networks belong in this category62.  

Weighted graph: here the set of edges E between two vertices is associated with a 

weight function w: E®R,	where R represents all real numbers63. The weight wij of an 

edge connecting nodes i and j usually reflects a feature of the connection between the 

nodes - for example a larger value indicates a more reliable or a stronger connection. 
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Weighted graphs are currently the most popular networks in biology and bioinformatics 

and are used mainly for exploring similarities between sequences or structures62, 63. 

Bipartite graph: an undirected graph occurring when the vertices V are divided in two 

sets V’ and V’’ and connections between vertices of the same set are prohibited, so 

that each vertex from V’ can only be connected to vertices in V’’ and vice versa63. 

Bipartite graphs have been extensively used to describe ecological relationships62, 63. 

Given the fact that networks may represent complex biological systems, 

understanding their organization is crucial. Every graph possesses certain general 

properties that can shed light on the entity represented through it. One of the most 

important and defining graph features is the degree distribution P(k)63. A prerequisite 

for this measure is knowing the degree of a node which is equal to the number of 

edges associated with it. If k denotes the number of connections a vertex has, then 

the degree distribution is the probability of k being equal to the degree of a random 

node in the network63. In cases where a network follows a power-law distribution, it is 

considered scale-free, indicating that network nodes are either hubs with a high number 

of connections, the removal of which will alter the topology of the network significantly, 

or nodes with only a few edges whose removal will not have a great impact63. Many 

networks that model real systems, such as social or biological networks are scale-

free65. Other highly informative network properties include graph density and the 

clustering coefficient which represent the ratio of present edges to the number of all 

possible edges and the tendency of network nodes to form clusters respectively63. The 

last important graph feature is the distance between two nodes, a measure that 

corresponds to the shortest possible path, i.e., the least number of edges needed to 

reach one node with the other as starting point63. 

The main purpose of a graph representation is to determine whether the 

observed properties are characteristic to the network and consequently the system 

described61. Several models have been proposed to describe the structure of a graph 

and the connections within it, with the most widely known ones being the “Erdos-Rényi”, 

the “Watts-Strogatz” and the “Barabási-Albert” models63. The Erdos-Rényi model was 

introduced for the description of random graphs whose main characteristic is their 

homogeneity, deeming them inappropriate to represent biological systems66. The 

Watts-Strogatz model was developed for networks with a high clustering coefficient and 

on average short distances between nodes, such as metabolic pathways67. Lastly, the 
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Barabási-Albert model describes scale-free networks that are capable to evolve 

through time68. In this model, the network has the ability to expand by adding new 

nodes in a manner that agrees with the established degree distribution and without the 

random addition of edges. This model is highly representative of biological systems, 

with protein-protein interaction networks being a classic example of it63, 65. 

The progress of the -omics approaches in biology has increased the amount of 

data produced exponentially. The variety of sequencing data that can be easily 

acquired (genomics, transcriptomics, etc.) has the potential to provide valuable 

insights regarding the structure as well as the regulation of biological systems, with 

several existing cases attesting to that. For instance, Ideker et al integrated existing 

data to a network representing the utilization of galactose in the yeast, then proceeded 

to disrupt each component of the metabolic pathway, registered their effect through 

transcriptomics to adjust the network and investigated whether the protein levels 

reflected the mRNA response69.  Arrieta-Ortiz et al integrated 151 publicly available 

transcriptomes of Clostridioides difficile to a gene regulatory network that was able to 

uncover the adaptation of the pathogen through the infection of the host and make 

predictions regarding its interactions with the established intestinal commensals70. 

Systemic approaches to cancer research have gained significant ground as well, as 

they allow the examination of large, diverse cohorts simultaneously. For example, 

Zheng et al combined data from breast and head-and-neck cancer screens as well as 

multi-omics data from other studies to construct a network based on the interactions 

between cancer-related proteins, uncovering a hierarchical system which resembled 

a map of smaller protein complexes within a larger group that ultimately represented 

cancer-specific mutations71.  

The list of studies that adopted systems biology approaches to research 

complex systems, especially in the last 20 years, is extensive. In most instances, they 

involve the integration of datasets that are both diverse and, in certain cases, multi-

terabyte in size with the end goal of producing an easily interpretable result; a feat that 

may ultimately prove challenging. As described in this section, networks have the 

capacity to incorporate and process a wide range of data, given the correct choice of 

model. Their application in biological research has already provided a greater 

understanding of mechanisms characterized by high complexity such as protein-

protein interactions, metabolic pathways, gene co-expression, phylogenetic networks 
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describing evolutionary relationships, ecological chains, species interactions and the 

list goes on. 

 

1.2  Interspecies interactions 

The majority of ecosystems consist of multispecies communities, as isolated 

organisms are an extremely rare phenomenon72. The interactions within these 

communities shape the evolution of their component species and drive their 

adaptation73. The complex networks formed through interspecies interactions suggest 

that fluctuations of one species in the system, regardless of their initial magnitude, 

may have significant ramifications on the rest. Therefore, traits such as the survival or 

reproduction of species are influenced both by their own genetic properties as well as 

the ones of their interacting partners72.  

 Ecological interactions can be classified into the following six groups based on 

their effect (beneficial, neutral or harmful) on the interacting organisms74:  

Mutualism: both interacting partners benefit from the relationship75. A key example of 

mutualism can be found in the symbiotic relationship between plants and species of 

the Glomeromycota fungus known as Arbuscular mycorrhiza76. Research spanning 

almost two centuries has shown that the fungi promote plant growth by colonizing the 

plant roots and releasing inside them the nutrients they have absorbed from the soil 

while taking advantage of a microenvironment rich in nutrients76.  

Neutralism: species interact without a significant impact, for instance by coexisting in 

the same community77. 

Commensalism: one interacting species receives a benefit while the other one remains 

unaffected77. Epiphytes are a prime representation of this type of interactions. They 

establish themselves and grow on host trees in order to receive a benefit such as 

support or access to increased sunlight without a positive or negative impact on their 

host78, 79.  

Amensalism: one species is disadvantaged through the interaction and the other 

remains unaffected77. An instance of amensalism is observed in cases where the 

development of a plant is inhibited due to toxic chemical compounds released in the 

soil by a neighboring plant (“negative allelopathy”)75.  

Antagonism: a species gains an advantage at the expense of another77. Antagonistic 

interactions include predator-prey and host-parasite relationships80-82.  
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Competition: a number of species compete for the same limited resources, possibly 

affecting their fitness negatively77. When entering the intestine of a human host, food-

borne pathogens such as Salmonella enterica trigger an immune response that they 

can survive due to the fact that they must outcompete the resident microbial population 

for resources75, 83. 

While these definitions are crucial for navigating the complex network of 

interactions in ecological communities, it should be noted that reassignment of 

individual cases between different categories is a common phenomenon. Inter- as well 

as intra-specific relationships within a community are multifaceted and sometimes the 

lines between certain types of interactions can be blurred. Furthermore, the continuous 

acquisition of new data as well as the improvement and reanalysis of existing datasets 

can shed new light and offer novel perspectives. 

The last decades have seen a stark increase in research regarding the 

ecological interactions between eukaryotes and microbes, particularly humans and 

their associated microbiota, which is defined as the community of colonizing 

microorganisms within a niche84. The symbiotic relationship between a host and their 

microbiota usually falls under the umbrella of mutualism or commensalism85; however, 

it has been shown that the established microbes can enable parasitism by a third party 

at the expense of the host, as in the cases of an infection by parasitic nematodes and 

their establishment in mice and Drosophila neotestacea86. The microbes and their 

genetic properties, commonly known as microbiome84, are instrumental for a variety of 

physiological processes, ranging from digestion to immune responses, and the overall 

homeostasis84, 87. The host-microbe system is regularly referred to as the holobiont88 

and it encases a variety of interactions between the interacting partners such as the 

synthesis of amino acids and vitamins which mediate both host-microbe and microbe-

microbe interactions within this system89. Representative examples include lantibiotics 

produced by the commensals Streptococcus salivarius (oral cavity), Staphylococcus 

epidermidis (skin), and the intestinals Ruminococcus gnavus and Clostridium nexile 

which prevent the colonization of pathogens closely related to them and as result, 

protect their host89-91.  

Currently, the most widely researched host-microbe system is the commensal 

microbial community in the human gastrointestinal tract84. Research has shown that 

the composition of the gut microbiome may vary among individuals as it is influenced 
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by a multitude of factors92. Its significance regarding human biological processes has 

been highlighted92 and perturbations altering the community makeup have been linked 

to a variety of multifactorial metabolic disorders such as obesity, diabetes, fatty liver 

disease and more87, 93. Additionally, the metabolic potential and capacity of the gut 

microbiome allows direct interactions with drugs and influences their metabolism in 

many ways, for example by competing with them for molecules or by producing 

enzymes that degrade them94.  

The increasing interest towards the human microbiome and its biomedical 

potential has shifted the attention even more towards the general interactions of 

multicellular organisms and their microbial environment. Gaining novel insights and 

decoding interspecies interactions besides the human-microbe system can only serve 

as a valuable resource and enrich our understanding of the dynamics and evolutionary 

trajectories among interacting partners in a variety of ecological communities. 

 

1.2.1 The nematode-microbiota system as a model to study interspecies 
interactions 

Nematodes, commonly known as roundworms, comprise important components 

in the majority of biospheres on the planet due to their abundance95. Soil nematodes 

in particular are core elements in their respective ecosystems worldwide and are linked 

to complex and highly diverse microbial communities96, 97. In addition to their 

indispensable ecological role, they are also vital in varying fields of research, ranging 

from ecology to neurobiology due to certain properties they possess. Specifically, their 

short generation time, their mode of reproduction, the ability to maintain them in 

monoxenic cultures and the molecular toolkits available make them a convenient, 

malleable system and contributed significantly to the establishment of the nematode 

Caenorhabditis elegans as a model organism for human-related research98.  

Despite the abundance of studies, especially involving C. elegans, very little is 

known about nematode-associated microbes and their impact on the worm. The C. 

elegans N2 strain - used in the majority of experiments - has been consistently isolated 

from its natural microbiota and maintained in monoxenic cultures consisting mostly of 

Escherichia coli OP50, while simultaneously tolerating treatments that eliminate its 

associated microbiome99, 100. However, the ecological interactions identified through 

the study of wild isolates have shed light on the overlooked associations with its 
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environmental microbiota, leading to the identification and functional characterization 

of the associated bacterial communities101-105. Further investigation of the nematode’s 

transcriptomic response to intestine-colonizing bacteria has revealed incredibly 

interesting species-specific signatures with regards to intestinal bacterial strains99, 106.  

In spite of the fame that C. elegans has enjoyed, there is a wide variety of 

characterized nematodes exhibiting traits that can open new avenues of research, 

particularly in the context of worm-microbiota interactions. Pristionchus pacificus is a 

free-living, soil-dwelling nematode, found to exploit scarab beetles as its host107. 

Initially developed for comparative research with C. elegans regarding the vulva 

formation, P. pacificus was ultimately established as a model for phenotypic plasticity 

due to a mouth-form dimorphism it presents108. In particular, it can develop either a 

narrow buccal cavity with a single tooth called stenostomatous (St) that constitutes the 

worm a bacterivore or a wider one with two teeth called eurystomatous (Eu) that allows 

it to predate on other nematodes109. P. pacificus is a representative case regarding the 

impact of ecological interactions, as it has been shown that the mouth polyphenism is 

influenced by a variety of environmental factors, such as temperature, diet, culture 

type and more110-113. Additionally, compared to C. elegans, P. pacificus has exhibited 

higher tolerance to toxin-producing bacteria which can potentially allow for a richer 

bacterial microbiome114, 115. The synergy within its associated microbial community, 

observed through the diminished negative effect of native pathogenic bacteria in 

mixtures with non-pathogens114, hints at the level of complexity characterizing the 

interspecies interactions which include the nematode. Despite the diversity present in 

the worm’s natural environment, our knowledge so far is nematode-centric, focusing 

mostly on the impact of a diet on life-history traits or their effect on the mouth-form114, 

116, 117.  

It is clear that the interplay within the intricate insect-nematode-microbe system 

is not fully decoded, especially with regards to the microbiota of the worm. While we 

have gained important insight about the dietary effect in general, we have not specified 

bacterial triggers acting as modulators of entire regulatory networks in P. pacificus. 

With this dissertation, I will illustrate an effort towards this direction. Starting with the 

characterization of bacterial strains previously isolated from the worm’s natural 

habitat118 and the identification of their metabolic potential, I predicted bacterial 

metabolic signatures; that is the variation of the metabolic potential between the 
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different bacterial genera processed. I leveraged this information in order to associate 

the bacterial metabolic potential with nematode traits quantified in previous studies118. 

This allowed me to narrow down the bacterial metabolites with a potentially strong 

impact from thousands to a few tens. The associations with nematode survival 

indicated a strong negative effect of paerucumarin and rhabduscin, a finding that I 

confirmed by supplementing available coumarin derivatives to the worm. By acquiring 

dietary transcriptomic profiles of P. pacificus and using them to construct a gene co-

expression network, I organized the almost 29000 genes present to 8150 clusters. 

Performing functional enrichment analysis of the network’s modules led me to the 

identification of environmentally responsive regulatory pathways in the nematode. 

Lastly, I combined the bacterial metabolic potential and the modules in a variation of a 

bipartite network in order to estimate the interactions between the two datasets and 

identified the network modules potentially regulated by diet-derived metabolites.   
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2. THESIS AIMS 
 

The main goal of this dissertation was to investigate the interspecies 

interactions between the nematode Pristionchus pacificus and bacterial food sources 

found in its natural environment.  To achieve this, I formulated three questions that are 

crucial in order to understand the complex relationship between P. pacificus and the 

bacteria: (i) what information can be harvested from bacterial genomes regarding their 

metabolic potential, (ii) how can transcriptomic profiles of the worm from different diets 

reveal environmentally responsive regulatory networks and lastly (iii) how are they 

associated to the bacterial metabolic potential. To find the answers, I carried out the 

following tasks: 

1) I sequenced, assembled and annotated the genomes of 84 bacterial strains 

isolated previously from Pristionchus-associated environments and used them 

to predict their metabolic potential as well as the phenotypes present.  

2) I reconstructed the bacterial phylogeny and compared it to the metabolic 

potential which uncovered the variation regarding the metabolic pathways 

present and, based on that, a metabolic signature of different bacterial genera. 

3) I associated the presence/absence of bacterial metabolic pathway groups 

(MPGs) with available data regarding nematode traits such as survival and 

chemoattraction to a food source. As a result, I was able to decrease the 

number of bacteria-derived metabolites with a significant effect on survival and 

chemoattraction from thousands to 40 and 24 respectively. I validated the 

predicted negative effect of paerucumarin on survival through supplementation 

of coumarin derivatives to the nematode. 

4) I produced transcriptomic profiles of P. pacificus on 38 diets from the bacterial 

phylogeny and created a gene co-expression network. By performing 

enrichment analysis of the modules with a variety of available transcriptomic 

datasets and functional annotations, I assigned functional labels to the network 

modules and discovered regulatory networks in the nematode. 

5) I combined all the generated data in a bipartite network and linked the 

responses of the coexpression modules to specific MPGs. Using this approach, 

I determined the environmentally responsive co-expression modules as well as 

the MPGs acting as potential triggers.
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3. RESULTS 
 

3.1 Crowdsourcing and the feasibility of manual gene annotation: A pilot 

study in the nematode Pristionchus pacificus 

Rödelsperger C, Athanasouli M, Lenuzzi M, Theska T,S un S, Dardiry M, 

Wighard S, Hu W, Sharma DR, Han Z 

Scientific Reports 9, 18789 (2019). DOI: 10.1038/s41598-019-55359-5 

 

3.1.1 Synopsis 

The ability to decode the genome of an organism, particularly a novel one, relies 

heavily on ortholog detection in already established species. This is necessary in order 

to gain knowledge about the biological processes taking place and develop a 

molecular toolkit. However, broadening our knowledge as well as creating functional 

annotations can be hampered by inaccurate gene annotations. This is an issue often 

encountered outside of the study of model organisms such as C. elegans where the 

application of prediction software is accompanied by a large number of experimental 

approaches that aid functional annotation.  

To improve the latest Pristionchus pacificus’ gene annotation, we devised an 

approach where evidence from transcriptomic and comparative genomic data was 

coupled with manual, community-based revision of gene models we deemed 

suspicious in the existing annotation. We observed that most cases in need of 

correction consisted of gene predictions that resulted either from the artificial fusion of 

two gene models or their complete absence. Our methodology raised the number of 

P. pacificus genes to 28036 from the previously predicted 25517 and improved the 

completeness of single copy orthologs significantly from 86% to 97% while 

simultaneously demonstrating the power of community curation. 

 

3.1.2 Own contribution 

I manually curated approximately one third of the candidate genes in the study 

and trained other curators. I estimate my contribution at 20%.   
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3.2 Comparative genomics and community curation further improve 

gene annotations in the nematode Pristionchus pacificus 

Athanasouli M, Witte H, Weiler C, Loschko T, Eberhardt G, Sommer RJ, 

Rödelsperger C 

BMC Genomics 21, 708 (2020). DOI: 10.1186/s12864-020-07100-0 

 

3.2.1 Synopsis 

Our previous work initiated the improvement of the P. pacificus gene annotation 

and revealed the power of community-based curation when combined with a 

comparative genomics approach. While our first analysis targeted genes with 

suspected fused or completely absent gene models, this study investigated one-to-

one orthologs with C. elegans that were suspiciously larger or smaller in length. The 

gene models in need for inspection were identified by comparing protein lengths 

between the orthologs as well as genes exhibiting unusual combinations of PFAM 

domains that are absent in C. elegans, Bursaphelenchelus xylophilus and 

Strongyloides ratti. The analysis resulted in 4311 P. pacificus gene models in need of 

revision, of which 1367 were corrected and 1579 were removed. These findings were 

incorporated to a new version of the existing gene annotation, totaling 28896 genes 

and a BUSCO completeness of 97.6%, which was slightly higher than the previous 

version.  

 

3.2.2 Own contribution 

I performed part of the computational analysis and wrote part of the manuscript. 

I estimate my contribution at 30%. 
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3.3 Analysis of repeat elements in the Pristionchus pacificus genome 

reveals an ancient invasion by horizontally transferred transposons 

Athanasouli M, Rödelsperger C 

BMC Genomics 23, 523 (2022). DOI: 10.1186/s12864-022-08731-1 

 

3.3.1 Synopsis 

Eukaryotic genomes consist of large fractions of repetitive DNA sequences, 

which vary between species and often stem from transposable elements. Generally, 

repetitive elements prove problematic during genome assemblies and gene 

annotation efforts. Due to the fact that transposons were part of what was termed “junk 

DNA” until fairly recently, we lack knowledge about their role in eukaryotes and even 

more so regarding their impact on the evolution of nematodes.  

While the quality of the current P. pacificus genome is high, we are lacking 

insight on many of its features. In this work, we wanted to explore the repetitive aspect 

of the nematode’s genome. During the first steps of our analysis, we evaluated 12 

different software tools for the detection and/or annotation of the transposons detected 

as well as their agreement on the predictions. We found that RepeatModeller2 

exhibited the most common patterns with the majority of the approaches and suited 

our needs best. Using the RepeatModeller2 annotations, we observed that 

retrotransposons were the most abundant class while available transcriptomic 

evidence suggested potential activity of DNA transposons and LINEs.  

Interestingly, RepeatModeller2 indicated the presence of 58 transposons 

characterized as Zisuptons. Phylogenetic analysis of the Zisupton sequences revealed 

the process of horizontal transfer as the means of acquisition. Overall, this was the 

first comprehensive analysis of transposable elements in the worm and enriched our 

knowledge on their presence as well as their emergence in the P. pacificus’ genome. 

 

3.3.2 Own contribution 

I conceptualized the study. I performed the majority of the computational 

analysis, curated and interpreted the data. I visualized the results and wrote the 

majority of the manuscript. I estimate my contribution at 80%. 
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3.4 A New Hope: A Hermaphroditic Nematode Enables Analysis of a 

Recent Whole Genome Duplication Event 

Wighard S, Athanasouli M, Witte H, Rödelsperger C, Sommer RJ 

Genome Biology and Evolution 14:evac169 (2022). DOI: 10.1093/gbe/evac169 

 

3.4.1 Synopsis 

Whole genome duplication (WGD) involves the duplication of the entire genome 

of an organism which can define the evolutionary trajectory of species. Duplicated 

genes (ohnologs), while initially redundant, may either assume new roles or be 

silenced. This study describes for the first time Allodiplogaster sudhausi, a nematode 

belonging in the same family as P. pacificus and exhibiting multiple mouth-forms as 

well, but with an impressively larger body size. Whole genome sequencing combined 

with karyotyping and comparative analysis including two closely related 

Allodiplogaster species showed that the nematode has undergone a WGD specific to 

A. sudhausi. A large number of ohnologs were found to be under evolutionary 

constraint and certain protein domains and metabolic pathways such as 

homeodomains and the mTOR pathway were favored in terms of retention post-WGD. 

Analysis of the transposon landscape of A. sudhausi and comparison with P. pacificus 

as well as C. elegans revealed the significantly higher number of repeat elements 

present in A. sudhausi and specifically the overrepresentation of the transposon family 

DNA/hAT-A. Subsequent gene editing experiments with single or double mutants for 

pair of ohnologs and assessment of the resulting phenotypes demonstrated a type of 

redundancy associated with WGD.  

 

3.4.2 Own contribution 

I performed the computational analysis regarding the transposable elements. I 
estimate my contribution at 5%.  
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3.5 Thousands of Pristionchus pacificus orphan genes were integrated 

into developmental networks that respond to diverse environmental 

microbiota 

Athanasouli M, Akduman N, Röseler W, Theam P, Rödelsperger C 

PLoS Genetics 19(7): e1010832 (2023). DOI: 10.1371/journal.pgen.1010832 

 

3.5.1 Synopsis 

Compared to C. elegans, P. pacificus contains a high amount of taxonomically-

restricted (orphan) genes. The nematode’s initial genome assembly indicated that 

approximately one third of its genes can be classified as orphans and subsequent 

analysis involving nine more diplogastrids as well three outgroup species was able to 

distribute all P. pacificus genes in 14 gene age classes. The lack of homologs in other 

species renders their functional annotation almost impossible without extensive 

experimental investigation. There are many theories regarding their emergence, with 

some attributing their appearance to the need for environmental adaptation.  

In this work, we’re providing a first attempt to determine whether orphan genes 

have integrated in regulatory networks as well as assign them a functional label. To 

achieve this, we created a gene co-expression network from transcriptomic profiles 

produced by growing the nematode on 24 diets and processed the network modules 

containing more than 50 genes. We observed that the co-expression modules 

exhibited both distinct expression patterns across the different diets and compared to 

other modules as well as distinct regulatory motifs. Through enrichment analyses with 

both transcriptomic data from previous studies as well as functional annotations from 

databases such as KEGG and PFAM, we were able to assign labels to 22 out of the 

28 modules. However, the most interesting finding consisted of the 3727 orphan genes 

we were able to classify as environmentally responsive, indicating that their 

emergence can be linked to necessity. 

 

3.5.2 Own contribution 

I performed the computational analysis in this study, interpreted and visualized 

the results and wrote a significant portion of the manuscript. I estimate my contribution 

at 70%.   
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3.6 The genome assembly of Rhabditoides inermis from a complex 

microbial community reveals further evidence for parallel gene family 

expansions 

Rödelsperger C, Röseler W, Athanasouli M, Wighard S, Herrmann M, Sommer 

RJ 

bioRxiv (2024). DOI: 10.1101/2024.08.02.605984 

 

3.6.1 Synopsis 

Nematodes consist the most abundant group of animals worldwide. They are 

found in a variety of ecosystems and are used consistently in biological research. 

Studies have estimated that the majority of nematodes are not yet isolated and 

characterized, suggesting constant reevaluations of the existing phylogeny. A correct 

and consistent phylogeny is crucial in order to follow the evolution of genes. The 

Diplogastridae family, where P. pacificus belongs, has been under revision the last few 

years. Research has been particularly conflicted about the sister species to the family, 

with Rhabditoides inermis - a beetle-associated nematode - appearing to be crucial 

for its determination. 

To gain an insight on the nematode phylogeny, we obtained and sequenced R. 

inermis from the beetle Nicrophorus vespilloides. Genome assembly and evaluation 

indicated that some of the constructed scaffolds belonged to microbes other than the 

standard diet of Escherichia coli OP50, which after further investigation, led to the 

assembly of a complete Vanrija albida genome. Genomic and karyotyping analysis 

resulted in the identification of five chromosomes with a high percentage of 

completeness. Using the transcriptomic and protein sequences of 40 species including 

C. elegans and P. pacificus, we reconstructed the nematode phylogeny and showed 

that the misplacement of R. inermis in previous studies as a sister group to 

Diplogastridae was due to the use of 18S sequences instead.  

 

3.6.2 Own contribution 

I performed the computational analysis relating to the microbial genomes. I 

estimate my contribution at 5%. 
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3.7 High nutritional conditions influence feeding plasticity in 

Pristionchus pacificus and render worms non-predatory 

Piskobulu V, Athanasouli M, Witte H, Feldhaus C, Streit A, Sommer RJ.  

bioRxiv (2024). DOI: 10.1101/2024.08.27.609904 

 

3.7.1 Synopsis 

Plasticity accommodates an organism’s need to adapt to its environment and 

can manifest as morphological or physiological changes. Nutrition is a major 

contributor in the emergence of polyphenisms, regulating the organism’s metabolism 

and responding to potential stressors. P. pacificus exhibits a mouth-form dimorphism 

that distinguishes it from other nematodes and modulates its behavior, rendering it 

either a bacterivore or predator towards other nematodes. Diverse environmental 

contributors such as temperature or culture type have been found to regulate this 

dimorphism. While the role of nutrition and particularly low-quality nutrients has been 

studied with regards to the impact on the nematode’s metabolism, very little is known 

about their effect on the mouth-form. 

This work focuses on the impact of high-nutrition conditions on fat storage and 

subsequently the mouth-form. Through the supplementation of various 

monosaccharides and fatty acids to the worm, we observed a delayed development 

as well as an alteration to the mouth-form. Focusing specifically on the effect of 

glucose and oleic acid, we noticed an increase to the fat storage by staining, which 

was subsequently confirmed through RNA sequencing and differential gene 

expression analysis. Further functional enrichment of the differentially expressed 

genes using the KEGG database associated them with lipolysis and lipogenesis, 

resulting in the identification of candidate genes. In particular, delta-9 fatty acid 

desaturases and peroxisomal beta-oxidation genes were assessed for their effect both 

on mouth-form plasticity and fat storage. The results indicated that fatty acid 

biosynthesis as well as the peroxisome are intrinsically connected with nutritional-

associated changes in the worm’s mouth-form. 

 

3.7.2 Own contribution 

I performed the bioinformatic analysis and wrote the corresponding part of the 

manuscript. I estimate my contribution at 10%.   
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3.8 Interspecies systems biology links candidate bacterial pathways to 
nematode gene expression, behavior, and survival 

Athanasouli M, Loschko T, Rödelsperger C.  

bioRxiv (2024). DOI: 10.1101/2024.10.02.616249 

 

3.8.1 Synopsis 

Interspecies interactions have emerged as one of the most important drivers of 

both evolution and adaptation. While host-microbiota research is usually centered 

around the human gut microbiome, nematodes such as C. elegans and P. pacificus 

serve as powerful systems for exploring interactions with the microbiota. In this study, 

we examined the interactions between P. pacificus and bacterial food sources. We 

analyzed the genomes from a subset of bacterial strains isolated from associated 

environments in previous works and determined their metabolic potential. The 

variation of the predicted bacterial metabolic pathways present indicated the existence 

of genus-specific metabolic signatures which could influence the transcriptomic 

response of the worm. In order to associate the observed variation with a 

transcriptomic response in the nematode, we generated transcriptomic profiles using 

38 of the sequenced strains as a food source and incorporated them in a gene co-

expression network. Enrichment analysis of the co-expression modules similar to our 

previous work enabled us to functionally label them and compare them to the previous 

co-expression network, a process which led to the discovery of environmentally 

responsive processes in the nematode. Furthermore, we incorporated the bacterial 

data and the transcriptomic profiles in a bipartite network and were able to determine 

the environmentally sensitive modules (and thus biological processes) as well as the 

bacterial metabolic pathways acting as potential triggers.  

 

3.8.2 Own contribution 

I performed the experiments, generated and analyzed the data, visualized the 

results and wrote the majority of the manuscript. I estimate my contribution at 85%. 
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4. DISCUSSION 
 

Pristionchus pacificus is part of a complex ecological community, exhibiting 

strong associations both with the insects serving as its host and microbes119-121. The 

presence and abundance of nematodes on the insect carcasses as well as their 

dietary preferences for cofactor-producing bacteria can alter the composition of the 

Pristionchus-associated microbial community117, 122, which in turn can have a 

significant impact on the worm’s metabolism114, 116, 117, exemplifying the bidirectional 

effect of their interactions. These findings have become a great starting point for 

demystifying the complex network of interactions, where P. pacificus is a dominant 

component; however, they generate even more questions about the interplay with the 

native microbiota. 

The goal of my work was two-fold: to begin with, I aimed to identify the metabolic 

potential of the native bacterial community associated with P. pacificus, in an effort to 

uncover its variation across the bacterial phylogeny. Subsequently, I sought to 

associate the identified variation with the differential transcriptomic response of the 

nematode to these bacteria, in order to reduce the thousands of bacterial metabolic 

pathways to a small number of candidate metabolites with a strong effect on the worm. 

To achieve this, I initially divided the analysis between the nematode and the bacteria 

and at a later stage combined the data in a bipartite network to gain insight about both 

interacting partners. 

One of the most important aspects of this study depended on the ability to 

recognize regulatory networks in the worm using diverse transcriptomic profiles as 

input. To test the robustness of the method, I first created a gene co-expression 

network with P. pacificus transcriptomes from 22 bacteria isolated from Pristionchus-

associated environments as well as the Escherichia coli strains OP50 and HB101. I 

standardized the co-expression network by altering parameters and tested it via 

random subsampling and reconstruction with a different number of diets each time, a 

process which demonstrated that inclusion of a higher number of dietary 

transcriptomes leads to more conservative networks. This outcome ensured that the 

final network was an accurate representation, in spite of the high correlation between 

the acquired different transcriptomes. I observed that the resulting co-expression 

modules exhibited distinct expression profiles, a finding that, in combination with 
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available developmental time-course data123, allows predictions about the 

developmental speed of the nematodes when grown on different bacteria.  

Using the phylostratigraphic analysis from previous studies that distributed the 

P. pacificus genes in 14 age classes124, I was able to classify the co-expression 

modules as either young or conserved and simultaneously uncovered the rapid 

integration of over 3000 diplogastrid-specific genes in regulatory networks. This 

discovery was particularly interesting because it has already been theorized that the 

emergence of novel genes may be associated to environmental adaptation125. Further 

enrichment analyses connected 22 of the 28 largest co-expression modules with 

biological processes that also included previously identified gene sets such as target 

genes of the mouth-form regulatory network expressed in gland cells126. Among other 

findings, I discovered that oogenesis-associated modules consisted mostly of 

conserved genes while the second largest co-expression module was young and 

linked to spermatogenesis, exhibiting a difference in the evolutionary trajectory of the 

two processes. Altogether, this work served a double purpose: it laid the foundation 

for the methodological approach regarding the transcriptomic data acquired through 

different bacterial diets and demonstrated the information this type of analysis can 

produce. 

Returning to the investigation of the dietary sources, I obtained the genomes of 

84 bacterial strains previously isolated from the worm’s natural envinronment118 and 

reconstructed their phylogeny. While determining the bacterial nomenclature, I noticed 

the low homology of three strains to already identified bacterial species in the non-

redundant version of NCBI, as well as the inability to assign a specific genus to another 

two closely related strains. The attempt to reconstruct their individual phylogenetic 

trees with their best hits and available bacterial genomes of the same genus revealed 

the presence of previously uncharacterized bacterial species in the collection. As a 

next step, I used the MetaCyc database127 to predict the metabolic pathways present 

in the bacterial strains based on their genomes, which constituted their metabolic 

potential. Grouping the bacterial metabolic pathways using common 

presence/absence patterns across the phylogeny allowed for dimensionality 

reduction, as their number decreased from 2902 individual metabolic pathways to 712 

groups (MPGs). It is worth noting that, in many occasions, the MPGs reflected either 

similar metabolic processes or processes in succession. Mapping the MPGs to the 

bacterial phylogeny revealed the underlying variation, with strains from the same 
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genus sharing significantly more MPGs compared to bacteria belonging in different 

genera, an observation hinting at genus-specific signatures in the bacteria.  

From the 84 sequenced strains, I supplemented 38 to P. pacificus as a 

monoxenic food source to acquire transcriptomic profiles of the worm, which I 

subsequently used as input to a gene co-expression network. By applying the 

previously published methodology, I was able to functionally annotate 50 of the 60 

modules containing more than 20 genes. Furthermore, I observed similarities between 

the two co-expression networks, revealing groups of genes that cluster together 

regardless of the conditions, as was the case with the astacin/mouth-form/gland cell 

module. The combination of the co-expression modules and the bacterial MPGs in an 

adaptation of the bipartite networks commonly used in ecology enabled me to identify 

the environmentally responsive regulatory networks in the worm as well as their 

potential “triggers” (MPGs). The bipartite network also revealed that intestine-

associated modules appeared to be the most sensitive to different bacterial MPGs, 

placing the intestine in the limelight and exhibiting its importance. 

As mentioned previously, this work is intended to start a conversation and more 

importantly an exploration around the broader spectrum of complex interactions taking 

place in the Pristionchus pacificus niche. Naturally, a study like this one comes with 

certain caveats. Approximately one third of the dietary bacteria attempted had a strong 

negative effect on the nematode, making it impossible to retrieve sufficient worms/RNA 

which could have resulted in stronger separation between the different transcriptomic 

responses. Additionally, while the monoxenic cultures present a great advantage in 

this case, they fail to depict the dynamic relationships within a bacterial community, 

especially considering the effect of P. pacificus’ preferences on it as Lo et al have 

shown117.  

Nevertheless, the work presented in this thesis shows the success of a strategy 

incorporating diverse bacterial and nematode data towards a common goal. More 

importantly, the ability to narrow down thousands of metabolic pathways and their 

products to less than a hundred and isolate the groups of responsive genes has the 

potential to detect previously undiscovered interactions with the microbiota. Such 

analysis offers great insight to bacterial metabolites or processes that would otherwise 

be overlooked but may be worth exploring, especially with regards to an organism 

exhibiting a distinct plastic trait. 
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Reflecting on both the methodology and the findings of this thesis, a question 

arises: where does it stand with regards to holism and reductionism? Is it looking at 

an entire system from above or trying to identify specific mechanisms within it? The 

answer lies somewhere in the middle, with an inclination towards holism. In my work, 

I attempt to reconcile the best of both worlds; striving to understand the story that the 

emerging patterns of the bacterial metabolic potential and the gene co-expression 

network are telling while trying to specify the mechanisms responding to a diet, a 

metabolic pathway or a supplemented metabolite. The bipartite network offered a 

holistic glimpse into the interactions present in the “bacterial MPG-nematode 

transcriptomic response” system; at the same time, it exhibited high levels of 

complexity that would be impossible to disentangle mechanistically within the scope 

of this thesis. Future studies can make use of this data to screen selected candidate 

metabolites for their effect on specific gene expression modules.  
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Crowdsourcing and the feasibility 
of manual gene annotation: A pilot 
study in the nematode Pristionchus 
pacificus
Christian Rödelsperger*, Marina Athanasouli, Maša Lenuzzi, Tobias Theska, Shuai Sun, 
Mohannad Dardiry, Sara Wighard, Wen Hu, Devansh Raj Sharma & Ziduan Han

Nematodes such as Caenorhabditis elegans are powerful systems to study basically all aspects of 
biology. Their species richness together with tremendous genetic knowledge from C. elegans facilitate 
the evolutionary study of biological functions using reverse genetics. However, the ability to identify 
orthologs of candidate genes in other species can be hampered by erroneous gene annotations. To 
improve gene annotation in the nematode model organism Pristionchus pacificus, we performed a 
genome-wide screen for C. elegans genes with potentially incorrectly annotated P. pacificus orthologs. 
We initiated a community-based project to manually inspect more than two thousand candidate loci 
and to propose new gene models based on recently generated Iso-seq and RNA-seq data. In most cases, 
misannotation of C. elegans orthologs was due to artificially fused gene predictions and completely 
missing gene models. The community-based curation raised the gene count from 25,517 to 28,036 and 
increased the single copy ortholog completeness level from 86% to 97%. This pilot study demonstrates 
how even small-scale crowdsourcing can drastically improve gene annotations. In future, similar 
approaches can be used for other species, gene sets, and even larger communities thus making manual 
annotation of large parts of the genome feasible.

How well can biological knowledge be transferred across species? Are biological functions carried out by the same 
genes in di!erent organisms? How fast do regulatory networks diverge? In order to address these fundamental 
questions, more than 20 years ago, the nematode Pristionchus paci!cus has been introduced as a so-called “satel-
lite” model organism to one of the most successful animal model systems, Caenorhabditis elegans1,2. Since then, 
several comparative studies in developmental and ecological contexts have highlighted the importance of devel-
opmental system dri" as a concept in evolution3 and have demonstrated that the divergence between Pristionchus 
and Caenorhabditis was accompanied by extensive chemical4–6, genic7–9, and morphological10–12 innovations. #e 
establishment of multiple genetic13,14 and genomic tools and resources15,16 by Sommer and colleagues motivated 
an increasing number of independent groups to adapt P. paci!cus as a model system for comparative studies at a 
mechanistic level17–21. However, reverse genetic approaches based on candidate genes with known functions in 
C. elegans22,23 have been hampered not only by the huge amount of lineage-speci$c duplications23–26, but also by 
missing and incorrect gene annotations. Traditionally, protein-coding genes are annotated by gene prediction 
algorithms that model general sequence features of transcription and translation start and end sites, as well as 
splicing signals27–29. #is can be complemented with evidence based approaches using transcriptomic and pro-
tein homology data30,31. While automated annotation pipelines perform reasonably well to be useful for genetic 
screens32–34 and evolutionary genomic analyses35–37, their outcomes by far do not meet the standards of the gene 
annotations from classical model organisms such as C. elegans, Drosophila melanogaster, and Mus musculus that 
have been curated over decades by a large research community38. In order to make the P. paci!cus system more 
tractable for researchers without extensive genomic and phylogenetic expertise, we need to minimize the dis-
crepancy in gene annotation quality between C. elegans and P. paci!cus. To this end, we employed an integrative 
approach using comparative genomic and transcriptomic data combined with crowdsourcing to improve the P. 
paci!cus annotations of C. elegans homologs and orthologs. First, we carry out a comparative assessment of 22 
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nematode genomes and demonstrate that P. paci!cus has one of the best available nematode genomes. Second, we 
perform a genomewide screen for C. elegans genes where homologs and orthologs are not or incorrectly anno-
tated in the P. paci!cus genome. #ird, a community-based manual curation of suspicious gene models reveals 
thousands of hidden orthologs and missing homologs. #is pilot study can be extended to even larger gene sets 
and communities possibly employing citizen scientists, which would raise the quality of gene annotations to the 
next level38.

Results
The quality of nematode draft genomes is highly heterogeneous. To obtain a general overview 
of the current status of nematode genome quality, we analyzed assemblies and gene annotations of 22 species 
(Fig. 1). #e species were arbitrarily selected to span the diversity of the nematode phylum39. We will further use 
this taxon sampling to perform an analysis of gene age, i.e. phylostratigraphic analysis where each phylostratum 
is de$ned by at least two outgroup species to minimize the e!ect of species-speci$c gene loss. Nematode genomes 
range in size between 43 and 320 Mb and contain between 11 and 37 thousand annotated protein-coding genes 
(Fig. 1). Analyses of assembly features and gene annotations indicate a wide range of qualitative variability. Some 
genomes are assembled and sca!olded to the level of chromosomes with high degrees of contiguity (the N50 
value which is a measure of genome assembly contiguity is up to 29 Mb) whereas others are largely fragmented 
into up to 33 thousand sca!olds with N50 values below 0.1 Mb (Fig. 1). Similarly, analyses of completeness levels 
based on benchmarking univeral single copy orthologs (BUSCO40) reveal substantial amount of either missing or 
duplicated genes and it is not totally clear to what extent these di!erences are of biological or technical nature41. 
In the case of Diploscapter coronatus, the apparent high fraction of duplicated genes could either be explained 
by hybridization of two divergent lineages or a whole genome duplication42. #e genome of P. paci!cus, which 
was generated by assembly from single-molecule, long-read sequencing data and sca!olding with the help of a 
genetic linkage map15, shows one of the highest levels of contiguity (47 sca!olds, N50 = 24 Mb). Gene annotations 
were generated by the MAKER2 pipeline30,31 which combined gene prediction algorithms, transcriptome data, 
and protein homology data from other Pristionchus species11,15,43. #e completeness level of gene annotations 
(BUSCO completeness: 84%) is in the upper range when compared to most other nematode genomes (median 
78%, interquartile range (IQR): 68–85%, Fig. 1). #is demonstrates the relatively high quality of the current P. 
paci!cus assembly and gene annotations.

Complementary genome and transcriptomes reveal potentially missing gene models. #e 
completeness analysis as implemented in the so"ware BUSCO40 can also be applied to the raw genome assem-
bly of P. paci!cus. #is yielded a combined completeness value of 93% (complete single copy and duplicates) as 

Figure 1. Comparative assessment of nematode genome quality. Genomic data for 22 nematode species 
was obtained from WormBase ParaSite (release WBPS13) and evaluated based on completeness level of gene 
annotations and genome assembly contiguity. #e barplots show the results of a benchmarking of single copy 
orthologs (BUSCO40) analysis, the number of genes, genome sizes, number of sca!olds, and the N50 measure of 
assembly contiguity. #e genome and annotations of P. paci!cus exhibit an overall comparatively high quality. 
#e schematic phylogeny is based on phylogenomic analysis of 108 nematodes39, Roman numerals indicate 
phylostrata that are used for further analysis.
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compared to 86% for the P. paci!cus gene annotations and indicates towards the presence of incorrectly annotated 
or missing C. elegans orthologs in the genome of P. paci!cus. Moreover, the fact that a recent de novo transcrip-
tome assembly that was based on a strand-speci$c RNA-seq data set exhibited an even higher combined com-
pleteness level of 97% (Table 1) demonstrates even further room for improvement16. Finally, single-molecule, 
long-read transcriptome sequencing data were recently generated for P. paci!cus which allows a much more accu-
rate de$nition of gene structures from reference alignments of single reads44. However, neither transcriptomic 
data set was available when the existing gene annotations (version: El Paco annotation v1/WormBase release: 
WS268) were generated and they could still be used for further improvement.

To systematically identify potentially missing genes in the P. paci!cus genome, we searched for C. elegans genes 
lacking homologs in the current P. paci!cus gene annotations (BLASTP e-value < 10−5) but having a matching 
open reading frame in the de novo transcriptome assembly (Fig. 2a). While 12,504 (62%) C. elegans genes had 
BLASTP hits in both data sets, 634 (3%) C. elegans genes showed only BLASTP hits against the current gene 
annotations suggesting that these genes are properly annotated but are expressed so weakly that they were not 
captured in the transcriptome assembly of mixed-stage cultures45. Similarly, we identi$ed 526 (3%) C. elegans 
genes that were only found in the transcriptome assembly and therefore represent candidates for missing gene 
annotations.

Community-based curation identifies missing genes in the P. pacificus genome. In order to 
improve the existing gene annotations, we chose to manually inspect and classify all 526 missing gene candidates 
in the P. paci!cus genome browser (http://www.pristionchus.org). #ereby, we recruited and trained colleagues 
as community annotators, who would be capable to classify a genomic locus and to propose a correction to the 
existing gene models (see Methods). Lists of missing gene candidates were shared in online spreadsheets and 
documents, which allowed multiple annotators to inspect and correct candidate loci in parallel. 119 (25%) of 
the 486 non-redundant P. paci!cus loci were classi$ed as missing genes in predicted UTRs of annotated genes 
(Fig. 2b). We would speculate that this is caused by the fact that nematode genomes are compact and UTR regions 
can frequently overlap45. #is can cause arti$cial fusion of transcripts during the assembly of RNA-seq data. 
Consequently, only the largest ORF of such a gene is annotated as protein-coding and the rest is classi$ed as 3′ 
and 5′ UTR. Alternatively, this problem could arise when a fused gene prediction from the sister species is used 
as homology information but MAKER2 fails to generate a complete gene model out of it. #e C. elegans gene 
C29H12.2 is one example of a missing gene model residing in the UTR of a P. paci!cus rars-2 homolog (Fig. 2c). 
#e corresponding P. paci!cus locus is spanned by two assembled transcripts that are homologous two C29H12.2 
and rars-2, respectively. Both transcripts are also well supported by Iso-seq data and exhibit di!erent expression 
levels44,46. In such a case, we would propose a replacement of the old P. paci!cus gene model by the two distinct 
transcripts.

A"er manual inspection of all 526 missing gene candidates, 201 (41%) of the 486 non-redundant P. paci!cus 
loci were classi$ed as missing genes (Fig. 2b). Presumably this kind of error could arise when the gene annotation 
pipeline is mostly dependent on gene prediction algorithms which fail to predict all genes in gene dense regions 
(e.g. operon structures) as the intergenic distances might span only a few hundred nucleotides, which could be 
too small for triggering the initiation of a new gene model. #e C. elegans gene apn-1 is one example of a missed 
gene model in a gene dense region (Fig. 2d). Given that the P. paci!cus homolog of apn-1 has good transcriptomic 
support, the correction in this case would simply add the transcript to the existing gene models. Other instances 
of missing homologs are due to borderline cases in the BLASTP searches where one search resulted in an e-value 
slightly below the e-value threshold (10−5) and the result of the other BLASTP search was slightly above the 
threshold. In total, we encountered 87 of such cases which we termed ‘weak similarity’ (Fig. 2b). For such cases 
no correction was proposed. In summary, we compiled corrections for 280 P. paci!cus genes which were replaced 
by 714 new gene models. All these changes were submitted to WormBase and were incorporated in the release 
WS272.

Artificial gene fusions mask thousands of hidden orthologs. A small number of C. elegans genes 
with missing homologs in the current gene annotations (version: El Paco v1/WS268) of P. paci!cus were classi-
$ed as located in fused gene models (Fig. 2b). One potential explanation could be that an arti$cially fused gene 
prediction from the sister species is taken as homology data to annotate the orthologous locus in P. paci!cus, 
but small errors cause parts of the gene model to be either incompletely or incorrectly annotated in P. paci!cus 
resulting in a loss of detectable homology (Fig. 2c). Even if the homolog of a C. elegans gene is incorporated in 
the correct ORF within an arti$cially fused gene model, this could still cause a loss of one-to-one orthology as the 

Data set
BUSCO (%)

RefComplete Single Copy (+Duplicates) Duplicate Fragmented Missing
Genome assembly (El Paco assembly) 91.6 (92.9) 1.3 3.1 4.0 15

El Paco annotation v1/WS268 84.0 (85.8) 1.8 4.3 9.9 15

de novo transcriptome assembly 59.1 (97.1) 38.0 2.6 0.3 16

Iso-Seq assembly 48.0 (73.3) 25.3 10.9 15.8 44

El Paco annotation v2 95.4 (97.1) 1.7 2.0 0.9 this study

Table 1. Completeness analysis of di!erent P. paci!cus data set. #e high level of duplicates in the two 
transcriptomic data sets is due to the presence of isoforms.
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corresponding P. paci!cus gene can only be identi$ed as one-to-one ortholog of a single C. elegans gene. #us, we 
performed a second screen for C. elegans genes that had a predicted one-to-one ortholog (best-reciprocal hit) in 
the transcriptome assembly but not in current gene annotations (Fig. 3a). In total, 6075 (93%) of C. elegans genes 
with a predicted one-to-one ortholog (based on best-reciprocal hits) in current gene annotations, also had a pre-
dicted one-to-one ortholog against the de novo transcriptome assembly (Fig. 3a). Nevertheless, we found 2075 C. 
elegans genes that only had predicted one-to-one orthologs in the de novo transcriptome assembly. Excluding C. 
elegans genes that were identi$ed already in the previous screen for missing homologs, this resulted in 1692 C. 
elegans genes with predicted one-to-one orthologs in the de novo transcriptome assembly but not in the current 
set of gene annotations (version: El Paco v1/WS268). Community-based classi$cation and curation of the 1281 
corresponding P. paci!cus loci classi$ed 912 (71%) cases as arti$cial gene fusions (Fig. 3b). One such an example 
is the C. elegans gene D1053.3. Its putative ortholog is fused with the P. paci!cus mvb-12 ortholog (Fig. 3c). Apart 
from being orthologous to two di!erent C. elegans genes, both P. paci!cus genes are supported as non-overlapping 
transcripts by RNA-seq and Iso-seq, and are expressed at di!erent levels. #is con$rmed the interpretation of an 
arti$cially fused annotation. #e proposed correction in this case would be a replacement of the old gene model 
by the two non-overlapping transcripts. In total, we updated 1241 P. paci!cus gene models and replaced them 
with 3305 new models. #ese updates were submitted to WormBase and will be released following curation. #e 
new P. pacifcus gene annotation (version: El Paco v2) with 28,036 gene models is also available on http://www.
pristionchus.org/download. #e results of the BUSCO analysis (Complete and Single Copy: 95.4%, Duplicated: 

Figure 2. Identi$cation of missing genes. (a) 526 potentially missing genes were identi$ed based on C. elegans 
genes with homologs in the transcriptome assembly but not in current gene annotations. (b) #e 526 missing 
gene candidates were located in 486 P. paci!cus loci that were classi$ed based on community annotators. (c) 
#e genome browser screenshot shows a homolog of C. elegans C29H12.2 which is located in the annotated 
5′UTR of a P. paci!cus gene. #is locus harbors two P. paci!cus transcripts with di!erent expression levels and 
well supported as non-overlapping transcripts based on RNA-seq and Iso-seq data. (d) A homolog of apn-1 is 
completely missing from current gene annotations. 

https://doi.org/10.1038/s41598-019-55359-5
http://www.pristionchus.org/download
http://www.pristionchus.org/download


5SCIENTIFIC REPORTS |         (2019) 9:18789  | https://doi.org/10.1038/s41598-019-55359-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

1.7%, Fragmented: 2.0%, Missing: 0.9%) indicate that the new annotation represents a substantial improvement 
over the previous annotations15 (Table 1).

Improved gene annotations facilitate the establishment of a catalog of C. elegans homologs 
and orthologs in the P. pacificus genome. Since our primary focus was to improve the annotation of 
C. elegans orthologs in the P. paci!cus genome, we wanted to use the updated gene annotation to generate a 
catalog of predicted orthologs between C. elegans and P. paci!cus. As the identi$cation of orthologs typically 
requires su&cient genomic and phylogenetic knowledge to retrieve relevant protein data sets and to perform 
reconstruction of gene trees24,45,46, a genome-wide catalog of orthologs would be highly useful as a starting point 
for researchers without su&cient expertise. Previous comparisons between C. elegans and P. paci!cus identi$ed 
putative one-to-one orthologs for roughly 6000–8000 genes44,46. To further characterize C. elegans genes without 
orthologs in P. paci!cus, we additionally carried out a phylostratigraphic analysis47 to estimate their relative age. 
Basically, phylostratigraphy uses absence-presence patterns of a gene to map its origin to an internal branch in a 
species tree47. Our analysis revealed that 5258 (26%) of C. elegans genes do not have BLAST hits in Pristionchus 
or more distantly related species (Phylostrata I–IV, Supplemental Table 1). #is strongly suggests that they are 
younger than the common ancestor between C. elegans and P. paci!cus and consequently have no orthologs. Next, 
we applied two di!erent approaches to predict orthologs between C. elegans and P. paci!cus: best reciprocal hits 
and Markov clustering as implemented in the so"ware orthAgogue48. Computation of best reciprocal hits is a 
standard approach for predicting one-to-one orthologs across species49,50. In order to capture more complex ort-
hology relationships (e.g. many-to-many), more general approaches such as Markov clustering have been widely 
applied48,51. Based on best reciprocal hits, we identi$ed 8348 predicted one-to-one orthologs between both species 
(Supplemental Table 1) whereas the orthAgogue pipeline identi$ed 7643 orthologous clusters, of which only 
3345 corresponded to one-to-one orthologs. #e large majority (98%) of these predicted one-to-one orthologs 
was also identi$ed as best reciprocal hits and in 3260 (99%) cases, the same P. paci!cus gene was predicted as 
one-to-one ortholog. #e large discrepancy between the total number of best reciprocal hits and one-to-one 
orthologs de$ned by orthAgogue could be explained by the fact that best reciprocal hits do not take inparalogs 
into account49. However, only 1049 (21%) of C. elegans genes that were not identi$ed as one-to-one orthologs 
by orthAgogue could be explained by the presence of lineage-speci$c inparalogs, suggesting that orthAgogue 
with default settings might be too conservative for this analysis. #is is further supported by the reanalysis of 
57 one-to-one orthologous pairs that were previously con$rmed by phylogenetic analysis46. While 53 of the 
previously con$rmed one-to-one orthologs were captured as best reciprocal hits, only 33 were also identi$ed 

Figure 3. Community-based curation of hidden orthologs. (a) We identi$ed 2075 putative C. elegans one-
to-one orthologs that were speci$c to the P. paci!cus transcriptome assembly. (b) Community-based curation 
classi$ed most of the corresponding gene loci as arti$cial gene fusions. (c) Non-overlapping transcripts 
corresponding to P. paci!cus orthologs of mvb-12 and D1053.3 are arti$cially fused in a current gene model. 
#is prohibits the detection of a one-to-one ortholog of D1053.3 based on a genome-wide approach such as best 
reciprocal hits.
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by orthAgogue. Taken together, the improved gene annotation facilitated the prediction of substantially more 
one-to-one orthologs (Fig. 3a, Supplemental Table 1). #is resource can be taken as a starting point to identify 
candidate genes in P. paci!cus.

Discussion
With C. elegans, C. briggsae, and P. paci!cus, three genetically tractable and free living nematode model organisms 
have been well established and can be used to study the evolution of gene function at various time-scales2,3,52. 
For example, recent reverse genetic approaches in P. paci!cus have revealed functional divergence of genes with 
known roles in C. elegans dauer formation22,23,53. In addition, mutant screens in P. paci!cus for social behaviours 
have uncovered multiple orthologous C. elegans genes for which a behavioral phenotype had been overlooked 
previously33,54. Together with complementary studies of the functional importance of novel genes7,32,55, this makes 
nematodes an extremely powerful system to study genome evolution and gene function at a mechanistic level.

In order to facilitate fruitful functional studies across multiple model organisms, it is crucial to generate genomic 
resources (e.g. assemblies, annotations) and experimental genetic toolkits (e.g. forward and reverse genetics) of com-
parable quality. #e chromosome-scale assembly of the P. paci!cus genome15 was a major step towards making this 
species more tractable for other groups. In our study, we aimed to minimize the discrepancy between automatically 
generated gene annotations for P. paci!cus and heavily curated annotations for C. elegans. To this end, we incorporated 
recently generated Iso-seq and RNA-seq data into current gene annotations by manual curation of suspicious candi-
date loci that were identi$ed by comparative genomic analysis. While application of alternative annotation pipelines 
can generate overall better gene annotations29,41, they cannot guarantee that gene annotations will only improve. In 
certain cases, new annotation pipelines will also cause new errors. In contrast, during manual inspection, each commu-
nity curator has the choice to not propose any change of gene models in case of uncertainty. #us, manual inspection 
should only lead to removal of errors and thus improve annotation quality without introducing biases elsewhere. While 
manual annotation is an incredibly tedious task that is probably not scalable to complete genomes38, we minimized 
the workload by focusing on a small gene set of C. elegans orthologs, recruiting colleagues as community curators, and 
restricting the task just to the selection of alternative gene models that were generated from transcriptomic data16,44 
or previous rounds of gene prediction56,57. In our opinion, the most crucial aspect of this community project is a good 
training of new annotators. We achieved this by personal training sessions between experienced and new annotators 
and the possibility to always discuss cases of uncertainty with other curators. For larger projects, initial training could 
be achieved by comprehensive online tutorials and communication via email, but this will likely be less e&cient. In 
the case of the P. paci!cus gene annotations, our study raised the gene count from 25,517 to 28,036 and increased the 
single copy ortholog completeness level from 86% to 97%. In the P. paci!cus genome, the greatest source of error was 
the arti$cial fusion of neighboring genes. #is type of error might be more prevalent in nematodes where genomes are 
compact9 and genes frequently overlap37,45. Consequently, manual annotation of restricted gene sets has been proposed 
and applied previously to circumvent this problem58. Given that nematode genomes tend to be pretty compact (Fig. 1), 
we anticipate that misannotation due to overlapping gene models should be much less pronounced in large vertebrate 
or plant genomes. Nevertheless, it would be interesting to apply similar screens for gene annotation artifacts to other 
systems and eventually this could reveal some incorrect annotations in the genomes of classical model organisms.

While this study was restricted to P. paci!cus genes with putative orthologs in C. elegans, we cannot reliably 
estimate the fraction of erroneous gene models across the whole genome. Our results would suggest that the 
fraction of missing genes is around one percent (Fig. 2a,b) and the amount of gene models a!ected by arti$-
cial fusions may be up to 15% (Fig. 3a). However, as the P. paci!cus genome has a higher gene density and a 
higher concentration of old genes at the chromosome centers8,15, we hypothesize that errors due to arti$cial 
gene fusions should be much less pronounced at chromosome arms. To test this, an unbiased quanti$cation of 
error rates across genomic segments would be needed. In future, we also plan to focus on large gene families and 
lineage-speci$c orphan genes55 that were not explicit subjects of this study. Arti$cial fusions in these classes of 
genes could be identi$ed by screens for unexpectedly long gene models or unusual protein domain content. For 
orphan genes abundant RNA-seq studies of di!erent developmental stages22,46, tissues10,46, environmental con-
ditions59, sexes16, and genetic backgrounds60,61 could be used to detect non-overlapping transcripts that exhibit 
anticorrelated expression within a single locus. #us, while our study has demonstrated that community-based 
curation of gene annotations is feasible and can lead to substantial improvements, continued e!ort is needed to 
li" its quality to a level that would be similar to classical model organisms.

Methods
Comparative assessment of nematode genomes. We downloaded 22 nematode genomes and corre-
sponding protein sequences from WormBase ParaSite (release WBPS13). For Steinernema carpocapsae, the latest 
version at WBPS14 was used. In case of multiple isoforms, we selected the longest isoform for further analysis. 
We ran BUSCO (version 3.0.1) in protein mode (option: -m prot) against the nematode_odb9 data set (N = 982 
genes) to evaluate the completeness level of available protein sequences.

Genome browser integration of transcriptomic resources. To allow community annotators to pro-
pose alternative gene models, we integrated recent raw read alignments and reference guided transcript assemblies 
of Iso-seq data44 and a de novo assembly of strand-speci$c RNA-seq data16 into our genome browser (imple-
mented in jbrowse62) on our webserver (http://www.pristionchus.org). Genomic coordinates for the de novo tran-
scriptome assembly were generated by alignment to the P. paci!cus reference genome (version El Paco) with the 
program exonerate63 (version: 2.2.0, options: -m est2genome – dnawordlen 20 – maxintron 20000). To reduce the 
complexity of this data set, a condensed version of the de novo transcriptome assembly (selection of the isoform 
with the longest ORF as single representative isoform per gene, minimum peptide length of 60 amino acids, 
removal of single exon transcripts) with annotated best-reciprocal hits and best hits (BLASTP, e-value < 10−5) in 
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C. elegans was also incorporated into our jbrowse instance. In addition, predicted protein sequences of previous 
versions of P. paci!cus annotations (Hybrid156 and TAU201157) were mapped against the P. paci!cus assembly 
by exonerate (version: 2.2.0, options: -m protein2genome – dnawordlen 20 – maxintron 20000). All data sets are 
available under the gene annotation track of the El Paco reference assembly in our genome browser. To evaluate 
the quality of the two recent transcriptome assemblies, we ran BUSCO (version 3.0.1, options -m trans) against 
the nematode_odb9 data set (N = 982 genes) for completeness assessment (Table 1).

Identification of missing and fused gene models in current gene annotations. We ran bidirec-
tional BLASTP (e-value < 10−5) searches between C. elegans (version: WS260, longest isoform per gene) and two 
di!erent P. paci!cus data sets: the annotated proteins (version: El Paco v1, WS268) and the de novo transcrip-
tome assembly16. For the de novo transcriptome, we reduced the redundancy resulting from di!erent isoforms 
by selecting the longest ORFs per gene. Based on the di!erent BLASTP searches, we $rst screened for C. elegans 
proteins with BLASTP hits against ORFs in the de novo transcriptome assembly but not against the currently 
annotated proteins. #is yielded 526 candidate genes. In a second phase, we screened for C. elegans proteins with 
putative orthologs, de$ned by best-reciprocal BLASTP relationships, in the de novo transcriptome assembly but 
not in the annotated proteins, resulting in 2075 candidate genes.

Community-based manual curation of candidate loci. All C. elegans genes together with their can-
didate homologs and orthologs in the P. paci!cus de novo transcriptome assembly were stored in a shared online 
spreadsheet. Community annotators were trained to $nd the corresponding locus in the genome browser by 
entering the transcript identi$er and to manually inspect the surrounding regions that were de$ned by the 
encompassing P. paci!cus gene model. #e candidate locus was then classi$ed as untranslated region (UTR) 
(the query transcript overlapped exons that were annotated as UTR), missing gene (the query transcript did not 
overlap any annotated exon), gene fusion (the query transcript did overlap protein-coding exons and homology 
was detected by BLASTP), misannotation (the query transcript did overlap protein-coding exons but no BLASTP 
hit was found due incorrect reading frame annotation or minimal overlap) or inconclusive. A"er classi$cation, a 
correction was proposed that either added new genes (identi$ers could be selected from the de novo assembled 
transcripts, Iso-seq assemblies, or previous versions of gene annotations) or replaced an existing gene model by 
one or more new genes. In such a case the objective was to lose as little annotated coding sequence as possible. 
#us, new genes were selected from the above mentioned data set in order to cover as much coding sequence of 
the initial gene model as possible. If parts of the old gene model were not covered, BLAST searches against C. ele-
gans and other Pristionchus species were used to split the old gene model into several parts with sequence matches 
to distinct C. elegans genes, or to extract partial protein sequences of the old gene model that were not covered. 
Such protein sequence stretches were given a pseudo identi$er and were stored in a shared online document. All 
these sequences were later automatically reannotated by mapping them against the reference genome with the 
help of exonerate. In case that an existing gene model was replaced by multiple new gene models, we additionally 
selected one of the new gene models to inherit the WormBase identi$er of the old gene model to allow WormBase 
to record the history of a given gene model. Usually, either the most conserved or the longest new gene model 
was chosen. Due to the fact that a single arti$cially fused gene could cause missing homologs and orthologs for 
multiple C. elegans genes, some loci were curated multiple times. We randomly picked some of these cases to com-
pare the classi$cations and the corresponding corrections from multiple curators, which turned out to be largely 
consistent. In case of redundant curations, one out of many possible curations for a given locus was chosen based 
on the following criteria: preference towards higher number of new models, experience of the curator (number of 
curated loci), and transcriptional evidence over gene prediction.

Phylostratigraphy and orthology predictions. Outgroup data sets were de$ned by concatenating all 
protein sequence data from di!erent species in the ladder-like phylogeny leading to C. elegans (Fig. 1). More pre-
cisely, we pooled all data from species in an induced subtree de$ned by branches with roman numbers in Fig. 1. 
We then ran a BLASTP search (e-value < 0.001) of C. elegans proteins (longest isoform per gene) against each of 
the outgroup data sets. Starting from the C. elegans genes with homologs in the most distant outgroup set (VIII), 
we iteratively de$ned phylostrata by comparison with the next, more closely related outgroup set. #e results of 
this analysis are summarized in Supplemental Table 1. C. elegans speci$c genes are assigned to phylostratum I, 
whereas genes that are present in the most divergent outgroups are assigned to phylostratum VIII. Orthologs were 
de$ned a"er performing all pairwise BLASTP searches including self-searches (e-value < 10−5) between C. ele-
gans and P. paci!cus and extracting best reciprocal hits from the BLAST output $les. Simultaneously, the program 
orthAgogue was run with default setting on the same input $les48.

Data availability
#e strand-speci$c de novo transcriptome was submitted to the European Nucleotide Archive under the accession 
HAKN0100000116 and the Iso-seq data was submitted to the European Nucleotide Archive under the accessions 
ERX2315712 and ERX231571344. All data sets are also available at http://www.pristionchus.org/download. #e 
initial set of P. paci!cus gene annotations corresponds to WormBase WS268. Corrections from this study were 
submitted to WormBase and will be released following curation.
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Abstract

Background: Nematode model organisms such as Caenorhabditis elegans and Pristionchus pacificus are powerful
systems for studying the evolution of gene function at a mechanistic level. However, the identification of P.
pacificus orthologs of candidate genes known from C. elegans is complicated by the discrepancy in the quality of
gene annotations, a common problem in nematode and invertebrate genomics.

Results: Here, we combine comparative genomic screens for suspicious gene models with community-based
curation to further improve the quality of gene annotations in P. pacificus. We extend previous curations of one-to-
one orthologs to larger gene families and also orphan genes. Cross-species comparisons of protein lengths, screens
for atypical domain combinations and species-specific orphan genes resulted in 4311 candidate genes that were
subject to community-based curation. Corrections for 2946 gene models were implemented in a new version of
the P. pacificus gene annotations. The new set of gene annotations contains 28,896 genes and has a single copy
ortholog completeness level of 97.6%.

Conclusions: Our work demonstrates the effectiveness of comparative genomic screens to identify suspicious gene
models and the scalability of community-based approaches to improve the quality of thousands of gene models.
Similar community-based approaches can help to improve the quality of gene annotations in other invertebrate
species, including parasitic nematodes.

Keywords: Genome, Evolution, Caenorhabditis elegans, Parasitic nematodes, Orphan genes

Background
The nematode Pristionchus pacificus was initially intro-
duced as a satellite model organism for comparing
developmental processes to Caenorhabditis elegans [1, 2].
More recently, it has emerged as an independent model
organism for studying the genetics of phenotypic plasticity
[3–5] and behavior [6–8], interactions between host and
microbes [9–11], and genome evolution [12–14]. Central
to all these studies was the genome sequence of P.

pacificus, which has undergone continuous improvements
over time [15–17]. However, until recently, its gene anno-
tations were almost exclusively based on automated pipe-
lines that combined gene predictions and evidence-based
annotations [18–20]. As a consequence, the gene annota-
tions of P. pacificus did not match the quality of the highly
curated C. elegans genome. This made it difficult for
researchers from the C. elegans field to adapt P. pacificus
for comparative studies, even though the availability of
genetic toolkits including transgenic reporter lines and
gene knockouts makes P. pacificus ideally suited for com-
parative studies of gene function [8, 21, 22]. Therefore, we
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have recently started to combine comparative genomic
screens for suspicious gene models with community-
based manual curation to improve the quality of the gene
annotations in P. pacificus [23]. This pilot study screened
for missing one-to-one orthologs of C. elegans genes in P.
pacificus. Community-based curation of these candidate
gene loci resulted in a substantial improvement of the P.
pacificus gene annotations (version: El Paco annotation
V2). Precisely, when assessed by benchmarking of univer-
sally conserved single copy orthologs (BUSCO) [24], the
completeness level increased from 86 to 97%. Most
missing orthologs were due to fused gene models some
of which had long untranslated regions (UTRs) that
actually contained complete genes. These errors could
be corrected by manual inspection of the suspicious
gene loci under the consideration of two recent transcrip-
tome assemblies that were generated from strand-specific
RNA-seq [25, 26] and Iso-seq data [27].
Here, we employ comparative genomic approaches to

screen for further errors in other gene classes including
large gene families that have undergone lineage-specific
duplications [28] and species-specific orphan genes
(SSOGs) [29] that were not the focus of our previous study
[23]. Candidate loci are then curated by community-based
manual inspection and eventually, corrections were pro-
posed mainly based on available transcriptome assemblies.
Overall, we investigated 4311 suspicious gene models
and implemented 2946 corrections. This resulted in a
further improved set of gene annotations for P. pacificus.
Similar community-based curation approaches can help
approving gene annotations in other nematode genomes
including those of animal and plant parasites [23].

Results
Protein length comparison of orthologs identify hundreds
of suspicious gene models
In our previous study, we focused on the identification
of missing one-to-one orthologous genes in the P. pacifi-
cus genome and the identification of artificial fusions
between two adjacent P. pacificus genes both of which
have one-to-one orthologous genes [23]. Here, we aim
to further improve the quality of one-to-one orthologous
genes by finding and curating P. pacificus genes that are
either unusually large or small with regard to their C.
elegans counterpart. We performed a comparison of
protein length of 8348 one-to-one orthologs between C.
elegans and P. pacificus (Fig. 1a-c). Protein lengths between
one-to-one orthologs are well correlated (Pearson’s r = 0.83,
Fig. 1a). However, there are slight differences in the length
distributions (Fig. 1b,c) and using an arbitrary cutoff of a
two-fold difference in protein length, we defined 532 P.
pacificus genes as candidates for manual inspection. For
example, in the case of the P. pacificus gene PPA00494
(ortholog of C. elegans lev-8), its predicted protein sequence

encompasses 1094 amino acids, which is more than twice
as long as C. elegans LEV-8 (531 amino acids) (Fig. 1d).
Also, BLASTP analysis against the C. elegans proteins (ver-
sion WS277) shows that the N-terminal part of PPA00494
is homologous to another C. elegans protein, Y73B6BL.37
(Fig. 1d), suggesting that it could represent an artificial gene
fusion. Subsequent inspection in the genome browser
showed two transcripts that were assembled from strand-
specific RNA-seq data [26], which span the PPA00494
locus (Fig. 1e). This strongly supports that PPA00494
should be split by replacing it with the two assembled tran-
scripts. After community-based curation, 309 (57%) correc-
tions were proposed. The remaining cases were judged as
either inconclusive (due to the lack of transcriptomic
support) or correct. These results demonstrate that protein
length comparisons between one-to-one orthologs are an
effective way to identify suspicious gene models and to
further improve the quality of one-to-one orthologs.

Analysis of protein domains identifies further artificial
gene fusions
Our previous study showed that the combination of incor-
rectly predicted gene boundaries and overlapping UTRs be-
tween neighboring genes in regions with high gene density
most likely caused artificial gene fusions. In order to screen
for further cases of artificial gene fusions, we applied a com-
parative genomic approach to identify proteins with atypical
domain combinations that do not exist in other nematodes
such as C. elegans, and more distantly related Bursaphe-
lenchelus xylophilus [30], and Strongyloides ratti [31]. This
yielded 1589 P. pacificus candidates (Table 1) for further in-
spection. Note, that such atypical domain combinations are
not necessarily artifacts. For example, the same screen in
the highly curated C. elegans genome, identified 932 genes
with atypical domain combinations. Manual inspection of
these gene models and available transcriptome assemblies
in the WormBase genome browser (WS177) combined
with BLASTP analysis against C. briggsae revealed three
candidates for putatively incorrect annotation in C. elegans,
which deserve closer inspection (Additional file 1, Figure
S1). After community curation of the P. pacificus candi-
dates, corrections were proposed for 695 (44%) candidates.
Next, we defined 1388 unusually small or long members of
25 highly abundant gene families as further candidates for
manual inspection (Fig. 2a). After community curation, cor-
rections were proposed for 420 (32%) of these candidates.
The three described screens partially identify the same can-
didates (Fig. 2b), yet the presence of hundreds of candidate
genes that are specific to each method indicates how com-
plementary these different approaches are.

Gene prediction artifacts are a likely source of SSOGs
A previous analysis of P. pacificus orphan genes revealed
that the majority of SSOGs had no transcriptomic support
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[14]. Based on the reanalysis of the current gene annota-
tions with available phylogenomic and phylotranscriptomic
data [26, 32], we identified 1988 (7%) P. pacificus SSOGs of
which 314 were classified as having transcriptomic support.
Manual inspection of the remaining SSOGs classified 678
(41%) of candidates as not having any transcriptional
support (Fig. 2c), even when considering additional
transcriptomic data sets such as iso-seq or dauer-specific
transcriptomes [27, 33]. Further 196 (12%) of SSOG
candidates showed some transcriptional activity, but this
expression data was mostly not sufficient to support their
gene structure. Strikingly, we found 704 (42%) and 46 (3%)
SSOGs, which overlapped existing gene models on the anti-
sense strand of protein-coding exons and UTRs, respect-
ively (Fig. 2c and 3a,b). However, visual inspection of
transcriptomic data only supported the sense gene as

opposed to the antisense SSOG. As there is neither protein
homology nor transcriptional data supporting these anti-
sense SSOGs, we would tend to argue that these spurious
antisense gene models most likely derive from the contribu-
tion of gene prediction softwares SNAP and AUGUSTUS
during the process of the original gene annotation [17, 19,
20]. Thus, manual curation removed 1515 of the unsup-
ported SSOGs, mainly from the “no support”, “Antisense
prediction”, and “UTR” categories (Fig. 2c), as their lack of
transcriptional evidence makes it difficult to conclusively
study the process of novel gene formation [14, 29].

New P. pacificus gene annotations show increased
homogeneity and better reflect existing RNA-seq data
In total, we visually inspected 4311 suspicious gene
models and proposed corrections for 2946 (68%). The

Fig. 1 Comparison of protein lengths between one-to-one orthologs. a One-to-one orthologous genes between C. elegans and P. pacificus have
highly similar protein lengths (Pearson’s r = 0.83). b Size distributions of one-to-one orthologs show a peak at around 300 amino acids. c P. pacificus
genes with more than two-fold length difference were considered for manual curation. d The P. pacificus one-to-one ortholog (PPA0494) of C. elegans
lev-8, is more than twice as long as LEV-8. BLAST analysis showed that the N-terminal region has similarity to another C. elegans gene (Y37B6BL.37)
suggesting that it represents an artificial gene fusion. e Manual inspection of the PPA0494 in the genome browser shows that there are two
assembled RNA-seq transcripts (red) that cover most of the original gene model and further support that PPA0494 is an artificially fused gene model
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most common errors were artificial fusions and unsup-
ported SSOGs that are putative annotations artifacts.
This led to the correction of 1367 gene models by
replacing them with one or more alternative gene
models and to the removal of 1579 gene models. We im-
plemented all proposed corrections into a new P. pacificus
gene annotation (version: El Paco gene annotation V3),
which comprises 28,896 gene models and spans 35.2Mb
of protein-coding sequence with a BUSCO completeness
level of 97.6% (Table 1). As expected, the numbers of one-
to-one orthologs with length differences, the number of
genes with atypical domain combinations, and the number
of gene family outliers went down by 10–50%. To
additionally test if the new set of gene annotations better
captures RNA-seq data sets, we reanalyzed 15 RNA-seq
data sets from four different studies [9, 13, 34, 35] and
quantified the percentage of reads that could be assigned
to features of the gene annotations. The new set of gene
annotations consistently captures 2% more of the RNA-
seq alignments (Table 2). Despite the fact that the number
of genes was increased by ~ 3%, the total amount of anno-
tated protein-coding sequence remained almost unaltered
(Table 1). Thus, the new set of gene annotations better
reflects RNA-seq data.

Discussion
In the early genomic era, gene annotation was heavily
dependent on automated gene finding algorithms that
tried to recognize gene structures based on statistical
sequence properties of exons, introns, and splicing sites
[19, 20]. This was highly suited when functional data,
e.g. expressed sequence tags and cDNAs, were scarce

and the only way to annotate a complete genome was to
extract informative sequence features from a limited test
set and extrapolate them to the whole genome. How-
ever, with the dramatic improvement of sequencing pro-
tocols and technologies, it became feasible to generate
evidence-based gene annotations from transcriptome
and homology data [18, 36]. Under the consideration
that related genomes at an optimal evolutionary distance
to a focal organism and transcriptomic evidence for all
genes are rarely available, this still justifies the usage of
gene prediction tools. In the case of the P. pacificus, pre-
vious versions of gene annotations that were completely
based on the results of gene prediction tools were suited
to perform evolutionary genomic analysis and genetic
screens [37, 38]. Subsequently, we employed the widely
used MAKER2 pipeline to generate a more comprehensive
gene annotation by integration of large-scale transcrip-
tomic and protein homology data as well as gene predic-
tions [17, 36]. Comparative analysis of genome quality for
22 nematode species revealed that already these gene
annotations (version: El Paco annotation V1) were of
relatively high quality (86% BUSCO completeness) [23].
Nevertheless, the question of how good gene annotations
need to be will depend on what researchers want to do
with them. Reverse genetic studies in nematodes with well
established genetic toolkits are extremely powerful sys-
tems for comparative studies of gene function [8, 22] and
the evolution of the nervous system and associated behav-
iors [39, 40]. Yet, the identification of P. pacificus ortho-
logs for candidate C. elegans genes with known function is
complicated by the widespread abundance of lineage-
specific duplications [28, 33], but also by the difference in
the quality of gene annotations. Facilitating the easy adap-
tation of P. pacificus as a comparative model system for C.
elegans researchers, who are used to working with one of
the best and well-characterized genomes, is one of our
main motivations for this study. The chromosome-scale
assembly of P. pacificus has already been a major step to
minimize the disparity between the genomic resources of
both species [17]. Lifting up the quality of gene annota-
tions to a comparable level will thus further increase the
attractiveness of the P. pacificus system for evolutionary
studies.
Another motivation for continuous efforts in improv-

ing the quality of gene annotations is our focus on the
origin and evolution of orphan genes in P. pacificus
[41–43]. Initially, around one-third of the P. pacificus
gene repertoire was defined as orphan genes without
homology in the genomes of other nematode families
[16, 37]. Unbiased genetic screens have identified or-
phan genes that control important biological processes
such as developmental decisions and predatory behav-
ior [6, 42]. Phylogenomic investigation of ten diplogas-
trid genomes revealed the evolutionary dynamics of

Table 1 Comparative assessment of different P. pacificus gene
annotations
Category P. pacificus El Paco

gene annotations

V2 V3

Number of genes 28,036 28,896

Protein-coding sequence (Mb) 35.3 35.3

BUSCO Completeness (%) 97.1 97.6

BUSCO Duplicated (%) 1.7 1.8

BUSCO Fragmented (%) 2.0 2.0

BUSCO Missing (%) 0.9 0.4

Number of 1–1 orthologs (BRHs) 8348 8607

Number of 1–1 orthologs with
variable protein length (%)

532 265

Number of proteins with atypical
domain combinations

1589 1137

Number of protein family length
outlier

1388 1201

The table shows an overview about general characteristics of different P.
pacificus gene annotations
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these novel genes and built the framework to dissect
the diversity of mechanisms of origin [14, 32]. When
we screened for high quality SSOG candidates for
origin analysis, we found that the majority of SSOGs
had no transcriptomic support. Together with the find-
ing that SSOGs constitute an unusually large age class
(phylostratum), this made us wonder to what extent
this gene class might possibly be inflated by gene
annotation artifacts [14]. Therefore, we revisited 1674

candidates and confirmed that most of them indeed
show no evidence of transcription. In addition, we
found 704 SSOGs, which overlapped other gene models
on the antisense strand and whenever available, strand-
specific RNA-seq did not support the SSOG gene
model. Even though SSOGs are expected to show little
or no evidence of expression and we cannot conclu-
sively argue that these gene models are annotations
artifacts (they represent coding potential that might be

Fig. 2 Identification of candidates for manual curation. a The boxplots show the length distributions of members of 25 highly abundant gene
families. The lower 10% and the upper 20% of each gene family were selected for manual inspection. b Individual screens for suspicious gene
models reveal between 336 to 1077 specific candidates indicating their highly complementary. c Manual classification of P. pacificus SSOGs shows
numerous genes that overlap gene models on the opposite strand. The category “Others” denotes genes that were not systematically classified
as they were part of previous curations
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used under some conditions), for practical reasons we
chose to remove most of the unsupported SSOGs to
allow future investigations of orphan origin to start
with a set of well supported candidate SSOGs. Thus,
we hope that the community-based curation of the P.
pacificus gene annotations will help future studies in
many aspects of evolutionary biology.

Conclusions
Our work demonstrates that even for non-classical
model organisms with small research communities,
manual inspection and curation of thousands of genes
can be achieved. Thereby numerous comparative gen-
omic screens can be applied to enrich the candidate set
for suspicious gene models that actually need to be cor-
rected. The example of the highly curated P. pacificus
genome emphasizes the effectiveness and scalability of
manual curation for many other genome projects includ-
ing those of nematode animal and plant parasites.

Methods
Candidate identification based on length comparison of
orthologous proteins
We obtained 8348 one-to-one orthologs between C.
elegans and P. pacificus that were predicted based on
best reciprocal BLASTP hits in a previous study [23].
We then calculated the protein length ratio between the
P. pacificus and C. elegans one-to-one orthologs. In case
of multiple isoforms for a given gene, we chose the
isoform with the longest protein sequence (WormBase
release WS260). Based on an arbitrary cutoff of a two-
fold difference in protein length between the two spe-
cies, we identified 532 P. pacificus candidates for manual
curation.

Candidate identification based on protein domain content
We ran the hmmsearch program of the HMMER package
(version 3.0, e-value < 0.001, profiles from PFAM-A.hmm)
on protein sets of C. elegans (WS260), P. pacificus (El Paco

Fig. 3 Examples of unsupported SSOGs. a The P. pacificus SSOG PPA46345 overlaps exons of two other gene models that are well
supported by transcriptome assemblies from strand-specific RNA-seq and Iso-seq data. b The P. pacificus SSOG PPA4618 overlaps the UTR
of a well supported gene model. The absence of strand-specific transcriptomic support indicates that P. pacificus SSOGs PPA46345 and
PPA4618 are likely gene prediction artifacts
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annotation V2), B. xylophilus (WS248), S. ratti (WS260).
We counted occurrences of protein domains and
defined as candidates, domain combinations that are
unique to P. pacificus and occur at low frequencies
(less than ten times). This yielded 1589 candidates with
atypical protein domain combinations. Next, we se-
lected 25 highly abundant gene families such as colla-
gens and C-type lectins that were defined by a PFAM
domain and classified further candidate proteins if
their length fell under the first or above the eighth
decile of the length distribution of all members of a
given gene family. This identified 1388 candidate genes
for manual curation.

Identification and curation of P. pacificus species-specific
orphan genes
We defined P. pacificus SSOGs by BLASTP searches of
the P. pacificus proteins (version: El Paco annotation
V2) against annotated protein sets and predicted open
reading frames (ORFs) in assembled transcripts of P.
exspectatus, P. arcanus, P. maxplancki, and P. japonica
[26, 32]. This identified 1988 (7%) P. pacificus SSOGs
without a BLASTP hit in any of the reference data sets
(e-value < 0.001). Three hundred fourteen SSOGs
showed transcriptomic support as they had a BLASTP
hit in ORFs of the P. pacificus transcriptome assembly.
The remaining 1674 were defined as SSOGs without
transcriptomic support and were thus considered as
candidates for manual curation.

Community-based manual curation of gene models
Community-based gene curation was performed as de-
scribed in our pilot study [23]. In short, candidate lists were
shared in online spreadsheets and individual genes were
visually inspected in the jbrowse genome browser instance
on http://www.pristionchus.org [44]. Based on available
transcriptomic resources, which include RNA-seq data
from different developmental stages, strand-specific tran-
scriptome assemblies from mixed-stage cultures [25, 26],
and iso-seq data [27], community curators were trained to
evaluate whether a locus was well covered by transcrip-
tomic data and in case of evidence for an artificial gene
fusion to propose the replacement of the original gene
model by assembled transcripts. If the genomic neighbor-
hood of the candidate genes showed obvious inconsisten-
cies between original gene models and transcriptome data,
we eventually curated such neighboring genes. However,
we omitted any gene that was curated in our previous
study, as these changes were not yet fully implemented in
the latest WormBase release WS177 of P. pacificus and we
wanted to avoid version conflicts. While for most candi-
date genes, we did not propose any correction in case that
available transcriptomic data was insufficient to make a
conclusive statement, in the case of SSOGs, we typically re-
moved the gene model if not at least some RNA-seq data
supported the gene structure.

Quality assessment of gene annotations
In order to evaluate the quality of gene annotations, we
ran the BUSCO program (version 3.0.1) in protein mode

Table 2 Comparison of RNA-seq read alignability
P. pacificus RNA-seq samples Successfully assigned alignments (%) Reference

Accession Description V2 V3

ERR777792 Mixed-stage on E. coli OP50 74.8 76.8 [13]

ERR777793 Mixed-stage on E. coli OP50 74.9 76.6 [13]

ERR777794 Mixed-stage on E. coli OP50 74.4 76.1 [13]

SRR4017216 Adults on E. coli OP50 79.8 81.7 [34]

SRR4017217 Adults on E. coli OP50 80.3 82.2 [34]

SRR4017218 Adults on Cryptococcus C3 79.6 81.6 [34]

SRR4017219 Adults on Cryptococcus C3 79.2 81.1 [34]

SRR4017220 Adults on Cryptococcus C5 79.9 81.8 [34]

SRR4017221 Adults on Cryptococcus C5 80.7 82.6 [34]

ERR3421261 Adults on E. coli OP50 79.7 81.6 [9]

ERR3421262 Adults on E. coli OP50 79.5 81.3 [9]

ERR3421263 Adults on Novosphingobium L76 79.6 81.5 [9]

ERR3421264 Adults on Novosphingobium L76 79.5 81.5 [9]

SRR2142256 Adults on E. coli OP50 77.8 79.8 [35]

SRR2142257 Intestines 72.5 74.2 [35]

The table shows the percentage of assigned reads from 15 RNA-seq experiments for different P. pacificus gene annotations
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(option: -m prot) against the nematode_odb9 data set
(N = 982 orthologs) [24]. To test whether the new set of
gene annotations better captures RNA-seq data, we
downloaded 15 RNA-seq data sets from the European
Nucleotide Archive and aligned these data sets against
the P. pacificus reference genome (version: El Paco) with
the help of the STAR aligner (version: 2.5.4b, default
options, reference was the P. pacificus genome without
any gene annotation) [45]. Next, we quantified the percent-
age of alignments that could be assigned to gene annota-
tions using the featureCounts function of the Rsubread
library in R (version 4.0.0).

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12864-020-07100-0.

Additional file 1: Figure S1. Candidate genes for incorrect gene
annotations in C. elegans.
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Figure S1 Putative candidates of annotation errors in C. elegans. 932 C. elegans candidates that were defined based on 
atypical protein domain combinations were manually inspected in the WormBase genome browser (WS177). a The longest 
isoform of the C. elegans gene hmr-1 is not fully supported by transcripts that were assembled from RNA-seq data. b BLASTP
analysis against the C. briggsae proteins identified two separate genes, located in a tandem configuration, that share partial
matches with the longest isoform of hmr-1, suggesting potential annoation problems in either of the two species.  c   The gene
ceh-83 is also only partially supported by the transcriptome assembly. d  BLASTP analysis identifies partial matches against 
multiple C. briggsae genes, which are scattered across the genome. Therefore, the gene model of C. elegans ceh-83 could 
represesent an artificial gene fusion. e,f Incomplete support by transcriptome assemblies and BLASTP hits to separate 
C. briggsae proteins point towards potential annotation problems of C. elegans sos-1.



Athanasouli and Rödelsperger  
BMC Genomics          (2022) 23:523  
https://doi.org/10.1186/s12864-022-08731-1

RESEARCH

Analysis of repeat elements 
in the Pristionchus paci!cus genome reveals 
an ancient invasion by horizontally transferred 
transposons
Marina Athanasouli and Christian Rödelsperger* 

Abstract 
Background: Repetitive sequences and mobile elements make up considerable fractions of individual genomes. 
While transposition events can be detrimental for organismal fitness, repetitive sequences form an enormous reser-
voir for molecular innovation. In this study, we aim to add repetitive elements to the annotation of the Pristionchus 
pacificus genome and assess their impact on novel gene formation.

Results: Different computational approaches define up to 24% of the P. pacificus genome as repetitive sequences. 
While retroelements are more frequently found at the chromosome arms, DNA transposons are distributed more 
evenly. We found multiple DNA transposons, as well as LTR and LINE elements with abundant evidence of expres-
sion as single-exon transcripts. When testing whether transposons disproportionately contribute towards new gene 
formation, we found that roughly 10–20% of genes across all age classes overlap transposable elements with the 
strongest trend being an enrichment of low complexity regions among the oldest genes. Finally, we characterized a 
horizontal gene transfer of Zisupton elements into diplogastrid nematodes. These DNA transposons invaded nema-
todes from eukaryotic donor species and experienced a recent burst of activity in the P. pacificus lineage.

Conclusions: The comprehensive annotation of repetitive elements in the P. pacificus genome builds a resource for 
future functional genomic analyses as well as for more detailed investigations of molecular innovations.
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Background
Repetitive DNA describes sequence motifs repeated 
from hundreds to thousands of times within a genome. 
Repetitive DNA represents a large fraction of eukary-
otic genomes, hampering genome assembly and annota-
tion [1]. !e fraction of repetitive sequences in a genome 
varies across species, from 12% in Caenorhabditis ele-
gans to 80% in some plants [2, 3]. While their role and 

significance is not fully understood, the origin for the 
majority of these repeats has been traced to transposable 
elements (TEs) due to their mobility and their ability to 
increase their copy-number rapidly [2, 4]. !e current 
hierarchical classification system for TEs was proposed 
by Wicker et al. in 2007 and takes into consideration the 
structural characteristics of TEs as well as their mode of 
replication [5]. Based on this system, TEs are classified 
into retrotransposons utilizing a RNA intermediate for 
mobilization (class I) and transposons with a DNA inter-
mediate (class II). Class I TEs are further divided into 
Long Terminal Repeats (LTRs) and non-LTR sequences 
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while class II includes DNA and rolling circle (RC) ele-
ments. Initially labelled as selfish elements, TEs have 
been linked to metazoan genome evolution and regula-
tion of processes associated with development and dis-
eases [5, 6].

Until now, little is known about the impact of TEs in 
nematode genome evolution. In plant-parasitic nema-
todes, the high frequency of TEs has been associated 
with polyploidy and is thought to affect genome adap-
tation [7–9]. In C. elegans where 12% of the genome is 
estimated to be covered by TEs, experimental evidence 
of transposon activity is sparse with the exception of the 
DNA transposon superfamily Tc1/Mariner [10]. !e free 
living nematode Pristionchus pacificus was introduced 
as a satellite model organism to Caenorhabditis elegans 
but has since been established as an independent model 
organism for studying phenotypic plasticity and genome 
evolution due to novel traits not observed in C. elegans 
[11–13]. P. pacificus has an established genetic toolkit and 
a chromosome-scale genome assembly [14]. !e combi-
nation of comparative genomics and subsequent manual 
curation of the gene predictions produced by automated 
pipelines has generated a high quality gene annotation 
for P. pacificus [15, 16]. However, the current annotation 
does not include a dataset for repetitive sequences and 
specifically TEs. A comprehensive characterization of 
repetitive sequences in P. pacificus is of particular impor-
tance for us as this may complement current studies to 
understand the origin and evolution of new genes [17]. 
Previous studies have shown that new genes show sub-
stantial contributions by transposons [18]. In addition, a 
recent study in P. pacificus demonstrated that repetitive 
sequences can cause homology detection failures leading 
to misclassifications as species-specific genes [19]. !ere-
fore, we want to test whether new genes preferentially 
show overlaps with such repetitive sequences.

In this study, we provide the first complete repeat 
dataset for P. pacificus. To that end, we applied different 
approaches to identify and annotate repetitive sequences 
in this nematode. !e resulting datasets were evaluated 
and RepeatModeler2 was chosen for further analysis due 
to the high coverage, agreement with the other methods, 
as well as the TE classification it provides. Subsequently 
we utilized the available transcriptomic, phylostrati-
graphic and gene annotation data to screen for evidence 
of active transcription of TEs. We found multiple candi-
dates for active transposons while simple repeats were 
overrepresented in protein-coding genes. Contrary to 
our expectation, we do not see a strong trend towards an 
enrichment of repetitive elements among young genes. 
We actually found an opposing trend with the strong-
est signal being an overrepresentation of simple repeats 
among old gene classes. Finally, we identified distant 

homologs of the Zisupton DNA transposon superfamily 
which is absent in C.elegans but present in fishes, fungi 
and other metazoans and attributed their presence in P. 
pacificus to horizontal gene transfer.

Results
There is little agreement between di"erent repeat #nders
We initially used RepeatMasker (A.F.A. Smit, R. Hubley 
& P. Green RepeatMasker, http:// repea tmask er. org) with 
C. elegans as a reference to identify repeats in P. pacifi-
cus. !is approach masked 3.8 Mb (2.4%) of the P. pacifi-
cus genome, a small portion considering the fact that P. 
pacificus’ genome is larger than C. elegans’ combined 
with previous knowledge regarding the amount of repeti-
tive elements in C. elegans [3, 10]. !e failure of Repeat-
Masker could be attributed to divergence between the 
two genomes and horizontal gene transfer which deemed 
C. elegans an insufficient reference and de novo repeat 
detection necessary. For this purpose, we chose 11 addi-
tional tools representing a variety of approaches, ranging 
from de novo identification based on machine-learning 
to library-based detection [20–30]. !e repeat finders 
applied to this study are listed in Table  1. To compare 
methods, we split the P. pacificus genome in consecutive 
1-kb windows. We then encoded repeat information as 
1 if a 1-kb window contained repeats by a given method 
and 0 otherwise. Subsequently we used hierarchical clus-
tering and analysis of most abundant patterns to com-
pare different methods. Similar approaches clustered 
together as is the case for the RED/RepeatModeler2 and 
Dustmasker/sDust pairs (Fig. 1A). Furthermore, software 
tools like MiteFinderII and mReps which masked a small 
percentage of the genome were separated from the other 
tools, an indication of lower effectiveness in identifying 
TE in the nematode’s genome. !is is mirrored in the 
most abundant patterns of 1-kb windows (Fig. 1B). Out 
of the 117,134 most common 1-kb windows between 
the different tools, RepeatModeler2 and RED shared 
the majority (N = 77,679 1-kb windows) while all of the 
approaches except LTRharvest, MiteFinderII and mReps 
shared the top 12,641 1-kb windows (Fig.  1B). LTRhar-
vest and MiteFinderII regions were completely absent 
throughout the most abundant patterns (Fig. 1B). On the 
contrary, coverage by Tantan was present in all windows 
of the presence/absence heatmap which spans approxi-
mately 123 Mb. !ese comparisons revealed little congru-
ence between the different datasets and we thus wanted 
to decide which dataset to use for further analysis.

The RepeatModeler2 dataset provides high coverage 
and TE annotation
To decide which repeat annotation to accept as the most 
representative, we considered the total genomic coverage 

http://repeatmasker.org
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for each method. We elected a baseline equal to 12% of 
the genome due to the repetitive content of C. elegans. 
!is threshold is the lower estimate regarding the span 
of repeats in nematodes as shown in relevant work [4, 
9, 31, 32]. For a comprehensive annotation we arbitrar-
ily decided to accept possible false positives and there-
fore focus on approaches which identified around 12% or 
even a larger fraction of the P. pacificus genome as repeti-
tive. Compared to the other methods, RED masked the 
highest portion of the genome with 38.2 Mb of repeats 
identified, closely followed by RepeatModeler2 (Fig. 1C). 
On the contrary, MiteFinderII and mReps produced low 
coverage masking data. We performed pairwise compari-
sons for the masked regions between each of the other 
software tools and RepeatModeler2 to determine the 
level of agreement between RepeatModeler2 and the 
remaining methods. As expected, the RepeatModeler2 
dataset incorporated almost all the genomic loci identi-
fied by RepeatMasker (using the C. elegans repeat library 
available) and the majority of the repeats identified by 
RED and LTRharvest (Fig.  1D). RepeatModeler2’s data-
set was chosen for further investigation due to the high 
agreement with the majority of the approaches as well as 
the annotation it provides, with 9.8 Mb out of the total 
33.8 classified (Fig. 1E).

Retrotransposons are the most abundant TE class, 
accounting for 50% of annotated repeats
According to the RepeatModeler2 classification, the most 
abundant repetitive sequences in the P. pacificus genome 
are Long Interspersed Nuclear Elements (LINEs), with 
simple repeats and DNA transposons following closely 
(Fig.  1E, F). Penelope elements, LTRs and RC/Helitrons 

make up a small portion of the RepeatModeler2 dataset. 
It is worth noting that RepeatModeler2 could not distin-
guish Penelope elements from LINEs, offering instead 
a unified classification as Penelope/LINE. RepeatMod-
eler2 did not annotate any of the identified repetitive 
sequences as a SINE, in contrast to RepeatMasker which 
yielded 30 SINEs with C. elegans as a reference. In order 
to improve classification, we tested DeepTE [33] and the 
RFSB classifier from transposonUltimate [34] against 
the annotated dataset of RepeatModeler2. Both classifi-
ers differed from the RepeatModeler2 homology-based 
classification with LTR retrotransposons and DNA trans-
posons as the main sources of the discrepancies (Addi-
tional  file  1, Fig. S1). DNA transposons and LTRs were 
predominant in the DeepTE classification with 50% of 
DNA transposons identified by RepeatModeler2 clas-
sified as LTR and vice versa (Additional file 1, Fig. S1A). 
Furthermore, LINEs and Helitrons appeared underrep-
resented in DeepTE. RFSB reclassified less than 25% of 
DNA transposons as LTRs but recognized the majority of 
RC/Helitrons as LTRs and the rest as SINEs (Additional 
file  1, Fig. S1B). Inconsistent classification of repetitive 
elements could likely be due to substantial sequence 
divergence or nested insertions. In order to compare the 
classifications on a cleaner data set, we focused on sin-
gle exon transcripts which completely overlap TEs and 
are therefore our best candidates for active transposons. 
!e corresponding sequences should be less degener-
ated and the probability of nested insertions should be 
minimized. Based on a manual inspection of classifica-
tions of 200 randomly chosen sequences, we found that 
in 73.3% of cases, all three methods agreed on the TE 
class (DNA transposon/retrotransposon). In addition, 

Table 1 The repeat finders used to detect repeat sequences incorporate a variety of approaches, ranging from library-based masking 
(e.g. RepeatMasker) to machine-learning using the reference genome (e.g. RED)

Software Type of repeat Method References

RED Tandem repeats, TEs Machine-learning [20]

LTRharvest Long terminal repeat retrotransposons Signature-based [21]

Tallymer Tandem repeats, TEs (plants) De novo based on k-mers [22]

MiteFinderII Miniature inverted repeat TEs De novo based on k-mers [23]

TRF Low-complexity regions, tandem repeats De novo [24]

Tantan Low-complexity regions, short tandem repeats De novo [25]

MsDetector Microsatellites Learning-based [26]

RepeatModeler2 Tandem repeats, TEs Consensus [27]

sDust Low-complexity regions, tandem repeats De novo [28]

Dustmasker Low-complexity regions, tandem repeats De novo [29]

mReps Low-complexity regions, tandem repeats De novo [30]

RepeatMasker Tandem repeats, TEs Library-based A.F.A. Smit, R. Hubley & P. Green 
RepeatMasker, http:// repea tmask 
er. org

http://repeatmasker.org
http://repeatmasker.org


Page 4 of 14Athanasouli and Rödelsperger  BMC Genomics          (2022) 23:523 

Fig. 1 A Hierarchical clustering of the tools used for de novo repeat detection in P. pacificus based on 1-kb non-overlapping windows identified 
repeat finders with similar performance. The y-axis reflects the Euclidean distance between the binary vectors of the 1-kb windows. B The 20 
most abundant patterns of common 1-kb windows reflected the clustering results. C The sum of nucleotides each repeat finder spanned in Mb 
was calculated and compared to the entire genome of P. pacificus. RED masked the most genomic regions with RepeatModeler2 following. D 
The comparison between each of the repeat finders and RepeatModeler2 showed that the level of agreement varies, ranging from 95.6% with 
RepeatMasker (C. elegans as a template) to 32% with Tantan. E The pie chart shows the amount of repetitive regions identified by RepeatModeler2. 
Class I TEs and specifically LINEs, LTRs and Penelope elements consist the majority of annotated TEs in the P. pacificus genome. F The pie chart shows 
the number of identified RepeatModeler2 regions for each type. The majority of annotated masked genomic regions is assigned to simple repeats
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RepeatModeler2 showed the lowest error rate when com-
pared to the other two classification methods (Additional 
file 1, Fig. S2). !erefore, we decided to use the Repeat-
Modeler2 classifications for further analysis.

The distribution of TE across chromosomes depends 
on the class
!e general distribution of repeats across chromosomes 
has been analyzed previously showing lower repeat 
density at chromosome centers [14]. Note that that P. 
pacificus chromosome I has two center-like regions that 
are also defined by high gene density and low sequence 
diversity. To investigate the chromosomal distribution 
of the different TE subclasses, we calculated the fraction 
of coverage by DNA transposons, LINEs and LTRs per 
5-kb window. In chromosome I DNA transposons were 
roughly evenly distributed in contrast to LINEs and LTRs 
which showed higher TE densities at the arms and the 
middle of the chromosome I (Fig. 2). LTRs and LINEs fol-
lowed a similar distribution pattern in chromosomes II, 
III and V, with a noticeable decline in center-like regions 
and enrichment at the chromosome arms (Fig. 2). Enrich-
ment towards the chromosomal arms was also observed 
in chromosome IV for all three types of elements. !e 
distribution of DNA transposons, LTRs and LINEs was 
more even on chromosome X. Furthermore, we exam-
ined the distribution of the repeat datasets produced by 
RepeatModeler2, RED and Tantan. !e selected datasets 
represent the three methods that masked the highest per-
centage of the genome. RepeatModeler2 and RED exhib-
ited almost identical distribution across all chromosomes 
(Additional file 1, Fig. S3). In summary, the lower repeat 
density at the chromosome center holds true for LINEs 
and LTRs while DNA transposons exhibit mostly a more 
even distribution.

DNA transposons and LINEs show evidence of expression 
as single-exon transcripts
To examine the expression of TEs and simple repeats, we 
identified single-exon (SE) genes from an existing tran-
scriptome assembly [35]. We initially investigated the 
repeats fully overlapping SE genes to gather evidence for 
active transcription of TEs. In total, 14% of single exon 
genes have their exons fully covered by TEs. Out of a 
total of 897 TE fully covering SE genes, 281 were LINEs, 
269 DNA transposons, 151 LTRs, 118 RC/Helitrons, 49 
Penelope elements and only 29 Simple repeats (Fig. 3A). 
To determine the best candidates for active TEs, we set a 
cutoff of at least 20 single-exon genes covered by a single 
superfamily. Among the LINEs with evidence of expres-
sion, the CR1 and RTE superfamilies were the most 
abundant while the most overrepresented DNA transpo-
sons superfamilies were Sola-3 and TcMar-Tc1 (Fig. 3B). 

!e Gypsy and Pao superfamilies were the two most 
abundant contributors regarding LTRs with evidence of 
transcription (Fig.  3B). !us CR1, Sola-3, RTE, TcMar-
Tc1, Gypsy and Pao are the best candidates for active 
transposons in P. pacificus.

Protein-coding genes of all age classes exhibit 
contributions from TEs
Previous analysis in P. pacificus has shown that repeats 
can lead to homology detection failures, thereby contrib-
uting to the classification of coding sequences as orphan 
genes [19]. Furthermore, around half of primate-specific 
orphan genes show traces of TEs [18]. To assess the con-
tribution of TEs and repeats in protein-coding genes, we 
screened for overlaps between TEs/repeats and the com-
plete gene annotation for P. pacificus [16]. For this pur-
pose, we changed the overlap threshold to a minimum of 
50% exon coverage by repeats. Simple repeats accounted 
for 1126 out of 2569 genes overlapping repeats (Fig. 4A). 
On the contrary, TEs did not exhibit a high number of 
overlaps as was the case with SE genes (Fig.  4A). !e 
trend for the overrepresented DNA transposon super-
families was similar to SE genes with Sola-3 and TcMar-
m44 being heavily overrepresented (Additional file 1, Fig. 
S4). Compared to LINE-associated exons in SE genes, the 
CR1 superfamily remains the predominant one.

To test whether transposons disproportionately con-
tribute towards new gene formation, we quantified the 
overlap between repeat elements and protein-coding 
genes across different age classes (minimum 50% of 
an exon). !ese age classes were defined based on phy-
lostratigraphic analysis of ten diplogastrid genomes that 
form a ladder-like phylogeny [36]. Genes were assigned 
to age classes based on the presence of BLASTP hits 
(e-value< 0.00001) in the most distantly related genome, 
with P. pacificus-specific genes being assigned to age 
class 0 and genes with homologs in the genome of M. 
japonica being assigned to age class 9. !e majority of 
genes in all age classes did not show an overlap with TEs 
or simple repeats (Fig. 4B). We found that simple repeats 
were overrepresented across all age classes with the old-
est age classes exhibiting the highest percentage.

We performed a Gene ontology (GO) term overrep-
resentation analysis for the oldest genes with repeti-
tive sequences. Specifically, we employed the David 
webtool (https:// david. ncifc rf. gov/ summa ry. jsp) to test 
for enriched GO terms in C. elegans orthologs of genes 
with simple repeats or low complexity regions against a 
background set of all C. elegans orthologs. !is identi-
fied ‘nucleus’ (GO:0005634, corrected P = 1.3 ×  10− 13), 
‘nucleic acid binding’ (GO:0003676, corrected 
P = 3.2 ×  10− 8) and ‘DNA binding’ (GO:0003677, cor-
rected P = 1.3 ×  10− 8) as the most significantly enriched 

https://david.ncifcrf.gov/summary.jsp
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terms, followed by terms like ‘locomotion’ (GO:0040011, 
corrected P = 1.5 ×  10− 5) and ‘hermaphrodite genitalia 
development’1 (GO:0040035, corrected P = 7.7 ×  10− 5). 
One example of these genes is the ortholog of C. elegans 
dpy-22, which functions as a transcriptional coactivator 
[37]. Multiple simple repeats span protein-coding exons 

of the P. pacificus ortholog. Protein translations of these 
repetitive sequences result in a glutamine-rich C-termi-
nal region that is also found in C. elegans dpy-22 (Addi-
tional file 1, Fig. S5).

Fig. 2 Distribution of DNA transposons, LINEs and LTRs as identified by RepeatModeler2 across the chromosomes of P. pacificus revealed TE 
enrichment in the arms of the autosomes and a depletion in the chromosome centers

1 As was pointed out by an anonymous reviewer and was also confirmed by 
other colleagues, hermaphroditic nematodes have female genitalia.
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Fig. 3 Expression of TEs and simple repeats. A Investigation of single-exonic transcripts fully overlapping repeat sequences revealed the 
best candidates for active transposons. B Further analysis identified the CR1, Sola-3, RTE, TcMar-Tc1, Gypsy and Pao superfamilies as the most 
overrepresented superfamilies among DNA transposons, LINEs and LTRs with 100% exon coverage in single-exon transcripts. The threshold for 
determining the most abundant superfamilies was set at a coverage of at least 20 single-exon transcripts

Fig. 4 A Coverage analysis of repeat sequences with the current gene annotations showed that protein-coding genes are enriched with simple 
repeats contrary to single-exon genes. B Tandem repeats remained the most overrepresented repeat sequences after inspection of protein-coding 
genes spanning the nine gene age classes (see Methods). The fraction of genes overlapping simple repeats gradually increased from 6% in P. 
pacificus exclusive genes to 17.3 and 18.6% of genes conserved with M. japonica and P. fissidentatus, respectively with a noticeable depletion of all 
repeat sequences in age class five
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Horizontal gene transfer has led to an ancient invasion 
by DNA transposons into diplogastrid genomes
The comparison of transposon annotations with cur-
rent gene models (Fig.  4A) revealed a large num-
ber of DNA transposons (Fig.  3). Fifty-eight of these 
sequences correspond to regions that were classified 
as Zisupton transposons by RepeatModeler2. Zisup-
ton denotes a class of multi-exonic DNA transposons 
that were initially characterized in fishes, but are also 
present in fungi and algae, which suggested horizontal 
gene transfers [38]. In P. pacificus, we identified two 
orthologous gene families comprising more than 40 
genes that overlap annotated Zisupton regions. Simi-
lar to their homologs in fishes, the corresponding pro-
teins are up to 1400 amino acids in length. BLASTP 
searches against the NCBI nr database identified the 
best hits in green algae, fungi and other metazoans 
such as lancelets (Branchiostoma floridae), sea stars 
(Patiria miniata) and mussels (Fig.  5A). Complemen-
tary BLASTP searches against 147 nematodes (exclud-
ing diplogastrids) on WormBase ParaSite (version 
WBPS16) [39] identified only hits (e-value < 0.001) in 
the nematode Plectus sambesii [40]. However, phy-
logenetic analysis indicated that Zisupton sequences 
from Pristionchus and Plectus sambesii do not form a 
monophyletic clade. This suggests that they derived 
from independent horizontal gene transfers. More 
detailed analysis of the two orthologous families shows 
that one family (OG000357) has arisen only recently 
in the Pristionchus genus whereas the second family 
(OG00158) seems to be much older as orthologs exist 
in almost all Pristionchus species. Additional BLASTP 
searches could identify a homologous sequence in 
Micoletzkya japonica and Diplogasteroides magnus 
(Fig. 5A), which indicates that the initial invasion pre-
sumably occurred in the diplogastrid family. Moreo-
ver, both orthologous gene families have undergone 
recent expansions in the P. pacificus lineage (Fig. 5B). 
For both recently expanded orthogroups, we identified 
a core region of nearly perfect sequence identity. This 
core region spanned 8099 and 8870 nucleotides in the 
orthogroups OG00158 and OG000357, respectively. 
The corresponding protein products differed substan-
tially in their protein length and gene structure, rang-
ing from 1166 amino acids and 18 exons for OG00158 
to 1367 amino acids and 31 exons for OG000357 
(Additional file 1, Fig. S6A). In addition, alignment of 
the 5′ and 3′ non-coding regions showed evidence of 
terminal inverted repeats (Additional file  1, Fig. S6B) 
but we could not detect any target site duplications.

To identify more direct evidence of recent transpo-
son activity, we screened conserved syntenic regions 
between the three most closely related Pristionchus 

species for a P. pacificus-specific insertion of a Zisup-
ton sequence. Figure  5C shows an example of a P. 
pacificus-specific Zisupton insertion in a conserved 
syntenic region between P. exspectatus and P. arcanus. 
!us, our analysis suggests that horizontal gene trans-
fer has led to an ancient invasion of DNA transposon 
into the diplogastrid family and these transposons have 
undergone a recent wave of increased activity along the 
P. pacificus lineage.

There is no general trend of higher repeat content in P. 
paci!cus
!e previous analysis showed an increased activity of 
putative DNA transposons in the P. pacificus lineage. 
!is lineage also represents a transition of the repro-
ductive mode from a gonochoristic ancestor (females, 
males) to androdioecious species (hermaphrodites, 
males). One consequence of the evolution of hermaph-
roditism in nematodes is the ability to reproduce by 
selfing. Previous studies demonstrated that the degree 
of selfing can impact the activity of TEs [41, 42]. To 
test whether P. pacificus shows evidence for a gener-
ally increased transposon activity, we compared the 
repeat content in P. pacificus with four close relatives, 
P. exspectatus, P. arcanus, P. maxplancki, and P. japoni-
cus [36]. For better comparability with the short-read 
assemblies of these gonochoristic species, we have 
included an alternative short read assembly of P. pacifi-
cus (version Pinocchio) in this comparison (Fig.  6). 
!is analysis shows that P. pacificus has a higher repeat 
content than its closest relatives P. exspectatus and P. 
arcanus (Fig.  6A). However, the genome of P. max-
plancki has the overall highest repeat content (Fig. 6A). 
Further inspection of transposon classes shows that 
only LINE elements (CR1 and RTE-RTE) are much 
more abundant in P. pacificus when compared to P. 
exspectatus and P. arcanus (Fig. 6B, C). Moreover, SINE 
elements which appear to be missing in P. pacificus 
are present in the other genomes (Fig.  6B). !e more 
distantly related genome of P. maxplancki has much 
higher levels of LTRs and SINEs, when compared to 
P. pacificus. !us, the androdioecious genome of P. 
pacificus does not generally have the highest content of 
repeats and TEs.

Discussion
How well do we know our genomes? Certainly, we have 
gained tremendous knowledge over the last twenty years 
after the sequencing of the first metazoan genomes. With 
constantly developing technologies, genome sequencing 
and functional genomic studies allowed us to identify 
disease associations, to gain evolutionary insights, and 
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Fig. 5 A Homology searches of putative Zisupton transposons in P. pacificus identified most closely related sequences in other metazoan phyla 
as well as green algae and fungi. The phylogenetic tree was reconstructed from a protein alignment of the Kyakuja-Dileera-Zisupton transposase 
domain (PF18758). The distinct grouping of the two orthologous families in P. pacificus from a homolog in the nematode Plectus sambesii suggests 
independent horizontal gene transfers. B Orthology analysis across ten diplogastrid genomes elucidates the recent evolutionary history of Zisupton 
activity. The plot shows the numbers of orthologs for both families across the schematic phylogeny. While the orthologous family OG0000357 
seems to have arisen only recently, both families showed rapid expansions in the P. pacificus lineage. C Syntenic analysis identified evidence of 
recent transposon activity in P. pacificus. The plot shows gene structures of syntenic regions in P. pacificus, P. exspectatus, and P. arcanus. Orthologous 
genes are indicated by identical colors. While synteny is conserved between the two outgroup species, the P. pacificus genome shows a specific 
insertion of a putative Zisupton transposon
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to characterize various mechanisms of gene regulation. 
However, even for an extensively studied genome such as 
C. elegans, more than 40% of genes lack functional anno-
tation [43]. For a more exotic model organism such as 
P. pacificus, only dozens of genes have been experimen-
tally characterized [44–46] and the inference of func-
tional annotations based on homology is hampered by 
the fact that around one third of genes are classified as 
orphan genes without detectable homologs outside the 
diplogastrid family [19]. Hereby, we are ignoring the fact 
that largest parts of the genomes are not protein-coding. 
!us, there still seems to be a long way to go before we 

understand how gene expression levels are regulated and 
which parts of the genomes are functional and which not. 
Ironically, with more and more sequencing data, it seems 
to become less clear how we define genes in the first place 
and what is biological function [47–49].

!e primary objective of the current study was to 
extend our knowledge of the P. pacificus genome by 
characterizing its repetitive regions. In order to capture 
the full diversity of repetitive sequences ranging from 
low complexity regions to DNA transposons and ret-
rotransposons, we applied multiple different computa-
tional approaches. We would argue that the large-scale 

Fig. 6 A The bars show the percentage of the genome assemblies that could be annotated as repetitive regions by Repeatmodeler and 
Repeatmasker. B The plots show the distribution of classified repetitive elements across the Pristionchus genomes. C Superfamilies spanning at least 
1 Mb in any Pristionchus genome are shown for different species
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differences in their predictions are mostly due to their 
specific objectives for identifying different classes of 
repetitive elements. However, these differences together 
with problems in classification also suggest that compre-
hensive annotation of repetitive elements in divergent 
genomes is not straightforward. In the end, we focused 
on the predictions by RepeatModeler2, because it is a 
unified approach to identify all types of repetitive ele-
ments, it annotated a similar fraction of the P. pacificus 
genome in comparison with C. elegans, it is able to clas-
sify TEs, and it also showed fewest classification errors in 
our evaluation. We then used these annotations to screen 
for evidence of active transposons in available transcrip-
tome data. Future analysis of divergent P. pacificus strains 
could be used to support that the transposon activity is 
not only limited to the transcriptional level but actually 
results in transposition events.

A second major objective of our study was to investi-
gate the impact of repetitive sequences and TEs in the 
formation of novel genes. Numerous studies have shown 
that transposons show substantial contributions to novel 
genes and that individual domains can be coopted to 
serve new functions in the host organism [50]. While 
we do not see an obvious signal for an enrichment of TE 
derived sequences in very young genes, there is a con-
sistent fraction of roughly 10–20% with contributions of 
transposon-derived sequences across all age classes. !e 
strongest signal seems to be the large fraction of sim-
ple repeats in old gene classes. We would speculate that 
these low complexity regions form structural motifs such 
as coiled coils where the whole region is constrained to 
exhibit specific structural properties but little selection 
acts on individual amino acids [51]. Finally, we identified 
homologs of a class of DNA transposons that is absent in 
C. elegans and most other nematodes. !ese sequences 
likely invaded the ancestor of diplogastrid nematodes by 
horizontal gene transfer from another eukaryote. Hori-
zontal gene transfer of transposons seems to be frequent 
and has been described in another type of transposons 
even in P. pacificus [52, 53]. !e Zisupton elements are 
unusual in a way that they are multi-exonic which makes 
them superficially look like typical protein-coding genes. 
In P. pacificus, we found dozens of instances of Zisupton 
homologs, which seems to be a result of a recent burst 
of transposon activity after the switch to hermaphrodit-
ism. As these sequences are technically taxon-restricted 
orphan genes, they constitute another example that in 
addition to sequence divergence, and de novo formation, 
also horizontal gene transfer contributes to the emer-
gence of novel genes [54].

Materials and methods
De novo repeat detection
We used eleven tools for de novo repeat identifica-
tion in Pristionchus pacificus in order to represent the 
diversity of approaches with regard to the type of repeat 
they detect. !e methods used for locating TE can be 
classified in library-based, signature-based, learning-
based, homology-based, de novo and consensus while 
the detection of tandem repeats includes library-based, 
learning-based and de novo methods [20]. We uti-
lized RepeatMasker (A.F.A. Smit, R. Hubley & P. Green 
RepeatMasker at http:// repea tmask er. org) with C. ele-
gans as a reference from the library-based methods as 
well as the standalone version of LTRharvest [21] with 
the index produced by Tallymer [22] and MiteFinderII 
[23] (version 1.0.006, parameters: -threshold 0.6) as 
signature-based programs. From the de novo detection 
methods available, we applied Tallymer [22] (genom-
etools suite version 1.6.1, Suffixator: -dna -pl -tis -suf 
-lcp -v -parts 4, Tallymer occratio: -scan -output unique 
relative -minmersize 8 -maxmersize 20, parameters for 
-scan -mersize 19 -minocc 40 -counts -pl), RED [20] 
(version 2.0, parameters: -frm 2), mReps (version 2.6, 
parameters: -res 5 -exp 3.0), Tandem Repeat Finder [24] 
(version 4.09, parameters optimized for C. elegans: 2 5 5 
80 10 402,000 -f -d -m) and TANTAN [25] (version 23, 
parameters: -r 0.02). We also selected MsDetector [26] 
(MsDetectorOptimized64, version 1.2) for locating tan-
dem repeats and RepeatModeler2 [27] as the consensus 
method for both TE and TR detection (version 2.0.1, 
parameters: -LTRstruct). Low-complexity regions were 
identified using Dustmasker and sDust [28] with default 
parameters. We fragmented the nematode genome in 
consecutive 1-kb windows with the BEDTools suite [55] 
(option: make windows) in order to count the number of 
TEs and tandem repeats overlaps per 1 kb for each class. 
We created a binary vector based on the coverage of the 
1-kb windows by each repeat finder and performed hier-
archical clustering (Euclidean distance, complete-link-
age). For the rest of the analysis, SINEs were excluded as 
RepeatModeler2 did not assign any of the identified TE 
to this order.

Evaluation of classi#cation algorithms
To test whether TEs labelled as “Unknown” by Repeat-
Modeler2 could be classified with DeepTE [33] and the 
RFSB classifier from transposonUltimate [34], we tested 
both classifiers with the labelled TE from RepeatMod-
eler2. DeepTE was used with default parameters for 
metazoans (−sp M) and RFSB was run on -mode clas-
sify. Both methods were compared to RepeatModeler2. 
In addition, single exon transcripts from the transcrip-
tome assembly were overlapped with annotated repeats 

http://repeatmasker.org
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from RepeatModeler2. Under the assumption that such 
transcripts represent active transposons, classifica-
tion should be easier as these sequences should be less 
degenerated and nested insertions should not occur. We 
therefore chose a small subset of 200 single exon tran-
scripts for manual comparison of classification accuracy 
between RepeatModeler2, RFSB, and DeepTE. !e data 
set comprised 45 transcripts, where we could annotate 
protein domains in complete or partial ORFs using the 
hmmsearch program HMMER package (version 3.3, 
e-value< 0.001) with the Pfam database (version 3.1b2) 
[56, 57]. !e remaining transcripts were randomly cho-
sen. If available, we used protein domain information as 
an additional source to classify a putative TE. !is was 
done according to the classification scheme proposed by 
Wicker et al. (2007) [5]. If no protein domain information 
was available, classification was done based on the major-
ity vote between all three methods.

Distribution of TEs across the P. paci!cus genome
To investigate the distribution of the three most abundant 
TEs (LINEs, DNA transposons and LTRs) in P. pacificus 
we divided the genome in 5-kb continuous windows. 
Subsequently we calculated the coverage by each type 
of TE as the fraction of window length using the BED-
Tools coverage option. !e distribution of TEs across the 
genome was determined with the circlize package from R 
(function: circus.genomicDensity()).

Phylostratigraphic analysis
Protein coding genes from P. pacificus (version El Paco 3) 
were classified into age classes (phylostrata) based on the 
presence of most distant homologs in the phylogenomic 
data set of nine other diplogastrid nematodes. Age classes 
0 defined P. pacificus specific genes and older age classes 
were defined based on the presence of homologs in P. 
expectatus (Age class 1), P. arcanus (2), P. maxplancki (3), 
P. japonicus (4), P. mayeri (5), P. entomophagus (6), P. fissi-
dentatus (7), Parapristionchus giblindavisi (8), and Mico-
letzkya japonica (9). Homologs were identified based on 
one-directional BLASTP searches using the P. pacificus 
proteins as queries (version 2.10.1, e-value< 0.00001).

Expression analysis
!e strand-specific transcriptome assembly of the P. 
pacificus reference strain PS312 (European Nucleotide 
Archive: HAKN01000000, [35]) was aligned to the P. 
pacificus genome assembly (version: El Paco [14]) with 
the help of the exonerate est2genome program (version 
2.2.0, [58]). Subsequently, the PPCAC pipeline (version: 
1.0) was adjusted to select one representative transcript 
per 100-bp window without any restriction on exon num-
ber or protein sequence length [59]. !is resulted in a set 

of 48,605 non-redundant sequences with evidence of 
active transcription. In addition, we obtained the current 
set of gene annotations for P. pacificus (version: El Paco 
gene annotations 3, [16]). For the expression analysis we 
only selected the TEs classified by RepeatModeler2. We 
filtered the transcriptome assembly [35] to select only 
genes with a single exon and used the BEDTools intersect 
option (parameters: -f 1, −wb) to identify the TEs fully 
overlapping exons. We created a non-redundant tran-
scriptomic dataset by merging isoforms of the same gene, 
excluded single-exon genes and searched for TEs cover-
ing at least 50% of the exons. Furthermore, we checked 
the exon overlap distribution for each TE class with the 
latest P. pacificus annotation [16] (minimum 50% cover-
age of the exon by a TE) and the phylostratigraphic data 
of P. pacificus and nine closely related diplogastrids [36].

Comparative genomic analysis of putative Zisupton 
sequences
Putative Zisupton transposons in P. pacificus were 
extracted as gene models [16] that are located in regions 
that were annotated as Zisupton DNA transposons by 
RepeatModeler2. !e corresponding protein sequences 
were searched by BLASTP (e-value < 0.001) against the 
NCBI nr database, against four diplogastrid genomes 
from Casasa et al. [60], against nine other diplogastrid 
genomes on http:// www. prist ionch us. org, and against 
147 nematode genomes (excluding diplogastrids) from 
WormBase ParaSite (version: WBPS16, [39]). !e high-
est sequence similarity was found in regions that corre-
sponded to the Kyakuja-Dileera-Zisupton transposase 
domain (PF18758). Representative sequences from 
major taxonomic groups were compiled into a fasta file. 
!is set of sequences was complemented by the origi-
nal Zisupton sequence [38] and the most closely related 
sequences from the PF18758 in the Pfam database. A 
multiple sequence alignment was generated by the 
MUSCLE aligner (version 3.8.31, [61]). A Maximum-
likelihood tree was computed using the pml, optim.
pml and bootstrap.pml functions of the phangorn pack-
age in R (version 3.4.4, model=”LG”, optNNi = TRUE, 
optBf = TRUE, optInv = TRUE [62]). Orthologous clus-
tering of ten diplogastrid genomes ([16, 36]) was done 
using OrthoFinder (version: 2.5.2 [63]) and conserved 
syntenic blocks were identified by pairwise gene order 
alignments between P. pacificus and either P. exspecta-
tus or P. arcanus using the Cyntenator software [64].
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Fig. S1 (A) Reclassification of the RepeatModeler2-annotated TEs using DeepTE resulted in 

inconsistencies, particularly when distinguishing LTRs from DNA transposons. The same was 

observed with LINEs which are the most abundant TE order in the RepeatModeler2 dataset. (B) RFSB 

was more accurate when classifying DNA transposons but showed disagreement in more than 50% of 

LTRs. LINEs were also underrepresented in the RFSB dataset. 
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Fig. S2. The manual inspection of 200 transcribed single exon genes that have been classified as 

transposons shows that all three classification methods agree in 73.5% on the transposon class (DNA 

transposon or retrotransposon). Correct order indicates correct assignment of order, as defined by 

Wicker et al. 2007, e.g. LTR, or LINE. RepeatModeler2 appears to have the lowest error rate (3.5%), 

followed by RFSB (9.0%), and DeepTE (14.0%). 

 



 
Fig. S3. The distribution of repeat sequences identified by RepeatModeler2 and RED show similar 

profiles across the P. pacificus chromosomes while TANTAN exhibited certain more TE-dense areas 

in the autosomes. 
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Fig. S4. CR1, Sola-3 and TcMar-m44 were the most overrepresented superfamilies among TEs 

spanning the exons of protein-coding genes. 

 

 



 
 
Fig. S5. (A) The P. pacificus ortholog (ppa_stranded_DN31060_c5_g1_i1) of C. elegans dpy-22 has 

multiple simple repeats in protein-coding exons. The screenshots show the genomic locus of the C-

terminal region of P. pacificus dpy-22. The gene structure is well supported by transcriptomic data 

(Iso-seq track). (B) Selected repeats in the C-terminal region are shown with the repeat sequences and 

their protein translations. (C) The poly-glutamine stretch in the C terminal region is found in C. 

elegans and P. pacificus. 
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QPGQQQQHGYGMGQYPNQQPPNQY
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AQAQAQGIPQGMHPGMHPQQQQQPTSAAQQAHQQQMFYQQQQQ
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Fig. S6. (A) The comparison of gene structures for representative genes of both Zisupton-related 

orthogroups showed pronounced differences. (B) Alignment 5’ and reverse complemented 3’ non-

coding regions showed evidence of terminal inverted repeats (TIRs). 

1000 2000 3000 4000 5000 6000 7000

PPA35645

             

PPA35645_upstream           GAGGAATGTTCAGAGATTTATAGTAGGATAGCAACAATG--------
PPA35645_downstream_RC      CACCTATGTTCTTGGA-TTATAGTAGGATAGCAACAATGGCTATTTG
                             *   ******   ** ********************** 

PPA40335_upstream           GAGTAAGGATCTGGC--GGGGGGCGTAGGC-----------------
PPA40335_downstream_RC      CATTAAGGATCTAGCCTGGGGGGCGTAGGCCCTCTCTCTCAGGGGGT
                             * ********* **  *************                 

A

B

OG0000357

OG0001158

0 2000 4000 6000 8000

PPA40335

OG0000357

OG0001158

TIR

TIR



GBE

A New Hope: A Hermaphroditic Nematode Enables 
Analysis of a Recent Whole Genome Duplication Event
Sara S. Wighard , Marina Athanasouli , Hanh Witte , Christian Rödelsperger , 
and Ralf J. Sommer *

Department for Integrative Evolutionary Biology, Max Planck Institute for Biology Tübingen, Max Planck Ring 9, 72076 Tübingen, Germany

*Corresponding author: E-mail: ralf.sommer@tuebingen.mpg.de.

Accepted: 22 November 2022

Abstract

Whole genome duplication (WGD) is often considered a major driver of evolution that leads to phenotypic novelties. 
However, the importance of WGD for evolution is still controversial because most documented WGD events occurred an-
ciently and few experimental systems amenable to genetic analysis are available. Here, we report a recent WGD event in 
the hermaphroditic nematode Allodiplogaster sudhausi and present a comparison with a gonochoristic (male/female) sister 
species that did not undergo WGD. Self-fertilizing reproduction of A. sudhausi makes it amenable to functional analysis and 
an ideal system to study WGD events. We document WGD in A. sudhausi through karyotype analysis and whole genome 
sequencing, the latter of which allowed us to 1) identify functional bias in retention of protein domains and metabolic path-
ways, 2) show most duplicate genes are under evolutionary constraint, 3) show a link between sequence and expression di-
vergence, and 4) characterize differentially expressed duplicates. We additionally show WGD is associated with increased 
body size and an abundance of repeat elements (36% of the genome), including a recent expansion of the DNA-hAT/Ac 
transposon family. Finally, we demonstrate the use of CRISPR/Cas9 to generate mutant knockouts, whereby two WGD-de-
rived duplicate genes display functional redundancy in that they both need to be knocked out to generate a phenotype. 
Together, we present a novel experimental system that is convenient for examining and characterizing WGD-derived genes 
both computationally and functionally.

Key words: whole genome duplication, polyploidization, Allodiplogaster sudhausi, Pristionchus pacificus, Diplogastridae, 
transposable elements, ohnologs, body size.

Significance
Whole genome duplication (WGD) has been proposed as a major factor for evolution as it results in doubling of the gen-
etic material of an organism. However, its role in evolution is still controversial as all documented cases have occurred in 
ancient history. Also, no study systems are available for experimental manipulation of WGD in animals. Here, we report 
that the hermaphroditic nematode Allodiplogaster sudhausi has recently undergone WGD. We document WGD by kar-
yotype analysis and whole genome sequencing, which allowed studying several associated features. Finally, we establish 
CRISPR-mediated gene knockout, which allows functional manipulation in this organism, a useful tool for investigating 
the consequence of WGD.

© The Author(s) 2022. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits 
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Introduction
Whole genome duplication (WGD), also known as polyploi-
dization, is when the full genome, including the 
chromosomes and regulatory elements, is doubled. The 

important role of duplication events was hypothesized as 
far back as the 1930s (Haldane 1932; Bridges 1936), but 
it is Susumu Ohno’s seminal work (Ohno 1970) that popu-
larized the notion of duplication, and WGD in particular, 
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driving evolution and novelty. WGD-derived duplicate 
genes are referred to as “ohnologs” in reference to his 
work. Duplication is believed to be a driver of evolution as 
it produces additional redundant genetic material that 
can potentially diverge and gain a new function. WGD is 
considered a greater evolutionary driver than local gene du-
plications as the genes are not constrained by dosage com-
pensation (Birchler et al. 2005) and indeed, retention of 
duplicates derived from WGD is greater than those derived 
from local gene duplication events (Blomme et al. 2006).

In principle, WGD can come about from one of two 
ways: 1) Autopolyploidization, where multiple chromo-
some sets derive from a single taxon—usually due to an er-
ror in meiosis or 2) Allopolyploidization where two closely 
related species hybridize to form a new one. However, it 
is usually difficult to tease apart the exact origin (Parisod 
et al. 2010). After duplication, ohnologs are initially redun-
dant with the same expression pattern and role, but after 
some time the fates of ohnologs tend to diverge. The de-
generation or silencing of one ohnolog (nonfunctionaliza-
tion) is the most common fate, while the addition of a 
novel function (neofunctionalization)—which could drive 
evolution—is the rarest (Lynch and Conery 2000; Maere 
et al. 2005).

It is thought that ancient WGD occurred in most eu-
karyotic lineages (Wolfe 2015). Indeed, nearly all docu-
mented cases of WGD have occurred ancestrally and 
often the exact timing of the WGD event is poorly under-
stood. For example, WGD is characteristic of most land 
plants, but its timing remains elusive so that the role of 
WGD for morphological and functional diversity of land 
plants is constrained (Clark and Donoghue 2018). At least 
two rounds of ancient WGD took place in vertebrates 
(Dehal and Boore 2005), while additional WGD events 
are also reported in teleost fish (Amores et al. 1998) 
and Xenopus laevis (Session et al. 2016). Aside from 
multicellular organisms, WGD events have been well- 
documented in unicellular eukaryotes such as protozoans 
and yeast (Aury et al. 2006; Marcet-Houben and 
Gabaldón 2015).

WGD is associated with a number of novelties, including 
increases in body size (Walsh and Zhang 1992; Otto and 
Whitton 2000) and an expansion of transposable elements 
(TEs) after WGD has occurred (Marburger et al. 2018). 
However, despite the advances in genomics since the ef-
fects of WGD were first hypothesized, the importance of 
WGD in driving evolution is still controversial, with some 
believing it leads to an evolutionary dead-end. Evaluating 
the impact of WGD events on genes and evolution is diffi-
cult for a number of reasons. For instance, the most reliable 
indication of WGD driving evolution is the identification of 
neofunctionalized genes, which have been recorded in 
some fishes (Zakon et al. 2006; Moriyama et al. 2016). 
However, neofunctionalization is hard to identify as, after 

much divergence, the gene may no longer be similar en-
ough to be identified as ohnologs derived from WGD. 
Thus, the rarity and antiquity of recorded WGD events 
have prevented full documentation of their impact. 
Additionally, it is difficult to evaluate WGD in organisms 
with large complex genomes and limited methods of ex-
perimental manipulation.

Nematodes are a useful group of organisms for charac-
terizing genome biology. With their small genome sizes, 
easy maintenance (in the case of free-living nematodes) 
and available genetic tools, nematodes are an ideal system 
to characterize evolutionary and genetic processes. 
Additionally, there have been multiple evolutionary transi-
tions toward self-fertilizing hermaphroditism, which have 
created isogenic study systems. Many of these hermaphro-
ditic organisms also produce functional males, which en-
ables genetic crosses (Avise 2011). Caenorhabditis 
elegans is already a well-established model system, while 
Pristionchus pacificus has recently been developed as a 
model for evolutionary developmental biology (evo-devo) 
and the evolution of novel traits (Sommer 2015; 
Schroeder 2021).

Here, we present the nematode Allodiplogaster 
sudhausi, a hermaphrodite in the same family 
(Diplogastridae) as P. pacificus that displays phenotypic 
plasticity in the form of a mouth-form polyphenism 
(Fürst von Lieven 2008; Kanzaki et al. 2014; Susoy et al. 
2015). It diverged early within its family, is one of the 
few hermaphroditic species outside of the genus 
Pristionchus, produces functional males enabling genetic 
crosses, and it has a sister species, the gonochoristic 
(male/female) Allodiplogaster seani (Kanzaki et al. 2015), 
as another more closely related point of comparison (fig. 
1A). Allodiplogaster sudhausi is strikingly large compared 
to its relatives (fig. 1B), with hermaphrodites and males 
having body lengths one and a half times those measured 
in C. elegans (Wood 1988) and P. pacificus (Sommer et al. 
1996) (fig. 1C and D), and is also much larger than males 
and females in its sister species A. seani (fig. 1E).

We show through karyotype analysis and whole- 
genome sequencing that a WGD event occurred in the lin-
eage leading to A. sudhausi, which is absent in A. seani. 
Subsequent analysis uncovered a number of findings. 
First, we characterized the retained ohnologs and those 
that likely underwent nonfunctionalization to identify pro-
tein domains and metabolic pathways that are more likely 
to be retained after WGD. Second, we showed a link be-
tween sequence and expression divergence. Third, we iden-
tified a vast abundance of repeat elements, including the 
very recent expansion of the DNA transposon hAT-Ac fam-
ily. Lastly, we demonstrated the use of CRISPR/Cas9 in A. 
sudhausi for the first time. Specifically, we generated mu-
tant knockouts of a common nematode marker gene and 
show that both ohnologs need to be knocked out to 
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generate a phenotype; that is, they display genetic redun-
dancy. Overall, we present a novel nematode system with 
a relatively small manageable genome that can be function-
ally evaluated using CRISPR technology. These features al-
low us to examine a recent WGD duplication and DNA 
transposon expansion.

Results

The A. sudhausi Genome Contains an Exceptionally High 
Number of Duplicated Genes

We sequenced an inbred line of A. sudhausi (SB413B) using 
PacBio long-read sequencing, resulting in 2 × 11 Gb of 

A

H

B C D E

F

G

I J

FIG. 1—Whole genome duplication in A. sudhausi. (A) Phylogenetic relationship of selected Diplogastridae, with C. elegans as an outgroup. 
Hermaphroditic (androdioecious) species are indicated by ⚥. The hermaphroditic A. sudhausi is an early diverging lineage. The phylogeny represents a subtree 
from Susoy et al. (2015). (B—E) Young adult hermaphrodites and female (A. seani): (B) A. sudhausi, (C) C. elegans, (D) P. pacificus, (E) A. seani. Scale bar: 
100 μM. (F) Evaluation of the A. sudhausi genome assembly and the resulting size, contig number, N50 as well as the number of predicted gene annotations. 
BUSCO analysis of the genome assembly and annotations is shown, with duplication rates very high. (G) Coverage analysis of the A. sudhausi genome (see 
Methods) shows a single peak, suggesting the high duplication values are not due to allelism. (H ) Orthology clustering using OrthoFinder based on A. sudhausi, 
P. pacificus, and C. elegans annotations and the A. seani transcriptome. The heatmap shows the 10 most abundant orthogroups that include A. sudhausi 
orthologs. Allodiplogaster sudhausi has two copies in most orthogroups, with many orthogroups specific to A. sudhausi alone. (I) Hoechst staining of the 
A. sudhausi hermaphrodite oocyte shows 12 chromosomes, double the number previously reported. Due to the chromosomes being in different planes, 
a maximal intensity measurement was used to show all of them at once. Two of the chromosomes are stacked on top of another (shared z axis). Scale 
bar: 10 μM. (J ) Hoechst staining of the A. seani female oocyte shows seven chromosomes.
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sequencing data from two SMRT cells. We assembled the 
genome de novo with the Canu assembler (Koren et al. 
2017) and obtained approximately 60× coverage. We esti-
mated a genome size of 357 Mb, more than double the 
159 Mb genome of P. pacificus (Rödelsperger et al. 2017) 
and larger than the reported genome sizes of other 
Diplogastridae, which range from 143 to 297 Mb (Prabh 
et al. 2018). We obtained a BUSCO (Simão et al. 2015) 
completeness value of 87.4%, in line with previous de 
novo diplogastrid assemblies (Prabh et al. 2018). 
However, we observed an extremely high duplication rate 
of 48.7% (fig. 1F), which dwarfs the 1.3% duplicate 
estimate in P. pacificus (Rödelsperger et al. 2019). A high 
duplication rate is also seen in the Illumina sequencing 
data generated by Sieriebriennikov et al. (2018)
(supplementary Table S1, Supplementary Material online). 
High duplication values can sometimes be due to heterozy-
gosity; however, this is unlikely in hermaphrodites (Barriere 
et al. 2009) and the SB413B strain had been extensively in-
bred to limit such effects. In addition, we examined the 
coverage of the contigs and found only a single peak (fig. 
1G), indicating the regions are not allelic.

Next, we annotated the A. sudhausi genome and ob-
tained 40,393 evidence-based gene models that are either 
supported by transcriptomic data or P. pacificus protein 
homology (Rödelsperger 2021). When we applied the 
OrthoFinder software to group orthologs in A. sudhausi, 
A. seani, P. pacificus, and C. elegans based on sequence 
similarity, we found that A. sudhausi had two gene copies 
in the majority of orthologous clusters (7 out of 10) (fig. 
1H). Altogether, these findings provide evidence for a 
large-scale duplication event in A. sudhausi, which is in 
agreement with previously reported gene duplication 
events (Sieriebriennikov et al. 2018; Biddle and Ragsdale 
2020). We, therefore, wanted to determine if WGD had ta-
ken place.

Karyotype Analysis Confirms a Whole Genome 
Duplication Event in A. sudhausi

A WGD (polyploidization) event leads to an instant doub-
ling of the chromosomal number, meaning a higher 
chromosome number in A. sudhausi would reliably indicate 
that WGD had occurred. Previous work suggested that A. 
sudhausi has six chromosomes (Fürst von Lieven 2008), 
the same as in C. elegans (Wood 1988) and P. pacificus 
(Sommer et al. 1996). However, since our analyses sug-
gested a potential WGD event, we repeated karyotype 
analysis in A. sudhausi by staining the gonads of 
hermaphrodites using Hoechst 33342 dye. Strikingly, we 
counted 12 chromosomes in the hermaphrodite oocytes 
during diakinesis (fig. 1I), double the amount seen in C. ele-
gans and P. pacificus. A recent catalog of chromosome 
numbers in nematodes revealed that the majority of 

investigated species have six or seven chromosomes, with 
some species exhibiting even smaller numbers after 
chromosome fusions (Gonzalez de la Rosa et al. 2021; 
Carlton et al. 2022). Thus, the observation of 12 chromo-
somes in A. sudhausi shows that WGD has taken place in 
the lineage leading to this species.

The Whole Genome Duplication is Specific to 
A. sudhausi

To ascertain when in evolution the WGD occurred, we ex-
amined the sister species of A. sudhausi that was recently 
described as A. seani (Kanzaki et al. 2015) (fig. 1A and E). 
Staining of female oocytes showed there are seven chro-
mosomes in A. seani (fig. 1J). This chromosome count is 
similar to the numbers observed in many nematode species 
(Carlton et al. 2022), thereby suggesting that the WGD 
event occurred after the divergence of these two 
Allodiplogaster species. Ortholog clustering analyses fur-
ther support the notion that the WGD occurred after the 
split of A. sudhausi and A. seani. Specifically, orthology 
clustering revealed that for 7 out of 10 orthogroups A. sud-
hausi has two-gene clusters (fig. 1H). The two biggest clus-
ters, which have 3,476 and 2,996 orthogroups, are 
two-gene clusters for A. sudhausi, in which A. seani has 
zero and one corresponding orthologs, respectively. 
Finally, the BUSCO duplication values are also lower in 
A. seani than in A. sudhausi (supplementary Table S1, 
Supplementary Material online). Overall, these results indi-
cate a WGD that is specific to A. sudhausi. This finding is 
compelling as it presents us with a hermaphroditic organ-
ism in which to characterize various processes related to 
WGD, such as the fates of WGD-derived duplicate genes 
(henceforth referred to as ohnologs). Note that there is un-
fortunately only one isolate of A. sudhausi available to date. 
Thus, it remains unknown if the WGD is fixed in this species, 
and if other, more closely related species (if they exist) 
would share the WGD event.

Comparative Analysis Shows Expansions of GPCR and 
Ribosomal Domains in P. pacificus Relative to 
A. sudhausi

We next examined the predicted Pfam protein domains in 
A. sudhausi, A. seani, P. pacificus, and C. elegans (the latter 
three have no indication of a recent WGD). The frequency 
of unique domain predictions for each gene was compared 
between species. We found an increase in the protein bind-
ing domains ankyrin (ANK) and Broad-Complex, Tramtrack 
and Bric-a-brac (BTB) in A. seani compared to A. sudhausi 
(fig. 2A). BTB domain-containing proteins are adaptors in-
volved in protein degradation, which show signatures of 
positive selection in C. elegans (Thomas 2006). They have 
been found to be overrepresented of gonochorists in 
both Caenorrhabditis and Pristionchus nematodes due to 
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gene loss in hermaphroditic species (Rödelsperger et al. 
2018; Yin et al. 2018). Thus, the overrepresentation in go-
nochoristic A. seani compared to A. sudhausi is consistent 
with previous results.

Surprisingly, we found domains in seven- 
transmembrane G-protein-coupled receptor class (7TM 
GPCRs) are disproportionately under-represented in A. sud-
hausi relative to P. pacificus (fig. 2B). A comparison with C. 
elegans again shows that 7TM GPCRs are also highly under- 
represented in A. sudhausi (supplementary fig. S1, 
Supplementary Material online). 7TM GPCRs mediate 
chemoreception in C. elegans where they play important 
roles in sense and stimuli (Troemel et al. 1997). Due to 
the abundance of these domains in C. elegans and P. paci-
ficus, which are separated by large evolutionary distances 
(fig. 1A), we assumed they would be abundant in most 
free-living nematodes. However, a comparison between 
the number of domains with 7TM GPCRs across many ne-
matodes shows 7TM GPCRs are only highly overrepre-
sented in C. elegans and Pristionchus species 
(supplementary fig. S2, Supplementary Material online). 
Thus, the high abundance of 7TM GPCRs is not evolution-
arily conserved across all free-living nematodes, and rather 
evolved independently in Caenorhabditis and Pristionchus 
species.

Next, we predicted KEGG (Kanehisa and Goto 2000) 
metabolic pathways and compared the abundance be-
tween species. There appears to have been an expansion 
of genes involved in the Mitogen-activated protein kinase 
(MAPK) pathway (04010) in A. seani (supplementary fig. 
S3, Supplementary Material online). MAPK is involved in 
cellular processes such as proliferation, differentiation, 
and development (Seger and Krebs 1995), as well as oxida-
tive stress response in C. elegans (Inoue et al. 2005). 
Interestingly, we found an expansion of ribosomes 
(03010) in P. pacificus relative to A. sudhausi (fig. 2C). A 
greater abundance of ribosomal pathways in P. pacificus 
relative to C. elegans had previously been observed 
(Dieterich et al. 2008). By additionally examining the Pfam 
domain predictions across many Diplogastridae, we saw 
that ribosomal domains are highly over-represented in P. 
pacificus relative to others, including fellow Pristionchus 
species (supplementary fig. S4, Supplementary Material on-
line). This finding suggests a recent expansion of ribosomal 
pathways and domains may have taken place in P. 
pacificus.

Ohnologs With Homeodomains and Those Involved in 
the mTOR Signaling Pathway are More Likely to be 
Retained

The young nature of the WGD event allowed us to examine 
potential functional biases between ohnologs pairs that 
had been lost or retained in A. sudhausi. We identified 

ohnologs that were retained and those that lost their dupli-
cate based on the orthology clustering analysis described 
above (fig. 1H). For the purposes of this analysis, we 
deem orthogroups with two copies ohnolog pairs, and 
orthogroups with one single-copy genes. We hypothesize 
that these single-copy genes denote orthogroups that lost 
their ohnologous duplicate; therefore, a case of nonfunc-
tionalization (the loss of one duplicate). We then predicted 
their respective Pfam domains and determined which 
domain-containing genes were more likely to either be re-
tained as ohnologs or lose their duplicate. We found only 
five domains that were more likely to be retained (Fisher’s 
exact test, FDR adjusted P < 0.05) (fig. 2D and E and 
supplementary Table S2, Supplementary Material online), 
including zf-C2H2 (PF00096) and Homeodomain 
(PF00046), potentially suggesting these domains are more 
dosage sensitive or haploinsufficient. The retention of 
homeodomains is noteworthy as they are transcribed by 
Homeobox genes, which have remained after WGD in ray- 
finned fishes and play important roles (Amores et al. 1998; 
Blomme et al. 2006). Notably, only one homeodomain- 
containing gene lost its duplicate in A. sudhausi (fig. 2E). 
We took this gene, which also has a predicted LIM domain, 
and identified its C. elegans ortholog using the orthology 
clustering data (fig. 1H). The C. elegans ortholog is lim-4, 
a LIM homeobox gene that has been found to specify olfac-
tory neurons (Sagasti et al. 1999). This finding might sug-
gest that this process may not be as conserved in A. 
sudhausi, reflecting the previous results that showed sur-
prisingly few genes with GPCR domains in A. sudhausi 
(supplementary fig. S1, Supplementary Material online). 
In contrast to the small number of significantly retained do-
mains, we found 82 domains that were significantly more 
likely to lose their ohnologous duplicate (fig. 2D and E
and supplementary Table S3, Supplementary Material on-
line), with an abundance of domains that act as enzymes, 
specifically ATPases, and those involved in transportation 
and microtubule binding. We hypothesize there is low dos-
age sensitivity in genes that contain these domains.

We repeated this analysis using KEGG pathway predic-
tions and found five pathways significantly more likely to be 
retained as ohnologs (Fisher’s exact test, FDR adjusted P < 
0.05), including endocytosis (04144) and the mTOR signal-
ing pathway (04150) (fig. 2F and G and supplementary 
Table S4, Supplementary Material online). The mTOR path-
way is a regulator of cell growth and proliferation that is as-
sociated with cancers (Sarbassov et al. 2005). There were 
seven pathways significantly more likely to lose their ohno-
logous duplicate, with most involved in metabolism, includ-
ing the oxidative phosphorylation pathway (00190) which 
is involved in ATP synthesis (Wilson 2017) (fig. 2F and G, 
supplementary Table S5, Supplementary Material online). 
Interestingly, ohnologs more likely to be retained consisted 
of many pathways with regulatory roles, and previous 
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FIG. 2—Functional bias in ohnolog loss and retention. (A) A comparison of Pfam protein domain predictions in A. sudhausi and A. seani indicate a cluster 
of protein binding domains, ANKs and BTB, are underrepresented in A. sudhausi after the species diverged. A linear regression trendline is shown. (B) A com-
parison of Pfam protein domain predictions shows an abundance of 7TM_GPCR chemoreceptors in P. pacificus compared to A. sudhausi. (C) A comparison of 
KEGG metabolic pathway predictions in A. sudhausi and P. pacificus indicate there has been a vast increase in ribosomes (pathway 03010) in P. pacificus. (D) 
The plot shows the frequency of predicted Pfam domains between orthogroups that either have two copies (putative ohnologs) or 1 copy (candidates that lost 
their ohnolog copy). Significant domains (Fisher’s exact test, FDR adjusted P< 0.05) are highlighted. More domains are significantly more likely to lose than 
retain a copy (counts of 82 and 5, respectively). (E) The barplot shows a subset of significant Pfam domains and their abundance in single copy genes (left) and 
putative ohnologs (right). Domains most likely to lose an ohnolog copy are involved in processes such as transport and binding. The five domains predicted to 
remain as ohnologs, such as zf-C2H2 and homeodomains, may be dosage sensitive. (F) The plot shows the frequency of KEGG pathway predictions between 
orthogroups that either have two copies (putative ohnologs) or one copy (candidates that lost their ohnolog copy). Significant domains (Fisher’s exact test, FDR 
adjusted P< 0.05) are highlighted. (G) The bar plot shows the significant KEGG pathways and their abundance in single copy genes (left) and putative oh-
nologs (right). Genes with pathways involved in metabolism appear more likely to lose an ohnologous copy, while genes with pathways involved in processing 
are more likely to remain as ohnologs.
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studies have suggested regulatory genes are more dosage 
sensitive (Birchler et al. 2005). Conversely, single copy 
genes were mostly involved in metabolism. This reflects 
work done by Shiu et al. (2006) where they showed genes 
involved in metabolism were less likely to be retained after 
duplication in mammals. Overall, we show which protein 
domains and metabolic pathways show functional bias in 
being lost or retained after WGD.

Ohnologs in A. sudhausi are Evolutionarily Constrained 
and Show Low Sequence Divergence

In order to date the A. sudhausi WGD and characterize the 
evolutionary distance to A. seani, we calculated divergence 
measures based on the orthogroup data. dN and dS esti-
mates were calculated for ohnologs, as well as for ortholo-
gous genes that have copies in A. seani (as no second strain 
of A. sudhausi is currently available). The median dS for oh-
nologs is a relatively low value of 0.12 (interquartile range: 
0.08 to 0.18), while the median dS for orthologs is 3.17 (fig. 
3A). These findings imply that A. sudhausi and A. seani di-
verged a long time ago. We estimated the timing of the 
WGD by referring to Cutter (2008), where dS values were 
used to time events. The interquartile range of 0.08 to 
0.18 would roughly correspond to an event that happened 
somewhere between 1.3 to 3.3 million years ago. Note that 
this timing of the WGD would only be in the case of autop-
olyploidization (where the entire chromosome set is dupli-
cated). If allopolyploidization (species hybridization) had 
taken place, the dS values would not help in timing the 
event.

Finally, we calculated the dN/dS values for ohnologs and 
found the vast majority are below 1, with a median dN/dS 
value of 0.16. This indicates that most ohnologs are evolu-
tionarily constrained (fig. 3B). We obtained the ohnolog 
dN/dS values in the top 5%ile. This subset had values of 
1.35 at minimum, suggesting that they might underly posi-
tive selection. Interestingly, the majority of these ohnologs 
did not have associated Pfam predictions for them. 
Specifically, of the 397 ohnolog pairs, only 9 unique do-
mains were predicted (supplementary Table S6, 
Supplementary Material online). We then looked at the oh-
nolog pairs with the highest dN/dS values and found no 
matching C. elegans orthologs (supplementary Table S7, 
Supplementary Material online), indicating strong se-
quence divergence in the ohnologs that are positively se-
lected for.

A Third of Ohnologs are Differentially Expressed and 
Overlap With Sequentially Diverged Ohnologs

Next, we characterized the expression of ohnologs by cal-
culating the fragments per kilobase of transcript per million 
mapped reads (FPKM) based on transcription analysis. First, 
we found that for most ohnologs both copies were indeed 

expressed (fig. 3C). Second, when we examined fold 
change (FC) between ohnolog pairs we found that 
30.4% of ohnologs had expression that had a more than 
two-fold difference in transcript abundance (absolute log2-
(FC) ≥ 1). However, the majority of ohnolog pairs have little 
to no difference in expression, with a peak at 0 (fig. 3D). 
Thus, there is little expression difference for ohnologs over-
all, a finding that is consistent with the multiple lines of evi-
dence suggesting that the WGD occurred recently and that 
there has not been enough time for most ohnologs to di-
verge. Finally, we predicted the Pfam domains of these dif-
ferentially expressed (DE) ohnologs, with the 7tm_1 
domain showing the highest abundance (fig. 3E). We add-
itionally looked at the ohnologs with the highest DE values 
and found the greatest difference was from ohnologs 
orthologous to the C. elegans ribosomal protein rps-30 
(supplementary Table S8, Supplementary Material online).

Expression divergence between ohnologs could poten-
tially be explained by gene-specific regulatory evolution or 
by silencing of large chromosomal segments, as seen in 
dosage compensation (Pala et al. 2008). We, therefore, ex-
amined if there was positional bias by comparing the per-
centage of DE ohnologs for each contig. If there had 
been no bias, we would expect the distribution of DE ohno-
logs per contig to fall around 30.4%, which is the DE value 
calculated genome-wide. Indeed, the actual values were 
fairly evenly distributed around that figure (fig. 3F), with a 
median of 31.3% calculated. Thus, there is no evidence 
of ohnolog positional bias, suggesting expression diver-
gence is more likely to be caused by gene-specific 
evolution.

Finally, we determined if there was overlap between the 
DE ohnologs and the ohnologs in the top 5 percentile dN/ 
dS. Indeed, we found that the majority of ohnologs with 
high dN/dS values were also differentially expressed (fig. 
3G). Specifically, there were more high dN/dS ohnologs 
that were differentially expressed than not (240 out of 
397). This translates to 60.5% of the top dN/dS ohnologs 
being differentially expressed, which is significantly higher 
than the overall ohnolog median of 30.4% (Fisher’s exact 
test, FDR adjusted P < 0.001). Altogether, this analysis re-
veals a link between expression and sequence divergence 
in ohnologs. This could be explained by positive selection 
on function and gene dosage but could also represent de-
generation and silencing of one copy.

Repeat Elements, Particularly DNA Transposons, are 
Abundant in A. sudhausi

WGD is often succeeded by the expansion of TEs (Lien et al. 
2016; Blanc-Mathieu et al. 2017; Marburger et al. 2018). 
We, therefore, analyzed repeat elements in A. sudhausi 
and compared it to those found in P. pacificus and C. ele-
gans. Libraries were generated for A. sudhausi, 
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P. pacificus, and C. elegans using RepeatModeler based on 
the protocol of Athanasouli and Rödelsperger (2022). 
Strikingly, we found a far higher proportion of the A. sud-
hausi genome was covered by spans of repeats compared 
to the other two species. Specifically, 36.3% of the A. sud-
hausi genome is covered by repeat elements, which is far 
higher than the values of 21.3% in P. pacificus and 

13.7% in C. elegans (fig. 4A). The high repeat rate may 
thus be linked to the WGD.

Further analysis revealed that DNA transposons are by 
far the most abundant type of repeats in A. sudhausi (fig. 
4B). There are nearly 40Mb of DNA transposons in A. sud-
hausi, which is almost half the total classified repeats 
(87.5 Mb) (fig. 4A). DNA transposons, therefore, drive the 

A B

C

E F G

D

FIG. 3—Sequence and expression divergence in A. sudhausi. (A) The density plot shows the divergence (dS) of orthologs (between A. sudhausi and A. 
seani) and ohnologs. Orthologs exhibit high divergence, with a median value of 3.17 indicating that A. seani is distantly related. Allodiplogaster sudhausi oh-
nologs show much lower divergence (median of 0.12), suggesting the WGD is recent. (B) The distribution of dN/dS in ohnologs is relatively low, with the 
majority below 1 (indicated by the dashed line at 0 on the x axis log2 scale) and a median dN/dS value of 0.16, indicating most ohnologs are evolutionarily 
constrained. (C)The distribution of the lowest FPKM value of each ohnolog pair shows the majority of ohnologs exhibit expression of both copies. Those oh-
nologs with no expression are shown on the left of the plot, with a pseudocount of log10 10−4. (D) Distribution of expression fold changes between ohnolog 
copies indicates the majority have no difference in expression. Only approximately 30.4% of ohnologs have an absolute log2(fold change) ≥ 1, which would 
indicate 1 copy has double or more expression than the other. (E) The bars show the most abundant Pfam domain predictions in the DE ohnologs (those with 
absolute log2(fold change) ≥ 1). (F) The distribution of the DE ohnologs on the contigs (only including contigs containing ≥ 10 ohnologs) shows no evidence of 
positional bias. The expected peak of 30.4% (indicated by the dashed line), correlates with the overall distribution of the DE ohnologs. (G) The Venn diagram 
displays the overlap between the top 5% highest dN/dS ohnologs and the DE ohnologs (absolute log2(FC) ≥ 1). The majority of the high dN/dS ohnologs are 
also differentially expressed (240 out of 397).
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large repeat abundance in A. sudhausi. They are also the 
largest classification of repeats in C. elegans (fig. 4B); in 
contrast, the amount of DNA transposons is small in P. pa-
cificus, despite them belonging to the same nematode fam-
ily as A. sudhausi. This finding is not altogether unsurprising 
as there has been shown to be large diversity in transposon 
superfamilies even between strains in C. elegans (Laricchia 
et al. 2017).

We further broke down the families of the classified 
transposon types in each species and discovered that 
DNA/hAT-Ac elements take up the vast majority of repeat 
sequences in A. sudhausi (fig. 4B). The extensive amount 
of DNA transposons can be inferred to largely be due to 
hAT-Ac. The hAT superfamily, under which the Ac family 
belongs, is ancient and found in plants, animals, and fungi 
(Rubin et al. 2001; Wicker et al. 2007). It includes one of the 
first transposons ever discovered, the Ac element 
(McClintock 1950). DNA/hAT-Ac covers 3% of the A. sud-
hausi genome alone (fig. 4D); however, its numbers are 
relatively low in P. pacificus and C. elegans, indicating the 
expansion of hAT-Ac is specific to A. sudhausi. We per-
formed pairwise comparisons of the A. sudhausi DNA/ 
hAT-Ac elements to better determine when expansion of 
this family occurred. We found a peak in the percent iden-
tity for the comparisons at 100% (fig. 4E), suggesting the 
expansion is extremely recent. Taken together, our analysis 
of repeat elements revealed a high abundance in A. sud-
hausi, with a strong overrepresentation of DNA 
transposons.

Two A. sudhausi dpy-1 Ohnologs Formed After WGD

WGD as observed for A. sudhausi can provide important in-
sight into genome evolution; however, WGD can also limit 
functional investigation through forward and reverse gen-
etic approaches. CRISPR/Cas9 is now a well-established 
molecular technique that enables the introduction of muta-
tions into targeted loci (Jinek et al. 2012). We selected the 
dpy-1 gene in order to establish CRISPR technology in A. 
sudhausi because the dpy-1 gene is highly conserved and 
has an easy-to-score mutant phenotype that is shared in 
both P. pacificus and C. elegans (Kenning et al. 2004; 
Witte et al. 2014). In general, Dumpy (Dpy) mutants are 
shorter than wild type and more than 30 genes of C. ele-
gans have been described that result in a Dpy phenotype 
when mutated (Brenner 1974).

BLAST searches revealed the conservation of dpy-1 in 
many species, including members of the Rhabditidae (con-
taining C. elegans) and Diplogastridae (containing A. sud-
hausi and P. pacificus) (fig. 5A). Based on the phylogeny 
of orthologous dpy-1 sequences, it is clear there is one 
dpy-1 copy ancestrally. Notably, and unsurprisingly, A. sud-
hausi has two dpy-1 genes which diverged very recently, 
presumably ohnologs that resulted from the WGD. We 

annotated the gene structure of these ohnologs based on 
the transcriptome analysis (which was indexed against the 
genome) and termed them Asu-dpy-1-A and Asu-dpy-1-B 
in agreement with the previous nomenclature. The make- 
up of these ohnologous genes is very similar, with both 
containing 15 putative exons (fig. 5B). Overall, the low 
phylogenetic evolutionary distance and similar genetic 
structure suggest a very recent duplication event, consist-
ent with the above analysis.

CRISPR/Cas9-induced A. sudhausi dpy-1 Knock-out 
Mutants Demonstrate Genetic Redundancy

CRISPR/Cas9 technology was recently optimized for P. paci-
ficus (Han et al. 2020; Hiraga et al. 2021), but nothing has 
previously been shown in A. sudhausi. We attempted to ac-
quire knock-out mutations in A. sudhausi following the 
CRISPR/Cas9 protocol in P. pacificus (Witte et al. 2014), 
and targeted dpy-1 ohnologs. We chose a gRNA target se-
quence that was conserved between the Asu-dpy-1 ohno-
logs to try and target both genes together (fig. 5B). Initially, 
30 young adult hermaphrodites were injected with the 
gRNA. We sequenced the resulting F1 progeny using gene- 
specific primer pairs to determine what mutations may 
have resulted. In total, 192 F1 worms were sequenced 
with two separate primer pairs, resulting in 384 sequences. 
Of these, 10 resulted in mutations in the targeted genes, 
with a mutation success rate of 2.6% (fig. 5C), where the 
majority of mutants come from just one injected adult 
(supplementary Table S9, Supplementary Material online). 
We also managed to acquire double mutants from a single 
injection, indicating that both loci can be targeted simul-
taneously. Together, we demonstrate the first successful 
example of CRISPR/Cas9 knockouts in a potential new 
nematode model system.

We found single dpy-1 mutants displayed no obvious 
difference in length compared to wild-type worms (figs. 
1B and 5D). However, the two mutant lines with knockouts 
in both dpy-1 ohnologs displayed the characteristic dumpy 
phenotype with a short body length (fig. 5D). Interestingly, 
one double mutant had only in-frame mutations but this 
was still sufficient to generate a Dpy phenotype 
(supplementary Table S9, Supplementary Material online). 
Overall, our results shows expression of both dpy-1 ohno-
logs needs to be disrupted in order to generate a morpho-
logical phenotype, suggesting one gene alone is sufficient 
for the wild-type phenotype to be produced. This is an ex-
ample of genetic redundancy, which is common in recent 
duplication events (Lynch and Conery 2000) and is in line 
with our expression analysis that showed similar ohnolog 
expression levels (fig. 3D). Indeed, we confirmed there 
was no significant difference in expression between the 
dpy-1 ohnologs (supplementary fig. S5, Supplementary 
Material online). With this work we provide a model to 
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FIG. 4—Increased transposon activity in A. sudhausi. (A) The comparison of classified and unclassified spans of repeats in A. sudhausi, P. pacificus, and C. 
elegans reveals that the percentage of genome coverage is greatest in A. sudhausi, which also has the greatest overall repeat content (42.4 Mb unclassified 
and 87.5 Mb classified repeats). (B) The comparison of the types of classified repeat elements between A. sudhausi, P. pacificus, and C. elegans demonstrates a 
strikingly high amount of DNA transposons in A. sudhausi. (C) The number of repeat sequences in transposon families (as classified by RepeatModeler) in A. 
sudhausi is dominated by the hAT-Ac family (a DNA transposon element). DNA/CMC-EnSpm, DNA/MULE- MuDR, LINE/L2 and LTR/Gypsy are also overrepre-
sented. (D) A comparison of transposon families between A. sudhausi, P. pacificus, and C. elegans (only looking at families that spanned ≥ 1 Mb in one species) 
shows that LINE/L2 and DNA/CMC-EnSpm appear unique to A. sudhausi while Piggybac is not found in either P. pacificus or A. sudhausi. DNA/hAT-Ac is found 
in all three species but is highly overrepresented in A. sudhausi. (E) The plot shows the percentage identity distribution of pairwise comparisons (blastn searches) 
between DNA/hAT-Ac elements. The peak toward 100% suggests that this transposon burst happened very recently and most likely after the WGD (in com-
parison with the dS value of 0.12 which translates to an expected identity of 88%).
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FIG. 5—CRISPR knockouts of dpy-1 ohnologs demonstrate genetic redundancy in A. sudhausi. (A) The phylogenetic tree shows DPY-1 orthologues in the 
order Rhabditida. Protein sequences were obtained by BLASTing C. elegans DPY-1 against other nematodes. The majority of species have a single DPY-1 
ortholog. Allodiplogaster sudhausi has two DPY-1 copies that only very recently duplicated, suggesting they are ohnologs that resulted from the WGD. 
(B) The figure shows the gene structure of A. sudhausi dpy-1 ohnologs based on the transcriptome. Exons are shown as blocks and introns as connecting 
lines. The gRNA sequence is shared by both ohnologs and located in the sixth exon. The gene structure and number of exons (15) is similar for both ohnologs, 
showing the similarities that remain after whole genome duplication. (C) Table showing the output of CRISPR knock-out attempts. Out of 192 initial F1 (where 
P0 has been injected with the CRISPR/Cas9 gRNA), there were five knock-out mutations in dpy-1-A and five in dpy-1-B. In two cases, there were double 
mutants wherein both ohnologs had mutations. The overall successful CRISPR rate was 2.6%. (D) Single mutant knock-out dpy-1-A adult hermaphrodite. 
The nematode has a wild-type phenotype. Scale bar: 100 µM. (E) Double mutant knock-out dpy-1-A and dpy-1-B adult hermaphrodite. The length of the 
worm is noticeably smaller and dumpier than the single mutant. Scale bar: 100 µM.
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examine the phenotypes of recent duplication events, par-
ticularly in WGD, and to further functionally examine the 
fates of these duplicate genes using CRISPR/Cas9.

Discussion
The role and consequences of WGD for driving evolution 
are still considered controversial, largely due to two import-
ant limitations. First, there are a limited number of organ-
isms available for analysis, and second, most WGD events 
are of distant age. In the nematode A. sudhausi, we discov-
ered WGD took place recently as did an expansion of the 
DNA transposon hAT-Ac family. With these findings, we 
were able to make several inferences about the early effects 
of WGD.

First, A. sudhausi differs from its relatives not just by the 
presence of a WGD, but by its (relatively) gigantic body size 
(fig. 1B–E). We hypothesize the large body size is due to the 
WGD that is specific to A. sudhausi. WGD is known to have 
an effect on body size although this differs depending on 
the lineage (Otto and Whitton 2000). In plants, it some-
times has an effect, but given the ancestral nature of 
most WGD events uncertainties remain (Clark and 
Donoghue 2018). In animals, the consensus is that WGD 
drives an increased body size in invertebrates, but not in 
vertebrates. Indeed, the evidence of WGD driving increased 
invertebrate body size is from studies long ago, where posi-
tive correlations between WGD and body size were seen in 
rotifers (Walsh and Zhang 1992), water fleas (Weider 
1987), and even in nematodes (Madl and Herman 1979; 
Triantaphyllou and Riggs 1979). Flemming et al. (2000) pre-
viously showed endoreduplication drives an increased body 
size in nematodes. We, therefore, theorize the increased 
body size of A. sudhausi (fig. 1B–E) is due to the WGD.

Second, a benefit of evaluating a recent WGD is that the 
majority of genes have not yet diverged. This enabled us to 
determine if there was functional bias in the fate of ohno-
logs by examining which Pfam domains and KEGG path-
ways are more likely to be lost. We deemed two-copy 
orthogroups from A. sudhausi to be retained ohnologs 
and one-copy orthogroups to be nonfunctionalized genes. 
It can be argued that the lack of an identified duplicate 
could also be due to neofunctionalization. However, neo-
functionalization is far rarer than nonfunctionalization 
(Moriyama and Koshiba-Takeuchi 2018). Thus, as we exam-
ined a large dataset, we feel confident the trend reflects 
nonfunctionalized genes. We found genes involved in me-
tabolism, transportation, or those that encoded enzymes 
were significantly more likely to lose their duplicate after 
WGD (fig. 2E and G), which is consistent with results 
from other organisms. For instance, duplicate genes in-
volved in metabolism and transport were also more likely 
to be lost in both humans and mice (Shiu et al. 2006). 
Additionally, ohnologs encoding enzymes were more likely 

to lose their duplicate in Arabidopsis thaliana (Seoighe and 
Gehring 2004). Thus, there appears to be some conserved 
functional bias across different kingdoms, potentially due 
to a shared underlying molecular basis. Studies have sug-
gested that housekeeping genes are less likely to be re-
tained while those with regulatory functions are more 
likely to be retained after duplication (Birchler et al. 2005; 
Shiu et al. 2006). This is believed to be due to differences 
in haplosufficiency or dosage sensitivity (Papp et al. 2003; 
Kondrashov and Koonin 2004). To support this, 
Kondrashov and Koonin (2004) determined genes encod-
ing enzymes are highly haplosufficient, meaning they are 
far less dosage sensitive and better able to cope with losing 
a duplicate. We, therefore, suggest that dosage sensitivity 
is the main driver in the functional bias of gene fate that ap-
pears to be shared across different kingdoms.

Third, WGD is often followed by an expansion of TEs in 
both plants (Vicient and Casacuberta 2017) and animals 
(Lien et al. 2016; Blanc-Mathieu et al. 2017). Along these 
lines, we found a striking abundance of TEs in A. sudhausi 
(fig. 4A). TEs are subdivided into two classes: Class 1 retro-
transposons and Class II DNA transposons (Makalowski 
et al. 2019), with the latter being most prevalent in A. sud-
hausi (fig. 1B). Studies have shown that TEs can play import-
ant roles in regulation, with their ability to produce novel 
networks and genes via mobility and insertion, or by gener-
ating new splice sites (Cosby et al. 2021). They are also in-
volved in regulatory processes (Chénais et al. 2012), 
including the regulation of duplicate genes (Lisch 2013; 
Tan et al. 2021), meaning they may play important roles 
after WGD. The abundance of DNA transposons in A. sud-
hausi can largely be put down to the hAT-Ac family (fig. 4C 
and D), which falls under the ancient hAT superfamily 
(Arensburger et al. 2011). DNA/hAT is found in plants, ani-
mals, and fungi (Rubin et al. 2001), and has been shown to 
be a driver of evolutionary events. For example, DNA/hAT 
contributed highly to exon shuffling to generate novel 
genes in tetrapods (Cosby et al. 2021). DNA/hAT is active 
and recently expanded in the bat genus Myotis, which 
has high plasticity and diversification (Ray et al. 2006). 
Additionally, a DNA/hAT element is involved in neofunctio-
nalization in X. laevis (Hayashi et al. 2022). In A. sudhausi, 
we determined the DNA/hAT-Ac family expanded very re-
cently based on pairwise analysis (fig. 4E) and infer that, if 
autopolyploidization led to WGD, the expansion only hap-
pened afterward. As the DNA/hAT superfamily has been 
shown to contribute to various evolutionary processes, 
they may also be modulating A. sudhausi after the WGD 
event. Interestingly, a recent study revealed that the 
Homeobox and zf-C2H2 domains sometimes fuse with 
transposons to drive novelty and evolution in tetrapods 
(Cosby et al. 2021). As these domains show high retention 
in A. sudhausi ohnologs (fig. 2E), they may potentially work 
together with DNA/hAT-Ac to drive novelty. However, 
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further work is necessary to investigate this and the overall 
role of DNA transposons in regulating WGD and driving 
evolutionary processes.

Finally, the A. sudhausi system has many advantages for 
genetic analysis. Firstly, it is a self-fertilizing hermaphroditic 
nematode system. This means it has the benefits of short 
generation times and easy maintenance in an isogenic 
study system. Secondly, it behaves like a diploid with two 
alleles needing to be knocked out in both genes. 
Diploidization, the reversion of a polyploid system back to 
a diploid one, is a well-known, although not well under-
stood, phenomenon that commonly occurs following 
WGD (Wolfe 2001). Lastly, we have CRISPR/Cas9 available 
to generate mutants. With this tool, it is possible to examine 
the phenotypic effects of genes. This is particularly useful 
for examining potential differences in gene fate. For ex-
ample, neofunctionalized genes could be identified using 
this approach.

WGD has also been recorded in other nematodes, al-
though it does not seem to be a common phenomenon. 
It has been well-studied in the plant parasitic genus 
Meloidiogyne, especially in the triploid M. incognita, which 
arose via allopolyploidization (Blanc-Mathieu et al. 2017; 
Szitenberg et al. 2017). Interestingly there has also been 
an expansion of TEs following WGD in these species 
(Blanc-Mathieu et al. 2017). In particular, a high abundance 
of DNA transposons was found in M. incognita, which is 
thought to drive genomic plasticity (Kozlowski et al. 
2021). Additionally, WGD has been identified in the tetra-
ploid plant parasite Heterodera glycines (Triantaphyllou 
and Riggs 1979). Only one other free-living nematode 
genus has been shown to undergo WGD to our knowledge, 
the panagrolaimid nematodes that underwent allopolyploi-
dization (Schiffer et al 2019). The study of WGD in all these 
nematodes has added to our repertoire of knowledge and 
provides a useful comparative approach. However, of the 
known nematodes that underwent WGD, A. sudhausi is 
the only diploid and the only one in which CRISPR/Cas9 
tools have been optimized, making it ideal for genetic 
analysis.

One unanswered question is how the WGD took place; 
whether it was a case of auto- or allopolyploidization. In 
Meloidogyne (Blanc-Mathieu et al. 2017) and panagroilai-
mid (Schiffer et al 2019) nematodes, the duplication was 
shown to be due to allopolyploidization. This was deter-
mined by comparing the genomes of a number of closely 
related species. Unfortunately, we only have one strain of 
A. sudhausi available and no other closely related sister spe-
cies other than A. seani at hand, although we and others 
did multiple sampling trips to the type locality and related 
regions to find more strains. Additionally, A. seani and A. 
sudhausi diverged long ago based on the ortholog analysis 
(fig. 3A), meaning it is also not the best comparison. 
Although other species of Allodiplogaster have been 

reported, many are hard to keep in laboratory cultures 
and most are not available as a living material. Without 
more closely related species we cannot in full confidence 
make inferences about the origin of the WGD. Thus, the 
lack of other strains and more closely related species is 
the biggest limitation in using A. sudhausi. Comparative 
approaches would benefit from having more closely related 
systems at hand in order to better characterize the effects 
and origin of WGD. While this is a downside, few other ani-
mal systems have such closely related species.

There are a number of interesting avenues of research 
that could be followed in the future. The generation of re-
porter lines in A. sudhausi would enable us to see if ohno-
logs show differences in where they are expressed, as 
sometimes happens in subfunctionalization (Force et al. 
1999). Another possibility is to examine the impact of dos-
age sensitivity, potentially by knocking out only one ohno-
log and evaluating fitness consequences. An interesting 
avenue of research is to determine if there is any novelty 
in A. sudhausi besides the aforementioned increase in 
body size. WGD potentially drives evolution (Ohno 1970), 
while TEs drive genomic plasticity and phenotypic change 
(Faino et al. 2016; Kozlowski et al. 2021). It would, there-
fore, be interesting to examine if any phenotypic changes 
have been driven by these processes, particularly as A. sud-
hausi already displays phenotypic plasticity as a mouth- 
form polyphenism (Fürst von Lieven 2008).

In conclusion, we show a recent WGD and DNA trans-
poson expansion occurred in a free-living hermaphroditic 
nematode. We, therefore, provide another organism to 
join the small number of recorded animals that underwent 
WGD. As most recorded WGD events are ancient, the re-
cency of this event allows analysis into genes that are still 
mostly redundant. With this study, we contributed further 
evidence to the body of work that examines WGD events 
and their impacts, particularly in animals.

Materials and Methods

Nematode Maintenance and Inbreeding

The following nematodes and laboratory strains were used 
in this study: C. elegans N2 (C. elegans Genetics Center); P. 
pacificus PS312 (Sommer et al. 1996), A. sudhausi SB413 
(Bar-Eyal et al. 2008; Fürst von Lieven 2008), and A. seani 
RS1982 (Kanzaki et al. 2015). Note that A. sudhausi was 
originally described as Koerneria sudhausi. The taxonomic 
status of the genus Koerneria was recently revised, result-
ing in a split into the genera Koerneria and 
Allodiplogaster (Kanzaki et al. 2014). All strains were main-
tained on nematode growth medium (NGM) agar plates 
(Sommer et al. 1996). For inbreeding, a single late J4 stage 
hermaphrodite was moved to a fresh new plate to lay eggs. 
This step was repeated for 10 generations to eventually 
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isolate an inbred isogenic line that was used for subsequent 
downstream applications under the strain designation 
SB413B.

DNA Extraction and Sequencing

Allodiplogaster sudhausi nematodes were washed off of 
100 NGM agar plates using M9 buffer and pelleted by cen-
trifugation at 1,300 × g for 1 min. The pellet was washed 
twice in M9 before worms were frozen in liquid nitrogen 
and ground to a fine powder using a mortar and pestle. 
The powder was directly transferred into the lysis buffer 
from the QIAGEN genomic DNA extraction kit, which was 
used in combination with QIAGEN genomic tip columns 
(500/G) (QIAGEN, Hamburg, Germany). The protocol was 
performed following the manufacturer’s instructions. All 
steps involving vortexing of the sample were replaced by in-
version to limit unwanted DNA shearing. DNA quality and 
quantity were determined with a NanoDrop ND 1000 spec-
trometer (PeqLab, Erlangen, Germany), a Qubit 2.0 
Fluorometer (Thermo Fisher Scientific, Waltham, USA), 
and by a Femto pulse system (Agilent, CA, USA). A total 
of 20 μg A. sudhausi genomic DNA was sheared to a target 
fragment size of 45 kb using a needle. A 45-kb template li-
brary was prepared using the BluePippin size-selection sys-
tem according to the manufacturer’s protocol (P/N 
100-286-000-07, Pacific Biosciences, California, USA). 
The final library was sequenced on a Pacific Biosciences 
Sequel instrument following the Magbead loading protocol 
and version 1.2.1 sequencing kits. A total of two SMRT cells 
(version 1.2.1) generated 40 Gb (100-fold coverage).

Genome Assembly and Evaluation

Raw long-read data were assembled using Canu version 
1.8 (Koren et al. 2017). The completeness of the genome 
assembly was evaluated using the BUSCO software (version 
3.0.1, with the -m genome option against the nematode 
odb9 dataset) (Simão et al. 2015). To investigate the 
sequencing coverage distribution, we downloaded previ-
ously generated Illumina sequencing data from the 
European Nucleotide Archive (Accessions: ERR2208557, 
ERR2208558, SRR12424054, and SRR12424056) 
(Sieriebriennikov et al. 2018; Casasa et al. 2021) and 
aligned these reads against the A. sudhausi genome with 
BWA mem program (version 0.7.17) (Li and Durbin 
2009). The coverage profiles were generated from the 
resulting alignment files by the samtools depth program 
(version 0.1.18) (Li et al. 2009).

Gene Annotations

We generated a transcriptome assembly of mixed-stage 
RNA-seq data from A. sudhausi with the help of the 
Trinity program (version 2.2.0, with the –normalize_reads 
option) (Grabherr et al. 2011). This transcriptome assembly 

was combined with the community-curated gene annota-
tions of P. pacificus (El Paco gene annotations version 3) 
(Athanasouli et al. 2020) to generate evidence-based 
gene annotations for A. sudhausi. Specifically, both data-
sets were aligned against the A. sudhausi assembly by the 
exonerate program (version 2.2.0, with –bestn 2 –dnawor-
dlen 20 –maxintron 20,000 options) (Slater and Birney 
2005). Subsequently, the alignments were processed by 
the PPCAC software (version 1.0) to select one representa-
tive gene model with the longest open reading frame per 
locus (Rödelsperger 2021). Final gene annotations were as-
sessed by the BUSCO software (version 3.0.1, with the -m 
prot option against the nematode odb9 dataset) (Simão 
et al. 2015; Rödelsperger 2021).

Chromosome Staining

We made a 1:100 dilution of 20 mM Hoechst 33342 dye 
(Chazotte 2011) in sperm salts (50 mM PIPES, 25 mM 
KCl, 1 mM MgSO4, 45 mM NaCl, 2 mM CaCl2, pH 7). 
10μl of this solution was then pipetted onto a microscope 
slide. Ten adult hermaphrodites were moved onto the solu-
tion. A surgical blade was used to decapitate the heads of 
the worms (cutting right below the pharynx). This resulted 
in the gonadal arms being pushed out due to the internal 
pressure, freeing them from the worm body. A cover slip 
was then placed on top and the worms were imagined 
using a Nomarsky DIC microscope and the chromosomes 
were subsequently counted.

Comparative Genomic Analysis, KEGG, and Pfam 
Annotations

For comparative genomic analyses, we compiled additional 
protein data for A. seani, P. pacificus (El Paco gene annota-
tions version 3) (Athanasouli et al. 2020), and C. elegans 
(WormBase ParaSite version WBPS16) (Howe et al. 2016). 
The dataset for A. seani was generated from mixed-stage 
RNA-seq data and was assembled with the Trinity program 
(version 2.2.0, with the –normalize_reads option) (Grabherr 
et al. 2011). To reduce isoform information, we selected 
the assembled transcript with the longest open reading 
frame per Trinity gene and further clustered protein se-
quences with the cd-hit program (version 4.3) (Li and 
Godzik 2006). Protein domains were annotated by the 
hmmsearch program (version 3.3, with -E 0.001 option) 
using the Pfam-A data (version 3.1b2) as target database 
(Bateman et al. 1999). Clusters of orthologous genes 
were generated by the OrthoFinder software (version 
2.5.2). From the resulting orthogroups, we extracted 
orthogroups with ohnologs (orthogroups with two A. sud-
hausi copies and at most one copy in A. seani) and 
orthogroups with A. seani orthologs (either one or two cop-
ies in A. sudhausi and one copy in A. seani). dN and dS va-
lues were computed from intraspecies pairs of the ohnolog 
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orthogroups and cross-species pairs of the orthogroups 
with A. seani orthologs. This was done by aligning protein 
sequences with MUSCLE (version 3.8.31) (Edgar 2004), 
conversion into codon alignment with PAL2NAL (version 
14) (Suyama et al. 2006), and divergence estimation with 
the codeml program of PAML (version 4.9) (Yang 2007). 
Metabolic pathway annotations were generated by identi-
fication of orthologs in the KEGG database using the blas-
tkoala web application (with the “eukaryotes” and 
“family_eukaryotes” values for taxonomic group and data-
base level, respectively) (Kanehisa et al. 2016). Genes with 
orthologs in the KEGG database were then annotated with 
the corresponding KEGG accessions.

Ohnolog Expression

The FPKM values were calculated from the A. sudhausi 
transcriptome. This was done by 1) Summing up the total 
number of reads and dividing by 1 × 106 to get the scaling 
factor (per million), 2) Dividing each read count by the scal-
ing factor, 3) Dividing these values by the length of each 
gene (in kb). This was calculated separately for four bio-
logical replicates. The mean value for each gene was then 
calculated to get the FPKM. Fold change was calculated 
by dividing one ohnolog by its duplicate. To examine pos-
ition bias of ohnologs on contigs, we first filtered for con-
tigs that had ≥ 10 ohnologs. We then examined the 
distribution of ohnologs on the contigs (by referring to 
the assembly) and calculated the percentage of DE ohno-
logs (absolute log2(FC) ≥ 1) for each contig.

Repeat Annotation

We used RepeatModeler2 (version 2.0.1, parameters: 
-LTRstruct) (Flynn et al. 2020) for de novo repeat detection 
in A. sudhausi and compared the TE content with available 
TE data for P. pacificus (Athanasouli and Rödelsperger 
2022) and C. elegans. The C. elegans TE dataset was cre-
ated using RepeatMasker’s incorporated libraries (para-
meters: -species worm) (A.F.A. Smit, R. Hubley, and 
P. Green, http://repeatmasker.org/). Based on the 
RepeatModeler2 classification, we calculated the percent-
age of the genome coverage by repeat elements as well 
as the overall length of the TEs and simple repeats across 
the three species. We investigated the span of the super-
families present in A. sudhausi for the four major TEs orders 
(DNA transposons, LINEs, LTRs and SINEs). Furthermore, we 
identified the superfamilies spanning at least 1 Mb in any of 
the 3 species and evaluated the percentage of the genome 
covered by each superfamily in the organisms being com-
pared. To time the DNA/hAT-Ac expansion, we extracted 
DNA/hAT-Ac sequences from the RepeatModeler/ 
RepeatMasker output files and ran all-against-all blastn 
searches (version 2.10.1, with -dust no, -evalue 0.001, 
-qcov _hspperc 80, and -perc_indentity 80 options). 

Pairwise percentage identities were extracted from blastn 
hits between different DNA/hAT-Ac elements (exclusion 
of self-hits) that span at least 100 nucleotides.

CRISPR Injection and dpy-1 Mutant Identification

CRISPR knockouts were generated following the P. pacifi-
cus protocol (Witte et al. 2014). CRISPR RNAs (crRNAs) 
and trans-activating crispr RNA (tracrRNA) (Cat. No. 
1072534) were synthesized by Integrated DNA 
Technologies (IDT), while the Cas9 endonuclease (Cat. 
No. 1081058) was purchased from IDT. The CRISPR/Cas9 
complex was prepared by mixing 0.5 mg/ml Cas9 
nuclease, 0.1 mg/ml tracrRNA, and 0.056 mg/ml crRNA 
in the TE buffer followed by a 10-min incubation at 
37° C. Microinjections were performed in late-stage J4 
hermaphrodites following standard practice using an 
Eppendorf microinjection system. The gRNA 
(CTCAAAGAGAACTCCAGCTG) sequence was designed 
just before an NGG PAM site and targeted exon six of 
both dpy-1 genes. Gene specific primers were designed 
for both. Transcriptomic reads were mapped against 
the A. sudhausi genome using IGV (Integrative 
Genomics Viewer, version 2.8.9) to see where the 
coding regions were. For dpy-1-A, the forward primer 
F_1 (5′-CTTCAGGCACCCCTCTAGGCA-3′) was designed 
in exon 3 and the reverse R_1 (5′- 
GCAACATGCTCGGCAAGGCT-3′) in exon 6 (amplicon 
size: 650 bp). For dpy-1-B, the forward primer F_2 
(5′-CCCAAACTCATTCGTTGCC-3′) was designed in exon 
2 and the reverse R_2 (5′-CACTTAATTCCACGCTCTTC′-3) 
in the intron between exons 6 and 7 (amplicon size: 
1200 bp). Polymerase chain reactions (PCRs) were run 
using both primer pairs on F1 young adults of injected 
worms. Heterozygotes were identified via Sanger sequen-
cing and homozygous mutants were then obtained by self- 
fertilizing heterozygous F1 to eventually obtain homozy-
gous knock-out mutants.

Phylogeny Generation

A subset of species from Susoy et al. (2015) was edited 
using figTree software v.1.4.4 (tree.bio.ed.ac.uk/software/ 
figtree) to obtain the species tree. For the DPY-1 phylogeny, 
the protein sequence C. elegans DPY-1 isoform a (the long-
est) was obtained from wormbase.org (version WS284). 
This sequence was used to BLAST (Altschul et al. 1990) 
(query type: protein) against selected nematodes on parasi-
te.wormbase.org (version WBPS16). For species belonging 
to the Pristionchus genus, pristionchus.org (version 
2.0.0.rc8) was used to BLAST DPY-1 against the protein da-
tabases. It should be noted that we obtained two copies 
each in P. expectatus and P. arcanus, but believe the copies 
are due to heterozygosity which is common in out-crossing 
species. Thus we only took one copy of each for the 
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phylogeny. The A. sudhausi DPY-1 proteins were 
translated from the best matches in the A. sudhausi 
transcriptome. The DPY-1 protein phylogeny was then 
generated using RAxML version 8.2.12 (raxmlHPC -f a 
-m PROTGAMMAAUTO -p 12345 -x 12345 -N 100) 
(Stamatakis 2014).

Statistical Analysis

Each unique domain or pathway prediction per annotation 
was counted and compared both within and between spe-
cies. A Fisher’s exact test was run using the 2X2 matrix, 
whereby each gene with a given domain/pathway was 
compared against the whole dataset to identify those 
that were significantly different. The P values were adjusted 
using the false discovery rate (FDR). All analyses were per-
formed using RStudio Statistical Software (v1.4.1717; R 
Core Team 2021).

Supplementary material
Supplementary data are available at Genome Biology and 
Evolution online (http://www.gbe.oxfordjournals.org/).
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Fig. S1. A comparison between A. sudhausi and C. elegans predicted Pfam domains 
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Fig. S2. A comparison between the number of domains with 7TM-GPCRs across various 

nematode species shows 7TM-GPCRs are only highly overrepresented in C. elegans and 
Pristionchus species 

 
 

 

 
 
Fig. S3. A KEGG comparison showed an upregulation of the MAPK pathway (04010) in 

A. seani compared to A. sudhausi 
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Fig. S4. The frequency of ribosomal Pfam domains across various nematode species, with 

P. pacificus showing particularly high representation. 
 

 
 
 

 
 
 
Fig. S5. The expression values of the A. sudhausi dpy-1 ohnologs display no significant 

difference from one another (Welch Two Sample t-test, p < 0.05). Error bars indicate 
standard deviation.  
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Table S1. BUSCO analysis of the A. sudhausi and A. seani assemblies. 
 

 
 
 
 
Table S2. Pfam Domains significantly more likely to be retained (i.e. found in ohnologs). 
Determined using the Fisher’s 2x2 matrix.  
 

Domain Accession p value FDR adj. p value 
Homeodomain PF00046.31 0.012 0.0263023255813953 
LRR_4 PF12799.9 0.039 0.0403928571428571 
PDZ PF00595.26 0.008 0.0263023255813953 
zf-C2H2 PF00096.28 0.013 0.0263023255813953 
zf-H2C2_2 PF13465.8 0.005 0.0263023255813953 
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Table S3. Pfam domains significantly more likely to be lost (i.e. found in single copies). 
Determined using the Fisher’s 2x2 matrix 
 

Domain Accession p value FDR adj. p value 
AA_permease PF00324.23 0.038 0.0398313253012048 
AAA_16 PF13191.8 0.041 0.0419647058823529 
AAA_5 PF07728.16 0.031 0.0396455696202532 
ACBP PF00887.21 0.035 0.0396455696202532 
Acyl-CoA_dh_M PF02770.21 0.038 0.0398313253012048 
adh_short PF00106.27 0.023 0.0396455696202532 
adh_short_C2 PF13561.8 0.007 0.0263023255813953 
Aminotran_1_2 PF00155.23 0.005 0.0263023255813953 
An_peroxidase PF03098.17 0.028 0.0396455696202532 
ATPgrasp_ST PF14397.8 0.035 0.0396455696202532 
ATPgrasp_YheCD PF14398.8 0.035 0.0396455696202532 
Beta_helix PF13229.8 0.035 0.0396455696202532 
BTB_2 PF02214.24 0.045 0.0455232558139535 
Calreticulin PF00262.20 0.035 0.0396455696202532 
Calsequestrin PF01216.19 0.035 0.0396455696202532 
Carn_acyltransf PF00755.22 0.008 0.0263023255813953 
Cation_ATPase_N PF00690.28 0.022 0.0396455696202532 
Coatomer_WDAD PF04053.16 0.036 0.0396455696202532 
Diphthamide_syn PF01866.19 0.035 0.0396455696202532 
DO-GTPase2 PF19993.1 0.035 0.0396455696202532 
DUF815 PF05673.15 0.022 0.0396455696202532 
E1-E2_ATPase PF00122.22 0.038 0.0398313253012048 
EFG_C PF00679.26 0.012 0.0263023255813953 
EFG_III PF14492.8 0.012 0.0263023255813953 
EFG_IV PF03764.20 0.005 0.0263023255813953 
Ephrin_rec_like PF07699.15 0.035 0.0396455696202532 
Fer4_7 PF12838.9 0.035 0.0396455696202532 
G-patch PF01585.25 0.028 0.0396455696202532 
GIDA PF01134.24 0.002 0.0263023255813953 
Glyco_transf_7C PF02709.16 0.038 0.0398313253012048 
HSP90 PF00183.20 0.035 0.0396455696202532 
Hydrolase PF00702.28 0.028 0.0396455696202532 
Hydrolase_3 PF08282.14 0.035 0.0396455696202532 
IMPDH PF00478.27 0.035 0.0396455696202532 
Ion_trans PF00520.33 0.049 0.049 
KIF1B PF12423.10 0.035 0.0396455696202532 
Kinesin PF00225.25 0.003 0.0263023255813953 
Kinesin_assoc PF16183.7 0.035 0.0396455696202532 
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KR PF08659.12 0.004 0.0263023255813953 
MCM PF00493.25 0.013 0.0263023255813953 
MCM_lid PF17855.3 0.002 0.0263023255813953 
MCM_N PF14551.8 0.002 0.0263023255813953 
MCM_OB PF17207.5 0.002 0.0263023255813953 
Mg_chelatase PF01078.23 0.028 0.0396455696202532 
Microtub_bd PF16796.7 0.015 0.0296590909090909 
P_proprotein PF01483.22 0.035 0.0396455696202532 
Peptidase_M13 PF01431.23 0.028 0.0396455696202532 
Peptidase_S8 PF00082.24 0.012 0.0263023255813953 
PKD_channel PF08016.14 0.036 0.0396455696202532 
PRELI PF04707.16 0.035 0.0396455696202532 
Prot_ATP_ID_OB PF16450.7 0.012 0.0263023255813953 
Ricin_B_lectin PF00652.24 0.036 0.0396455696202532 
RVT_1 PF00078.29 0.035 0.0396455696202532 
SCP2 PF02036.19 0.012 0.0263023255813953 
SLC12 PF03522.17 0.035 0.0396455696202532 
TatD_DNase PF01026.23 0.035 0.0396455696202532 
TPP_enzyme_C PF02775.23 0.005 0.0263023255813953 
TPP_enzyme_M PF00205.24 0.035 0.0396455696202532 
XPG_I PF00867.20 0.035 0.0396455696202532 
Zeta_toxin PF06414.14 0.035 0.0396455696202532 
4F5 PF04419.16 0.001 0.0263023255813953 
Bravo_FIGEY PF13882.8 0.013 0.0263023255813953 
CERK_C PF19280.1 0.013 0.0263023255813953 
COX6B PF02297.19 0.013 0.0263023255813953 
DHO_dh PF01180.23 0.013 0.0263023255813953 
DUF4139 PF13598.8 0.013 0.0263023255813953 
DUF4140 PF13600.8 0.013 0.0263023255813953 
EF_TS PF00889.21 0.013 0.0263023255813953 
FAD_binding_4 PF01565.25 0.001 0.0263023255813953 
Fer4_21 PF14697.8 0.013 0.0263023255813953 
Gln-synt_C PF00120.26 0.013 0.0263023255813953 
Glyco_hydro_15 PF00723.23 0.013 0.0263023255813953 
Indigoidine_A PF04227.14 0.013 0.0263023255813953 
KASH_CCD PF14662.8 0.013 0.0263023255813953 
KPBB_C PF19292.1 0.013 0.0263023255813953 
Lyase_1 PF00206.22 0.013 0.0263023255813953 
P-mevalo_kinase PF04275.16 0.013 0.0263023255813953 
PTPlike_phytase PF14566.8 0.013 0.0263023255813953 
Ribosomal_L13 PF00572.20 0.013 0.0263023255813953 
SRCR PF00530.20 0.013 0.0263023255813953 



 8 

TPP_enzyme_N PF02776.20 0.013 0.0263023255813953 
XPG_N PF00752.19 0.013 0.0263023255813953 

 
 

Table S4. KEGG pathways significantly more likely to be retained (i.e. found in ohnologs). 
Determined using the Fisher’s 2x2 matrix.  
 

KEGG Pathway KEGG Description p value FDR adj. p value 
03018 RNA degradation 0.025 0.0312 
03022 Basal transcription factors 0.026 0.0312 
04120 Ubiquitin mediated proteolysis 0.005 0.024 
04144 Endocytosis 0.010 0.03 
04150 mTOR signaling pathway 0.006 0.024 

 
 

Table S5. KEGG pathways significantly more likely to be lost (i.e. found in single copies). 
Determined using the Fisher’s 2x2 matrix.  

 
KEGG Pathway KEGG Description p value FDR adj. p value 
00030 Pentose phosphate pathway 0.029 0.0316363636363636 
00190 Oxidative phosphorylation 0.006 0.024 
00220 Arginine biosynthesis 0.026 0.0312 
00620 Pyruvate metabolism 0.014 0.0312 

00630 
Glyoxylate and dicarboxylate 
metabolism 0.020 0.0312 

00640 Propanoate metabolism 0.046 0.046 
04146 Peroxisome 0.023 0.0312 

 
 

Table S6. List of Pfam domains predicted for ohnologs with the top 5% highest dN/dS values 
 

Domain Accession Frequency 
BBIP10 PF14777.8 1 
CAP PF00188.28 1 
Chromo PF00385.26 1 
DUF4256 PF14066.8 1 
ECH_1 PF00378.22 1 
GBP PF02263.21 1 
MLANA PF14991.8 1 
Sod_Cu PF00080.22 1 
TTR-52 PF01060.25 1 
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Table S7: Table showing the top 20 ohnolog pairs with the highest dN/dS values (minimum dS ≥  0.01). The corresponding expression values 
and absolute log2(FC) values are also shown. No C. elegans orthologs were found for these ohnologs. 

 
Orthogroup Ohnolog 1  Ohnolog 2 dN dS dN/dS 

Mean 
FPKM 
Ohnolog 1 

Mean 
FPKM 
Ohnolog 2 

Absolute 
log2(FC) 

C.elegans 
ortholog 

OG0017566 ALDISUDHAUS000007547 ALDISUDHAUS000007599 0,10 0,01 9,32 2,14 4,44 1,05 NA 
OG0019875 ALDISUDHAUS000031914 ALDISUDHAUS000031976 0,19 0,02 7,88 0,00 0,11 Inf NA 
OG0020086 ALDISUDHAUS000032896 ALDISUDHAUS000039664 0,08 0,01 7,79 1,99 1,96 0,03 NA 
OG0019055 ALDISUDHAUS000026520 ALDISUDHAUS000030560 0,11 0,01 7,23 0,52 0,10 2,43 NA 
OG0018831 ALDISUDHAUS000024096 ALDISUDHAUS000027749 0,09 0,01 7,02 0,77 1,38 0,85 NA 
OG0020112 ALDISUDHAUS000033025 ALDISUDHAUS000033311 0,09 0,01 6,96 2,18 1,57 0,48 NA 
OG0020269 ALDISUDHAUS000033887 ALDISUDHAUS000035022 0,15 0,02 6,85 2,33 0,31 2,91 NA 
OG0018255 ALDISUDHAUS000019364 ALDISUDHAUS000036621 0,07 0,01 6,71 19,63 19,26 0,03 NA 
OG0018894 ALDISUDHAUS000024662 ALDISUDHAUS000024950 0,09 0,01 6,34 2,39 1,04 1,20 NA 
OG0019818 ALDISUDHAUS000031678 ALDISUDHAUS000039109 0,26 0,04 6,23 7,27 0,26 4,81 NA 
OG0020291 ALDISUDHAUS000034016 ALDISUDHAUS000039894 0,08 0,01 6,22 0,13 0,46 1,78 NA 
OG0014260 ALDISUDHAUS000022716 ALDISUDHAUS000027390 0,06 0,01 6,08 3562,42 3119,11 0,19 NA 
OG0014326 ALDISUDHAUS000024525 ALDISUDHAUS000025343 0,08 0,01 5,95 105,12 119,19 0,18 NA 
OG0019209 ALDISUDHAUS000028500 ALDISUDHAUS000028726 0,06 0,01 5,81 0,99 0,89 0,16 NA 
OG0020125 ALDISUDHAUS000033105 ALDISUDHAUS000037123 0,07 0,01 5,76 0,50 0,59 0,25 NA 
OG0017584 ALDISUDHAUS000007902 ALDISUDHAUS000010320 0,07 0,01 5,71 7,58 5,80 0,38 NA 
OG0014673 ALDISUDHAUS000034782 ALDISUDHAUS000038967 0,12 0,02 5,54 1,00 0,58 0,79 NA 
OG0019969 ALDISUDHAUS000032319 ALDISUDHAUS000033823 0,07 0,01 5,44 3,50 1,12 1,64 NA 
OG0020076 ALDISUDHAUS000032839 ALDISUDHAUS000036366 0,06 0,01 5,38 0,00 0,82 Inf NA 
OG0018895 ALDISUDHAUS000024683 ALDISUDHAUS000028406 0,06 0,01 5,31 1,57 1,58 0,01 NA 
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Table S8: Table showing the top 20 ohnolog pairs with the highest differential expression differences. The top log2(FC) values are all infinite 
due to one ohnolog copy having zero expression. The dN, dS and dN/dS values are also shown, as well as the C. elegans orthologs. 

 

Orthogroup Ohnolog 1  Ohnolog 2 dN dS dN/dS 
Mean 
FPKM 
Ohnolog 1 

Mean FPKM 
Ohnolog 2 

Absolute 
log2(FC) C. elegans ortholog 

OG0010977 ALDISUDHAUS000025105 ALDISUDHAUS000027375 0,00 0,10 0,03 1003,90 0 Inf C26F1,4 (rps-30) 
OG0014240 ALDISUDHAUS000022219 ALDISUDHAUS000026032 0,04 0,01 3,99 308,97 0 Inf   
OG0018098 ALDISUDHAUS000017139 ALDISUDHAUS000018536 0,01 0,25 0,06 298,47 0 Inf   
OG0020253 ALDISUDHAUS000033770 ALDISUDHAUS000037970 0,03 0,17 0,18 164,75 0 Inf   
OG0017709 ALDISUDHAUS000010158 ALDISUDHAUS000022172 0,02 0,12 0,19 66,55 0 Inf   
OG0006834 ALDISUDHAUS000021463 ALDISUDHAUS000021814 0,01 0,12 0,05 59,86 0 Inf K10C3,2 (ensa-1) 
OG0004688 ALDISUDHAUS000006992 ALDISUDHAUS000008228 0,00 0,09 0,00 57,63 0 Inf R13A5,8 (rpl-9) 
OG0017689 ALDISUDHAUS000009667 ALDISUDHAUS000023377 0,06 0,07 0,79 43,59 0 Inf   
OG0009384 ALDISUDHAUS000029847 ALDISUDHAUS000031626 0,00 0,17 0,00 38,64 0 Inf Y41E3,8a 
OG0007269 ALDISUDHAUS000033948 ALDISUDHAUS000039075 0,00 0,14 0,03 32,29 0 Inf Y37D8A,14 (cox-5A) 
OG0017562 ALDISUDHAUS000007512 ALDISUDHAUS000019487 0,59 1,29 0,46 29,01 0 Inf   
OG0019745 ALDISUDHAUS000031316 ALDISUDHAUS000033468 0,03 0,08 0,35 27,88 0 Inf   
OG0019571 ALDISUDHAUS000030628 ALDISUDHAUS000033858 0,21 0,55 0,39 26,00 0 Inf   
OG0020406 ALDISUDHAUS000034697 ALDISUDHAUS000036548 0,02 0,16 0,11 23,04 0 Inf   
OG0007582 ALDISUDHAUS000032431 ALDISUDHAUS000037466 0,00 0,23 0,02 20,99 0 Inf C32E8,3 (tppp-1) 
OG0020192 ALDISUDHAUS000033511 ALDISUDHAUS000040026 0,02 0,03 0,68 20,75 0 Inf   
OG0020603 ALDISUDHAUS000036095 ALDISUDHAUS000038387 0,07 0,04 1,66 20,30 0 Inf   
OG0019197 ALDISUDHAUS000028356 ALDISUDHAUS000038200 0,02 0,10 0,25 19,51 0 Inf   
OG0006166 ALDISUDHAUS000007646 ALDISUDHAUS000008647 0,00 0,16 0,00 18,34 0 Inf F39B2,2 (uev-1) 
OG0017753 ALDISUDHAUS000011072 ALDISUDHAUS000025136 0,32 0,15 2,17 18,17 0 Inf   
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Table S9. Successful CRISPR mutants with their exact mutations listed. Most mutants came from the same injected P0 worm A. Two double 
mutants were obtained from one injection. Both these mutants had a dumpy phenotype, despite being in-frame. The mutations in their sequence 
are listed, with the parts containing the gRNA sequence underlined. The majority of mutations were deletions. The strain and allele names of the 
lines that were frozen is listed.    
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Abstract

Adaptation of organisms to environmental change may be facilitated by the creation of new

genes. New genes without homologs in other lineages are known as taxonomically-

restricted orphan genes and may result from divergence or de novo formation. Previously,

we have extensively characterized the evolution and origin of such orphan genes in the

nematode model organism Pristionchus pacificus. Here, we employ large-scale transcrip-

tomics to establish potential functional associations and to measure the degree of transcrip-

tional plasticity among orphan genes. Specifically, we analyzed 24 RNA-seq samples from

adult P. pacificus worms raised on 24 different monoxenic bacterial cultures. Based on

coexpression analysis, we identified 28 large modules that harbor 3,727 diplogastrid-spe-

cific orphan genes and that respond dynamically to different bacteria. These coexpression

modules have distinct regulatory architecture and also exhibit differential expression pat-

terns across development suggesting a link between bacterial response networks and

development. Phylostratigraphy revealed a considerably high number of family- and even

species-specific orphan genes in certain coexpression modules. This suggests that new

genes are not attached randomly to existing cellular networks and that integration can hap-

pen very fast. Integrative analysis of protein domains, gene expression and ortholog data

facilitated the assignments of biological labels for 22 coexpression modules with one of the

largest, fast-evolving module being associated with spermatogenesis. In summary, this

work presents the first functional annotation for thousands of P. pacificus orphan genes and

reveals insights into their integration into environmentally responsive gene networks.

Author summary

The inference of biological function for genes in newly sequenced genomes heavily relies
on sequence conservation with classical model organisms. Consequently, newly evolved
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orphan genes that do not have homologs will not be associated with any function. Here,
we use coexpression with known genes in order to assign potential functions to orphan
genes in the nematode Pristionchus pacificus. To this end, we generated transcriptome
profiles of P. pacificus worms that were grown on 24 different bacteria and clustered the
genes into 28 large coexpression modules which contain thousands of orphan genes. Inte-
grative analysis could associate most coexpression modules with biological processes or
tissues, which results in the first functional annotation for thousands of orphan genes.
Complementary analysis of gene ages shows that modules associated with female repro-
duction are highly constrained whereas a male-reproductive module is much more likely
to integrate new genes, which could possibly be explained by sperm competition. This
links sexual conflict with gene network evolution and environmental regulation.

Introduction

The evolution of phenotypic diversity across all domains of life has been accompanied by the
formation of new genes. As a result, up to one third of the gene content in extant genomes con-
sists of orphan genes that lack homologs in other taxonomic lineages [1]. Although the defini-
tion of these taxonomically-restricted orphan genes is context-dependent and the numbers of
identified orphan genes will vary with the phylogenetic resolution and methods for homology
detection, orphan genes exist in any given genome [2]. Orphan genes may reflect ancient
genes that evolve so fast that homology cannot be detected [3]. Alternatively, orphan genes
may arise de novo from previously non-coding sequences [4,5]. This has been demonstrated in
multiple taxonomic groups including vertebrates [6,7], insects [8,9], nematodes [10,11], yeast
[12,13], and plants [14,15]. Horizontal gene transfer can be considered as a third mechanism
that would lead to the generation of orphan genes [16,17]. The origin of orphan genes can
most conclusively be studied for relatively recent gene births because potentially neutrally
evolving ancestral sequences may degenerate very fast in sister taxa rendering homology detec-
tion impossible [18]. Thus, to what extent more ancient orphan genes arose from divergence
or de novo formation is currently not known. Another important question concerns the bio-
logical functions of orphan genes. Given that large-scale experimental screens for possible
functions are only possible in a limited number of model species [19,20] and that inference of
function based on sequence conservation is not possible, most orphan genes have no known
function. It has been hypothesized that new genes play a role in adapting to changing environ-
ments [21], but this is only supported by limited data [22,23]. In this study, we want to test this
hypothesis in the nematode model organism Pristionchus pacificus by exploring the transcrip-
tomic changes after exposure to different bacteria. P. pacificus is a free-living nematode that
was initially established as a model system for comparative studies with the classical model
organism Caenorhabditis elegans [24]. C. elegans and P. pacificus were estimated to have shared
the last common ancestor around 130–310 million years ago [25]. Numerous studies have
revealed conserved and divergent patterns across development [26], neurobiology [27], and
behavior [28]. When the genome of P. pacificus was sequenced, around one third of its genes
were classified as orphan genes that do not have any homolog outside the diplogastrid family
[29]. By sequencing nine additional diplogastrid genomes, we established a phylogenomic
framework to assign these orphan genes into phylostrata and to study their evolutionary
dynamics and origin at the inter- and intra-species level [30,31]. These studies confirmed
trends such as little expression evidence of orphan genes, rapid evolution, and high turnover
which were also found in genomic studies of other animals and plants [32,33]. In contrast to
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the broad understanding of new gene evolution in Pristionchus nematodes, only two orphan
genes have been experimentally characterized. The first orphan gene, dauerless, was identified
in a screen to dissect the genetic basis of natural variation in dauer formation [34]. The dauer
stage represents an alternative developmental stage in most nematodes that allows the worms
to survive unfavorable environmental conditions for extended time periods. Overexpression
of dauerless results in the suppression of dauer formation and it has been speculated that the
ability to regulate dauerless dosage might provide individual strains an advantage during intra-
specific competition [34]. The second orphan gene, self-1, encodes a micropeptide that was
identified in a screen for killing behavior. Knockouts or modifications of self-1 resulted in a
loss of self-recognition and led to killing by relatives. These two cases demonstrate that Pris-
tionchus orphan genes are involved in important developmental decisions and in the evolution
of novel behaviors. To complement this detailed functional knowledge of a very limited num-
ber of orphan genes with broader functional data on a genome-wide scale, we employ expres-
sion data as a proxy for function. This is under the assumption that in order to carry out a
certain function, a gene must be expressed at a given condition. Furthermore, large-scale
expression data can be used to group genes into functional modules and to transfer functional
annotations based on coexpression [35–37]. Specifically, we aim to investigate the P. pacificus
transcriptome in response to different microbiota which denote the assemblage of microor-
ganisms present in a defined environment [38]. Environmental bacteria can interact with
nematodes in a variety of different ways such as serving as food source [39], constituents of the
gut microbiome [40], or pathogens [41]. Here, we focus on the transcriptomic response to 24
different bacteria, most of which were isolated previously from Pristionchus-associated envi-
ronments [42]. These bacteria are non-pathogenic in the sense that worm populations can sur-
vive for at least several days [42]. This is in contrast to highly pathogenic strains that can kill
complete worm populations within a few hours [41]. Our main goals are to group P. pacificus
genes into functional modules that respond differently to environmental microbiota, to char-
acterize these modules, and finally to test whether some of these modules are enriched in
orphan genes. This will allow us to better understand the plastic response to diverse environ-
mental microbiota and to further elucidate the regulation and evolution of the associated gene
networks.

Results

The transcriptomic response of nematodes to various microbiota does not
strictly reflect bacterial phylogeny

To investigate the transcriptomic response of P. pacificus to different environmental micro-
biota, we grew worms on monoxenic cultures of 24 bacterial strains that included commonly
used food bacteria such as Escherichicha coli OP50 and HB101 as well as 22 bacterial strains
that were previously isolated from Pristionchus-associated environments [42]. The selected
bacteria represent Alpha-, Beta-, Gammaproteobacteria as well as Flavobacteriia. A single
RNA-seq data was generated per bacterial strain from 50 young adult worms that were manu-
ally picked from mixed-stage cultures (see Methods). Most transcriptome profiles of worms
grown on different bacteria appeared to be highly similar (Pearson r > 0.9, Fig 1A). One sam-
ple, Wautersiella LRB104, showed a quite distinct transcriptome with correlation coefficients
around 0.8 (Fig 1A and 1B). However, even this outlier shows much higher correlations than
transcriptomes from different developmental stages with correlation coefficients of 0.6 [43,44].
The observed correlation coefficients translate into hundreds to thousands of genes with an
absolute fold change > 2 between the most similar and most dissimilar pair of samples (S1
Fig). Next, we wanted to test whether the transcriptome profiles follow a phylogenetic pattern,
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i.e. are transcriptome profiles of worms grown on bacteria of the same family more similar
than nematode transcriptomes from more distantly related bacteria (Fig 1C). This did not
show significantly higher correlation for transcriptomes from more closely related bacteria
(P = 0.35, t-test) suggesting that the transcriptomic response of nematodes to various environ-
mental microbiota do not strictly reflect phylogeny. This observation could indicate that the
observed differences are driven by factors that are difficult to control (e.g. bacterial concentra-
tion), or alternatively, that strain-specific changes are obscuring family-specific signals. The
latter would be the case if critical metabolic pathways are plasmid encoded and could easily be
horizontally transferred. In summary, P. pacificus nematodes exhibit substantial transcrip-
tomic variation in response to environmental microbiota and these responses do not strictly
reflect the bacterial phylogeny.

Almost half of all genes respond to diverse environmental microbiota

Nematodes interact with bacteria in many different ways involving processes like chemical
attraction and repulsion [45], digestion [39], and detoxification [46]. Moreover, those pro-
cesses can trigger secondary effects on worm development and physiology [47]. Thus, the
response of worms might involve multiple regulatory and metabolic pathways and might
impact many other biological processes. To characterize gene networks that respond to diverse

Fig 1. Transcriptional response to 24 bacterial environments. (A) The heatmap shows the correlation between transcriptomes. Apart from Wautersiella
LRB104 all transcriptomes are highly similar. (B) Complementary analysis using principal component analysis identifies Wautersiella LRB104 as the most
distinct environment. C) The histograms show the distribution of correlation values for comparisons within and across bacterial families. The expression
profiles of P. pacificus worms on bacteria of different families can be more similar than the profile on bacteria of the same family. This suggests that the
transcriptional response does not strictly reflect bacterial phylogeny.

https://doi.org/10.1371/journal.pgen.1010832.g001
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environmental microbiota, we computed coexpression modules from the RNA-seq data using
a widely used graph clustering approach [48]. Based on correlation coefficient of 0.7 (S2 Fig),
we identified 28 large coexpression modules with more than 50 genes (Fig 2 and S1 Table).
The largest modules exhibit relatively drastic changes on only one or few bacteria (mostly
Wautersiella LRB104 and Hafnia LRB17), but also more subtle differences on other bacteria.
For example, genes of module 1 show strongly reduced expression on Wautersiella LRB104,
but also mildly lower expression on some other bacteria. These bacteria yield largely opposite
trends for genes in module 2. Module 3 shows highest expression on the Hafnia strains and
the strongest pattern of module 4 results again from high expression on Wautersiella LRB104.
Also, module 5 shows weak expression on Wautersiella LRB104, Pseudomonas LRB26, and
Hafnia LRB17, whereas module 6 stands out by having high expression on Achromobacter
L35. Given that the most extreme expression differences are frequently observed in the tran-
scriptomic response to Wautersiella LRB104, we compared developmental timing between E.
coli OP50 and both Wautersiella strains (LRB89 and LRB104). This demonstrated that worms
exhibit a developmental delay on both Wautersiella bacteria relative to E. coli OP50 (S3 Fig).
Given that both Wautersiella strains change the developmental timing of P. pacificus worms,
we cannot fully explain why the transcriptomic response to Wautersiella LRB104 differs so

Fig 2. Expression level of environmentally responsive coexpression modules. We visualized the z-score normalized
expression levels for the 28 largest modules across the bacterial environments. Modules with more than 100 genes were
randomly downsampled to 100 genes. While genes of module 4 are most strongly expressed on Wautersiella LRB104,
module 3 shows the highest expression in response to the two Hafnia strains. This demonstrates that environmental
microbiota can modulate specific coexpression modules.

https://doi.org/10.1371/journal.pgen.1010832.g002
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starkly from all the other transcriptomes. To test, how strongly this outlier influences the struc-
ture of the coexpression network and the subsequent analysis, we recomputed coexpression
modules after removing the Wautersiella LRB104 data and compared coexpression modules
across both data sets (S4 Fig). This showed a clear one-to-one correspondence between most
coexpression modules indicating that the structure of the coexpression network is largely
robust. In addition, systematic analysis of coexpression networks that were computed from
subsampled data revealed that with fewer RNA-seq samples, network modules tend to get
larger (S5 Fig). This may be due to two reasons. First, with fewer samples, it is easier to exceed
a given correlation threshold just by chance. Second, with higher numbers of RNA-seq sam-
ples, expression profiles can only become more complex. This will cause splits of larger mod-
ules. Thus, the full data set with all 24 RNA-seq samples yields the most conservative lower
estimate of 14,275 for the number of environmentally responsive genes in large coexpression
modules. That means that almost half of the 28,896 annotated genes in P. pacificus respond to
environmental microbiota.

Coexpression modules exhibit developmental signatures

Bacterial diets can alter the developmental rate in C. elegans and P. pacificus [39,47]. Therefore,
we wanted to test whether the coexpression modules also show a developmental signature. To
this end, we visualized the normalized expression across P. pacificus development [43] for all
genes in the largest coexpression modules (Fig 3). This showed that the coexpression modules
that were obtained from adult worms on different bacteria also exhibit distinct expression pro-
files during development. Furthermore, this developmental signature is very consistent
between most genes of the same module. For example, genes in module 1 are consistently acti-
vated only late in development (>48h, Fig 3). Their expression is preceded by genes in module
2 which consistently increase expression starting from the 40h timepoint (Fig 3). This could
mean that the same network modules control development as well as the response to environ-
mental microbiota. Alternatively, this developmental signature could be an indirect effect of
altered developmental timing. Even if only adult worms were manually picked for RNA extrac-
tion, there might still be differences in the age of these worms. This is because worms may
delay or accelerate their development in response to different bacteria [39,47] and conse-
quently, adult worms that were grown on different bacteria may not be of the same chronolog-
ical age. If the expression of certain modules rather follows the chronological age than the
morphological stage, such modules could potentially cause a similar developmental signature.
However, no matter if the expression profiles represent immediate response to different bacte-
ria or variation in the chronological age of worms, both scenarios would reflect either direct or
indirect consequences of the exposure to different microbial environments.

Coexpression modules have distinct regulatory architecture

The observation of distinct expression profiles among environmentally responsive genes sug-
gests that the coexpression modules might be coregulated by diverse sets of transcription fac-
tors. To test this, we searched for overrepresented motifs in the promoter sequences of the
largest coexpression modules using a de novo motif discovery approach as implemented in the
HOMER software [49]. This identified a diverse set of DNA motifs that are highly enriched in
specific modules (S6 Fig). While modules 1,5,7, and 23 show enrichments of the same motifs
(ZBTB32, CUX1, and LIN54), many other coexpression modules have a unique regulatory
architecture with very specific motifs that are only enriched in the given module (e.g. POU5F1
in module 2 and Foxd3 in module 24, S6 Fig). Unfortunately, it is not straightforward to infer
the regulator for a given motif as families of transcription factors might be large and may bind
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very similar motifs [50]. For example, the human zinc finger and BTB domain containing pro-
tein ZBTB32 which binds a motif that is highly enriched in module 1 (S6 Fig) has dozens of
orthologs in the genomes of C. elegans and P. pacificus. However, the most significantly
enriched motif of module 2 has the highest similarity with the motif of POU domain
homeobox transcription factor POU5F1. This family has only three members (unc-86, ceh-6
and ceh-18.) in C. elegans [51] and four in P. pacificus. Similarly, C. elegans ces-1 has a one-to-
one ortholog in P. pacificus. Thus, for individual modules future experimental analysis could
be used to dissect the regulatory relationships at a mechanistic level. Nevertheless, already the
diversity of motifs that are found across different coexpression modules supports that they
have distinct regulatory architecture. In addition, this analysis supports that the genes in a
given module are not only coexpressed, but also coregulated.

3,727 Pristionchus pacificus orphan genes respond to diverse environmental
microbiota

To test to what extent new genes could contribute to the response to diverse environmental
microbiota, we performed a phylostratigraphic analysis to determine the distribution of gene
ages across coexpression modules. Phylostratigraphy is a commonly used method to map gene
birth events to a branch within a species tree by searching for the most distant homolog [52].

Fig 3. Developmental signature of coexpression modules. We visualized the z-score normalized expression levels of
genes in the 28 largest coexpression modules throughout postembryonic development after hatching (0h) on E. coli
OP50 [43]. Modules with more than 100 genes were randomly downsampled to 100 genes. The coexpression modules
show distinct expression profiles suggesting a link between environmental response and developmental regulation.

https://doi.org/10.1371/journal.pgen.1010832.g003

PLOS GENETICS Nematode orphan genes respond to environmental microbiota

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010832 July 3, 2023 7 / 22

https://doi.org/10.1371/journal.pgen.1010832.g003
https://doi.org/10.1371/journal.pgen.1010832


Here, we selected nine additional diplogastrid genomes [30] and the genomes of C. elegans,
Bursaphelenchelus xylophilus [53], Brugia malayi [54], and Trichinella spiralis [55] to assign
genes to phylostrata (S2 Table). Altogether, 10,318 (35.7%) of all genes were defined as diplo-
gastrid family-specific orphan genes (BLASTP e-value< 10−3). Visualization of the distribu-
tion of phylostrata across the coexpression modules shows that almost half of all the genes in
module 2 are diplogastrid-specific orphan genes (Fig 4). Furthermore, among the smaller
modules 20 and 22, we observe relatively high ratios of species-specific orphan genes. This
finding suggests that the integration of new genes into regulatory networks can happen very
rapidly. Alternatively, such genes might represent ancient but rapidly evolving sequences such
as antimicrobial peptides where we underestimate the gene age due to the failure to detect
homologs [3]. In total, 3,727 diplogastrid-specific orphan genes are found among the 28 largest
coexpression modules. As indicated above, this represents a lower estimate for the total num-
ber of environmentally-responsive orphan genes as additional orphan genes are found in
smaller modules (S4 Fig). Relative to the genome-wide fraction of orphan genes (35.7%), this
represents an underrepresentation as only 26.1% of genes in large coexpression modules are
orphan genes (P< 2.2✕ 10−16, Fisher’s exact test). This may be largely explained by the fact
that orphan genes are generally lowly expressed [31]. In our data set, only 66.4% of orphan
genes are expressed whereas this number increases to 88.5% for non-orphan genes.

Fig 4. Phylostratigraphic analysis across coexpression modules. Phylostrata were defined based on the presence of homologs for a given gene in the most
distantly related species. Each phylostratum defines a branch in the phylogeny where a gene likely originated. The barplot shows the distribution of phylostrata
across coexpression modules with the dashed line marking the fraction of diplogastrid-specific orphan genes across all genes. The stars indicate significant
enrichment and depletion of orphan genes based on simulating the integration of new genes to existing network modules (P< 0.01, S7 Fig).

https://doi.org/10.1371/journal.pgen.1010832.g004
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Nevertheless, despite their lower level of expression, our study could demonstrate that thou-
sands of orphan genes are indeed embedded into developmental networks that plastically
respond to diverse microbiota. Further, it identified which of the orphan genes respond to dif-
ferent environments and it established associations between these orphan genes and specific
network modules where they have been embedded.

The major fast-evolving module is associated with spermatogenesis

The distribution of phylostrata across coexpression modules suggests that new genes are not
attached randomly into regulatory networks, i.e. not every module is equally likely to acquire a
new gene. On the contrary, individual coexpression modules are more likely to integrate new
genes than others. To assess the non-randomness in the distribution of diplogastrid-specific
orphan genes, we simulated the integration of new genes into existing networks. Specifically, we
tested a model where all network modules are equally likely to acquire a new gene and a model
where the probability of attachment is proportional to the size of the module (S7 Fig). Basically,
the second model predicts much more accurately the number of orphan genes per module and
it allows to define fast evolving modules with significant enrichments of orphan genes (Modules
2–4, 8, 15, 18, 20, 22, 25, and 27, P< 0.01, S7 Fig and Fig 4). Constrained modules (Modules 1,
5, 7, 9, 13, 23, and 26) were defined analogously as modules that are significantly depleted in
orphan genes. To better characterize the biological differences between such fast evolving and
more constrained modules, we performed overrepresentation analysis of protein domains (S3
Table), metabolic pathways (S4 Table), and other expression data sets [43,56–58]. The expres-
sion data includes 11 sets of regionally expressed genes that were identified from RNA tomogra-
phy along the anterior-posterior axis of individual worms [58]. These analyses were
complemented by tissue enrichment analysis (TEA, S5 Table) using one-to-one orthologs in C.
elegans [59]. The overrepresentation of germline associated regions P6-P8 and TEA support
that the constrained module 1 is associated with oogenesis (Fig 5A and S5 Table). In contrast,
the enrichment of Motile sperm proteins, TEA and expression in sperm-related regions (P5,
P9) associate the fast evolving module 2 with spermatogenesis (Figs S8 and 5A and S5 Table).
Thus, the two largest environmentally responsive coexpression modules represent a constrained
module associated with oogenesis and a fast evolving module that is associated with spermato-
genesis. In C. elegans, the reproductive system is known to plastically respond to changes of
environmental microbiota [60,61]. Thus, it is unsurprising to see the corresponding modules to
respond dynamically to diverse bacteria in P. pacificus. These results also recapitulate previous
findings of signatures of rapid evolution in spermatogenesis-associated genes in C. elegans and
P. pacificus [58,62] This out-of-testis trend of new gene formations was also observed in insects
and mammals and likely reflects a combination between rapid evolution of spermatogenesis-
associated genes and a more permissive chromatin state [63,64].

Thousands of orphan genes can be associated with biological processes or
tissues

The strong support for the association of the two largest coexpression modules with oogenesis
and spermatogenesis motivated us to test if more coexpression modules could be annotated
with biologically meaningful labels. Therefore, we complemented protein domain information
(S8 Fig), spatial transcriptomics (Fig 5A), and TEA (S5 Table) with the overrepresentation of
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Fig 5B) and other P. pacificus
expression gene sets (Fig 5C) [43,47,56,57,65–67]. This allowed us to assign labels for 22 of the
28 largest coexpression modules (Table 1). Please note that these labels are not exclusive but
rather describe the most strongly enriched biological terms. Notably, nine of the coexpression
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modules are associated with the nervous system which is also supported by the patterns of G
protein coupled receptors (GPCRs), neuropeptides, and nuclear hormone receptors (NHRs) (S9
Fig). All these gene classes are thought to be enriched in neurons [68,69]. In addition, we identi-
fied a gland cell related module which captures 17 out of 24 target genes of the regulators of the
mouth-form polyphenism in P. pacificus [70] (S10 Fig). Altogether, this analysis predicts associ-
ations for 13,923 (48%) P. pacificus genes with biological processes and anatomical structures.
This includes predicted associations for 3,556 (35%) of diplogastrid-specific orphan genes.

Comparisons with previous RNA-seq studies reveal interactions between
environmental microbiota and the nervous system

In the current study, we wanted to get a very broad overview of expression changes across a
wide range of bacterial environments. Therefore, we decided to sequence only a single

Fig 5. Transcriptomic and metabolic enrichment of coexpression modules. (A) Coexpression modules show distinct overlaps with regional genes
(P1-P11) that were identified from spatial transcriptomics. (B) Multiple metabolic pathways are enriched in individual coexpression modules. (C)
Coexpression modules were compared with multiple expression gene sets. 16 out of 28 coexpression modules show significant overlap with differentially
expressed genes in previous comparisons of environmental microbiota.

https://doi.org/10.1371/journal.pgen.1010832.g005

Table 1. Biological annotation for coexpression modules. Most coexpression modules could be labeled with biological processes or tissues based on manual inspection
of the results of different overrepresentation analyses.

Module Number of genes Name Evidence

1 3,202 Oogenesis 1 P6-P8, sex-bias, TEA

2 1,995 Spermatogenesis P5+P9, motile sperm proteins, sex-bias, TEA

3 1,735 Intestine 1 Intestine RNA-seq

4 1,618 Nervous system 1 GPCRs, neuropeptides, NHRs, P1-P3, TEA

5 1,099 Oogenesis 2 P6-P8, sex-bias, TEA

6 921 Nervous system 2 GPCRs, Axon regeneration, P2-P3, TEA

7 472 Oogenesis 3 P6-P8, sex-bias

8 388 Nervous system 3 GPCRs

9 346 Muscle / intestine 2 Intestine RNA-seq, TEA

10 304 Cuticle 1 Collagens, oscillation

11 300 Cuticle 2 Collagens, oscillation, TEA

12 253 Nervous system 4 GPCRs, NHRs

13 241 Intestine 3 Fatty acid degradation, drug metabolism, P4

14 235 Nervous system 5 GPCRs, P2, TEA

15 133 Unknown

16 116 Intestine 4 Intestine RNA-seq, P4

17 116 Unknown

18 104 Nervous system 6 TEA

19 94 Nervous system 7 TEA

20 81 Orphan 1

21 80 Intestine 4 Intestine RNA-seq

22 74 Orphan 2

23 72 Oogenesis4 P6-P8, TEA

24 64 Gland cell / mouthform P2, Astacins

25 60 Orphan 3

26 59 unknown

27 57 Nervous system 8 TEA

28 56 Nervous system 9 GPCRs

https://doi.org/10.1371/journal.pgen.1010832.t001
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transcriptome from many different bacterial environments. This is in contrast to previous
studies that focussed on specific interactions between hosts and microbes and defined more
robust transcriptomic changes with regard to the standard diet E. coli OP50 by sequencing
multiple biological replicates [47,65–67]. In order to gain additional support for the environ-
mental regulation of the identified coexpression modules, we quantified how many of the
coexpression modules exhibit associations with sets of significantly differentially expressed
genes in six transcriptomic comparisons of distinct microbial environments including Nov-
sphingobium, Lysinobacillus, E. coli K12, and two Cryptococcus yeast strains [47,65–67]. This
showed significant enrichments for 16 modules with differentially expressed genes in at least
one of the previous studies (Fig 5C). Moreover, we find the intestinal module 9 and the ner-
vous system related module 6 to be most frequently overrepresented. This further supports the
impact of different bacteria on the nematode nervous system with potential consequences on
behavior. Such an effect has been experimentally characterized in P. pacificus for the case of
Novosphingobium bacteria. Feeding on these bacteria accelerates development and makes the
worms more efficient predators of C. elegans [47]. Another example of behavioral modulation
constitutes the effect of a neurotransmitter release by bacteria on C. elegans perception [45].
Notably, six of the nine nervous system related modules are significantly affected in at least
one environmental comparison. This highlights the potential of microbial environments to
modulate the nervous system and behavior.

Discussion

Which genes respond to changing environments? Do orphan genes play a role in adapting to
diverse microbiota? Can we infer potential functions for orphan genes based on coexpression
with known genes? How are new genes integrated into existing biological networks? To study
these questions, we characterized the transcriptomic response of P. pacificus nematodes to 24
environmental microbiota. This analysis let to the identification of 28 large coexpression mod-
ules that contain almost half of all genes in P. pacificus. Further integrative analysis associated
22 of these modules with biological processes or tissues. These modules capture previously
characterized gene sets such as collagens with oscillating expression [43] or target genes of
mouth-form regulators that are expressed in the gland cell [70]. Moreover, these functionally
annotated modules contain 3,556 (35%) of diplogastrid-specific orphan genes, of which a large
fraction is found in the spermatogenesis associated module 2. While sperm associated genes
are known to evolve rapidly [62,71], our study adds evidence that the expression of spermato-
genesis-associated genes can be modulated by different microbiota. One major limitation of
the current study consists in the fact that we only sequenced a single biological replicate per
environment. This strongly limits the usefulness of our data set to dissect the effect of individ-
ual bacterial strains on nematode gene expression. However, we would argue that this does not
undermine our main findings as coexpression signals can still be inferred from such a data set
even if single expression estimates are not robust. In addition, we would like to point out that
since the worms have been grown on selected bacteria, the effect of the bacteria likely accumu-
lates in the nematodes throughout development and might be different from an immediate
transcriptomic response after short time exposure. Thus, the observed differences could par-
tially represent an indirect consequence of altered developmental rates. Even if only young
adults were picked for RNA-seq experiments, we cannot exclude the possibility that the
expression of certain gene modules reflects a chronological age rather than a morphological
age. Future work could elucidate to what extent the transcriptomic responses represent imme-
diate response to different bacteria or developmental variation. In addition, we currently do
not know to what extent different bacteria constitute a diet or could also interact with
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nematodes by colonizing their gut [72]. Nevertheless, despite all these uncertainties, we would
still argue that most of the observed transcriptomic variation represents either direct or indi-
rect responses to different microbial environments.

One of the main achievements of our work constitutes the association of thousands of P.
pacificus genes with biological processes and tissues. This includes thousands of diplogastrid-
specific orphan genes. Of course, this type of functional annotation represents a completely
different level than the knowledge for the two experimentally characterized orphan genes,
where knockout and transgenic lines are available that show organism level phenotypes
[34,73]. Our functional associations rely on the assumption that coexpression implies cofunc-
tionality. Although this is a frequently employed method for functional assignment [35,36],
the example of the out of testis pattern shows that this assumption might not always be true.
Specifically, it has been shown that testis-biased expression of many new genes might be an
effect of an overall permissive chromatin state leading to higher transcriptional complexity
[64]. Thus, our data should rather be considered as a source to generate new hypotheses that
have to be tested experimentally. As such, our functional annotations may be helpful to inter-
pret future transcriptomic studies in P. pacificus. Some of these modules might also be relevant
for studying the polyphenism of the mouth morphology in P. pacificus. This phenomenon has
developed into one of the best studied animal systems for developmental plasticity [74,75].
Our observation of environmentally dependent expression variation in a gland cell related
module that includes many target genes of mouth-form regulators [70] suggests an additional
control layer that is independent of the mouth-form. This is because no bacteria are currently
known that alter the mouth-form ratio in the highly predatory P. pacificus reference strain
PS312 [47]. However, it could well be that the same bacteria can induce the predatory morph
in a different wild isolate with a low or intermediate frequency of the predatory morph.

Another major finding concerns the integration of new genes into existing gene regulatory
networks. Our analysis clearly shows that new genes are not randomly attached to existing
modules, but rather specific modules have much higher propensity to acquire new genes. The
likelihood to integrate new genes may be associated with the biological function of a given
module. For example, while the oogenesis associated modules 1, 5, 7, and 23 are composed of
the oldest gene sets, the spermatogenesis-associated module 2 has one of the youngest gene
contents. The strong difference in evolvability between these two reproductive processes could
be due to strong sperm competition which results from the difference in the number of gam-
etes between both sexes [76]. Another factor could consist in the differential control of trans-
posons between spermatocytes and oocytes resulting in higher potential for molecular
innovation during spermatogenesis [77,78]. Another aspect of network evolution concerns the
timing of events. The presence of many species-specific orphan genes in some coexpression
modules suggests that integration can happen relatively fast. Together with a recent study on
the evolution of the polyphenism network [79], our work reveals first insights into the evolu-
tion of environmentally responsive networks in Pristionchus nematodes and similar studies in
other taxonomic groups could be done to test whether these observations reflect general pat-
terns of gene-regulatory network evolution.

Methods

Bacterial Culture Conditions

All bacterial strains were recovered from glycerol stocks [42] and then plated on nematode
growth medium (NGM) and incubated overnight at 37˚C. From these plates single colonies
were seeded in lysogeny broth (LB) medium and grown overnight at 37˚C in a shaking
incubator.
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Nematode Culture Conditions

The wild type strain of P. pacificus (PS312) was maintained at 20˚C on nematode growth
medium (NGM) seeded with E. coli OP50 before use in experiments [80]. From every genera-
tion, five young adults were transferred to fresh plates with a wormpick.

RNA sequencing

Bleaching was used to synchronize P. pacificus nematodes and to remove E. coli OP50 before
transferring bleached eggs to NGM plates with bacterial strains [80]. These bacterial plates
were obtained by spotting 50 μL of overnight bacterial cultures onto each 6 cm NGM plate
with an L-spreader followed by incubation for 2 days. The concentration of the overnight bac-
terial cultures was quantified by measuring the optical density at 600 nm (OD600). To make
the OD600 of the initial cultures identical, the OD600 of the overnight cultures were measured
and diluted to OD600 = 1 with fresh LB. Worms were grown on these plates at 20˚C and every
generation young adult worms were passaged to fresh bacterial plates. This was done for at
least two generations. From mixed-stage cultures, 50 young adults with only one egg were
manually selected with a wormpick under a binocular microscope into an Eppendorf tube
containing 100 μl M9 buffer and immediately frozen at -80˚C. Total RNA was extracted using
Direct-Zol RNA Mini prep kit from Zymo Research according to the manufacturer’s guide-
lines. RNA libraries were prepared using the Illumina Truseq RNA library prep kit according
to the manufacturer’s guidelines. The libraries were quantified using a combination of Qubit
and Bioanalyzer (Agilent Technologies) and normalized to 2.5 nM. Samples were sequenced
as 150 bp single end reads on multiplexed lanes of an Illumina HiSeq3000 in our inhouse
sequencing facility. Raw reads were depositted at the European Nucleotide archive under the
study accession PRJEB60166.

Developmental timing

Bacterial strains were grown overnight from a single colony in LB medium. The medium was
shaken at 180 rpm and incubated at 30˚C for LRB89 and LRB104 and 37˚C for OP50. These
cultures were spotted on 6-cm NGM plates and were grown for 2 days at RT. Synchronized J2
worms were obtained by bleaching and were put on these NGM plates [80]. Nematode cultures
were grown at 20˚C. 56h later, the distribution of developmental stages was scored based on
the vulval development under a ZEISS SteREO Discovery microscope [47].

Identification of coexpression modules

The raw reads were aligned to the reference P. pacificus genome (version El Paco) with STAR
(version 2.7.3a) and quantified with featureCounts from the Subread R package (version 2.0.1)
using the current gene annotations (El Paco gene annotations version 3) [81–83]. After prefil-
tering the count matrix by removing genes (rows) that have less than 10 reads total, we
retained 23,294 (80.6%) of all P. pacificus genes with some evidence of expression. The read
counts across the different conditions were normalized with the DESeq2 counts function (with
normalized = TRUE option) [84]. The normalized read counts were used to create a coexpres-
sion network with MCL [48]. Different correlation and inflation thresholds were assessed for
the coexpression network, ranging from 0.6 to 0.8 and from 1.5 to 4 respectively. The network
was constructed using a correlation of 0.7 and an inflation threshold of 2. The network mod-
ules containing more than 50 genes were selected for further analysis. To assess the robustness
of module assignments, we recomputed coexpression networks after either removing the out-
lier LRB104 or systematically downsampling the data set. Taking the full coexpression network
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calculated from 24 RNA-seq samples as reference, we evaluated the classification of 10,000 ran-
domly chosen gene pairs from a subsampled RNA-seq data set. For the full and the subsampled
data set, a gene pair was either classified to be part of the same module or not. If a gene pair
was classified as being part of the same module in both data sets, such a pair was classified as
true positive. If a pair was only part of a module in the subsampled data set, but not in the full
data set, this was scored as false positive. True negative and false negative cases were defined
analogously. Subsequently, the positive predictive value (PPV) and negative predictive value
(NPV) for 10 randomly subsampled data sets of a fixed size (S5 Fig). For comparison, the data
set without LRB104 yielded a PPV of 84% and an NPV of 98%.

Motif analysis and phylostratigraphy

To test for overrepresented motifs in the promoter regions, we focused on the 500-bp nucleo-
tide sequence upstream of each annotated gene in a given module. These sequences were
taken as input for the findMotif.pl script of the Hypergeometric Optimization of Motif
EnRichment (HOMER) suite (version v4.10.1) [49]. As a background set, we used the 500-bp
upstream sequences of all the other large coexpression modules. For visualization, we selected
among the significant motifs only one representative motif per known motif match and
applied a cutoff that a motif needs to be present in at least 20% of the promoter regions of a
given module. For analyzing the distribution of phylostrata across coexpression modules, we
assigned a gene to a phylostratum based on the presence of the most distant homolog. For this
purpose, we performed BLASTP searches (e-value < 0.001) of all 28,896 P. pacificus proteins
against protein data of nine diplogastrid genomes (version PPCAC) [30], C. elegans, B. xylophi-
lus, B. malayi, and T. spiralis (WormBase ParaSite version WBPS14) [85]. This identified
10,318 diplogastrid specific orphan genes. To simulate the integration of new genes into exist-
ing network modules, we first defined the ancestral module sizes based on the number of
ancient genes (non-orphan genes) for the 28 large modules. We then simulated the integration
of new genes by either assigning equal probabilities for attachment to all network modules or
by scaling the attachment probability as a linear function of the module size. The second
model predicts much more accurately the number of orphan genes per module (Pearson’s
r = 0.62, S7 Fig). Therefore, we used 100 iterations of the second model to calculate empirical
P-values for the overrepresentation of orphan genes (P< 0.01, Figs S7 and 4).

Compilation of P. pacificus expression gene sets

Sets of 3,502 P. pacificus genes with regional expression were extracted from supplementary
table S3 in [58]. These genes exhibit enriched expression in at least one out of eleven regions
(P1-P11) that were identified by RNA tomography of adult P. pacificus animals. A conversion
table between assembled transcripts (version trinity 2016) and current gene annotations (El
Paco gene annotations V3) were obtained from the supplementary table S10 in [43]. We
extracted the set of 2,964 developmentally oscillating genes from the supplementary table S3 in
[43]. In addition, we reanalyzed P. pacificus RNA-seq data sets to compile candidate genes
with intestinal expression [56], sex-biased expression [57], and differentially expressed genes
in response to altered microbial environments [47,65–67]. For the intestinal data and exposure
to Lysinibacillus, we identified candidate genes by aligning RNA-seq reads to the P. pacificus
reference assembly (version El Paco) with the help of the tophat alignment program (version
v2.0.14, default settings) and testing for differential expression using the cuffdiff program (ver-
sion v2.2.1, P<0.1) [86]. This yielded 723 intestine enriched genes, and 1,959 candidate genes
with differential expression after one hour exposure to Lysinibacillus. For the data sets with
multiple biological replicates [47,57,65,67], we realigned RNA-seq data with STAR (version
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2.7.1a) [81], generated count matrices with the featureCounts function of the subread package
in R (version 3.6.3) [82] and for significant differential expression with the DESeq2 package
(FDR-corrected P<0.05) [84].

Overrepresentation of gene families, metabolic pathways, and expression
sets

To test for overrepresentation of specific gene sets among the coexpression modules, we first
generated protein domain annotations by the hmmsearch program (version 3.3, -E 0.001
option) against the Pfam-A.hmm database (version 3.1b2). Similarly, KEGG annotations were
obtained by identification of orthologs in the KEGG database using the blastkoala web applica-
tion (with the ‘eukaryotes’ and ‘family_eukaryotes’ values for taxonomic group and database
level, respectively) [87]. Genes with orthologs in the KEGG database were then annotated with
the corresponding C. elegans KEGG accessions. From the protein domain predictions, we
identified 1,434 genes with protein domains that were termed as GPCRs and 275 putative
NHR genes based on the presence of the Hormone_recep domain (PF00104). Potential neuro-
peptides were identified by BLASTP search (-evalue 0.001) of 107 C. elegans neuropeptides (flp
and nlp genes) against the current P. pacificus proteins. For 59 C. elegans neuropeptides, we
could identify 85 homologs in P. pacificus of which we only used 38 single copy candidates as
neuropeptide candidates. These annotations were combined with various expression data sets
to perform overrepresentation analysis using the Fisher’s exact-test with multiple testing cor-
rection (FDR corrected P< 106) in R (version 3.6.3).

Annotation of coexpression modules

In order to associate the coexpression modules with biological processes or tissues, we comple-
mented the results of the overrepresentation analysis in P. pacificus with tissue enrichment
analysis (TEA) of C. elegans orthologs [59]. Specifically, C. elegans orthologs of P. pacificus
genes were extracted from the best reciprocal BLASTP hit data set from Athanasouli et al.
(2020) [83] and submitted to the WormBase web interface (https://wormbase.org/tools/
enrichment/tea/tea.cgi, version WS283) [83]. We manually inspected the results of all different
analyses and subjectively assigned biological processes or tissues for a given module. Func-
tional assignments with multiple types of evidence (e.g. Protein domains, spatial transcrip-
tomics, sex-biased expression) should be considered as high confidence associations whereas
associations that are supported by only a single analysis are more uncertain.

Supporting information

S1 Fig. Analysis of the most similar and dissimilar RNA-seq data sets. The scatter plots
show the normalized expression (TPM) for different pairs of samples. As lowly expressed
genes tend to be more variable, we visualized the number of genes with at least two-fold
expression difference across multiple mean expression levels.
(PDF)

S2 Fig. Parameter combinations for MCL clustering. We evaluated the total number of mod-
ules and singleton modules as a function of the inflation factor (I) and correlation coefficient
(r). High r and I values generally increase the number of modules, whereas low r and I parame-
ters generate fewer but larger modules. We decided to use r = 0.7 and I = 2 for the final analy-
sis, because it gave a moderate number of modules with a relatively low number of singletons.
(PDF)
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S3 Fig. Developmental timing on different bacteria. The distribution of developmental
stages 56h after J2 synchronization is shown for P. pacificus worms on E. coli OP50 and two
Wautersiella bacteria (5 biological replicates). Nematodes grow slower on both Wautersiella
strains. The significance level was computed by a χ2 -test (mean P-value from all pairwise com-
parisons).
(PDF)

S4 Fig. Comparison of MCL networks constructed with or without LRB104. The heatmap
shows fraction genes from modules of the complete coexpression network (including LRB104)
that overlap within a given module from the coexpression network without LRB104. For most
modules there exists a 1–1 correspondence between both networks, indicating that the net-
work structure is robust with regard to the Wautersiella LRB104 data set.
(PDF)

S5 Fig. Comparison of Coexpression networks on subsampled RNA-seq data. Taking the
full coexpression network calculated from 24 RNA-seq samples as reference, we evaluated the
classification of 10,000 randomly chosen gene pairs using subsampled RNA-seq data. For the
full and the subsampled data set, a gene pair was either classified to be part of the same module
or not. This allowed us to calculate the positive predictive value (PPV, panel A) and negative
predictive value (NPV, panel B) for 10 randomly subsampled data sets of a fixed size. While
the NPV is always close to 1, the PPV shows drastic differences between the full and subsam-
pled data. This suggests that with fewer RNA-seq samples, additional gene pairs are assigned
to the same coexpression module. However, with additional samples, such modules may be
split into smaller components. Consistently, the number of genes in large modules (N>50) is
much higher for smaller sample sizes (panel C). Panel D shows the number of diplogastrid-
specific orphan genes in large modules.
(PDF)

S6 Fig. Regulatory architecture of coexpression modules. Significantly overrepresented
motifs were identified for each module by the HOMER software. We arbitrarily selected motifs
that occurred in at least 20% of promoters of a given module and visualized their distribution
across all modules. Note that the complementary regulation by less frequent motifs and other
regulatory mechanisms such as microRNAs are not considered here. Sequence logos for each
motif are shown at the right and the labels to the left indicate the best motif match among
known motifs.
(PDF)

S7 Fig. Enrichment analysis for simulated network evolution. We simulated the integration
of novel genes into existing networks by estimating ancestral module sizes based on the num-
ber of ancient genes (non-orphan genes) and then assigning an equivalent number of orphan
genes to existing modules with equal probabilities (panel A and C) and with probabilities that
were proportional to the module size (panel B and D). The scatterplots show the observed and
simulated number of orphan genes per module. The barplots show the median enrichment of
the observed relative to the simulated number of orphan genes (error bars indicate the mini-
mal and maximal values from 100 simulations).
(PDF)

S8 Fig. Overrepresented protein domains in coexpression modules. Specific protein
domains are strongly overrepresented in twelve coexpression modules. The left barplot shows
the number of genes with a given protein domain for each module and the the right bar plot
shows the negative logarithm of the FDR corrected P-value (Fisher’s exact test). The most
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significant association is between Motile sperm proteins (PF00635) and coexpression module
2.
(PDF)

S9 Fig. Distribution of GPCRs, NHRs, and neuropeptides across the coexpression mod-
ules.
(PDF)

S10 Fig. Expression of selected module 24 genes. The heatmap shows the expression of genes
that are shared between module 24 and the target genes of mouth form regulators and addi-
tional module 24 genes with 1–1 orthologs in C. elegans. The C. elegans ortholog of PPA25527
(D1044.3) is reported to be expressed in the gland cell and reporter lines of multiple candidate
genes show expression in the gland of P. pacificus (Sieribriennikov et al. 2020) [70].
(PDF)
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S1 Fig. Analysis of the most similar and dissimilar RNA-seq data sets. The scatter plots
show the normalized expression (TPM) for different pairs of samples. As lowly expressed
genes tend to be more variable, we visualized the number of genes with at least two-fold
expression difference across multiple mean expression levels.



S2 Fig. Parameter combinations for MCL clustering.We evaluated the total number of
modules and singleton modules as a function of the inflation factor (I) and correlation
coefficient (r). High r and I values generally increase the number of modules, whereas low r
and I parameters generate fewer but larger modules. We decided to use r=0.7 and I=2 for
the final analysis, because it gave a moderate number of modules with a relatively low
number of singletons.



S3 Fig. Developmental timing on different bacteria. The distribution of developmental
stages 56h after J2 synchronization is shown for P. pacificus worms on E. coli OP50 and two
Wautersiella bacteria (5 biological replicates). Nematodes grow slower on bothWautersiella
strains. The significance level was computed by a χ2 -test (mean P-value from all pairwise
comparisons).



S4 Fig. Comparison of MCL networks constructed with or without LRB104. The
heatmap shows fraction genes from modules of the complete coexpression network
(including LRB104) that overlap within a given module from the coexpression network
without LRB104. For most modules there exists a 1-1 correspondence between both
networks, indicating that the network structure is robust with regard to theWautersiella
LRB104 data set.



S5 Fig. Comparison of Coexpression networks on subsampled RNA-seq data. Taking
the full coexpression network calculated from 24 RNA-seq samples as reference, we
evaluated the classification of 10,000 randomly chosen gene pairs using subsampled
RNA-seq data. For the full and the subsampled data set, a gene pair was either classified to
be part of the same module or not. This allowed us to calculate the positive predictive value
(PPV, panel A) and negative predictive value (NPV, panel B) for 10 randomly subsampled
data sets of a fixed size. While the NPV is always close to 1, the PPV shows drastic
differences between the full and subsampled data. This suggests that with fewer RNA-seq
samples, additional gene pairs are assigned to the same coexpression module. However,
with additional samples, such modules may be split into smaller components. Consistently,
the number of genes in large modules (N>50) is much higher for smaller sample sizes (panel
C). Panel D shows the number of diplogastrid-specific orphan genes in large modules.



S6 Fig.. Regulatory architecture of coexpression modules. Significantly overrepresented
motifs were identified for each module by the HOMER software. We arbitrarily selected
motifs that occurred in at least 20% of promoters of a given module and visualized their
distribution across all modules. Note that the complementary regulation by less frequent
motifs and other regulatory mechanisms such as microRNAs are not considered here.
Sequence logos for each motif are shown at the right and the labels to the left indicate the
best motif match among known motifs.



S7 Fig. Enrichment analysis for simulated network evolution. We simulated the
integration of novel genes into existing networks by estimating ancestral module sizes based
on the number of ancient genes (non-orphan genes) and then assigning an equivalent
number of orphan genes to existing modules with equal probabilities (panel A and C) and
with probabilities that were proportional to the module size (panel B and D). The scatterplots
show the observed and simulated number of orphan genes per module. The barplots show
the median enrichment of the observed relative to the simulated number of orphan genes
(error bars indicate the minimal and maximal values from 100 simulations).



S8 Fig. Overrepresented protein domains in coexpression modules. Specific protein
domains are strongly overrepresented in twelve coexpression modules. The left barplot
shows the number of genes with a given protein domain for each module and the the right
bar plot shows the negative logarithm of the FDR corrected P-value (Fisher’s exact test).
The most significant association is between Motile sperm proteins (PF00635) and
coexpression module 2.



S9 Fig. Distribution of GPCRs, NHRs, and neuropeptides across the coexpression
modules.



 
S10 Fig. Expression of selected module 24 genes. The heatmap shows the expression of 
genes that are shared between module 24 and the target genes of mouth form regulators 
and additional module 24 genes with 1-1 orthologs in C. elegans. The C. elegans ortholog of 
PPA25527 (D1044.3) is reported to be expressed in the gland cell and reporter lines of 
multiple candidate genes show expression in the gland of P. pacificus (Sieribriennikov et al. 
2020) [1]. 
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Abstract

Background Free-living nematodes such as Caenorhabditis elegans and Pristionchus

pacificus are powerful model systems for linking specific traits to their underlying genetic

basis. To trace the evolutionary history of a candidate gene, a robust phylogenomic

framework is indispensable.

Results In this work, we generated a near chromosome-scale genome assembly of the

nematode Rhabditoides inermis which had previously been proposed as the sister group of

the family Diplogastridae to which P. pacificus belongs. The genome was assembled from a

complex microbial community that consists of multiple bacteria and a fungus of the genus

Vanrija. The R. inermis genome has five chromosomes that likely arose from recent fusions

of different Nigon elements. Phylogenomic analysis grouped R. inermis within a clade

including C. elegans,Mesorhabditis belari and other rhabditids and thus, did not support a

sister group relationship between R. inermis and the family Diplogastridae. Comparative

genomic analyses identified abundant lineage-specific orthogroups which reveal evidence

for parallel expansions of environmentally responsive gene families.

Conclusions. Our work demonstrates the value of the R. inermis genome as a resource for

future phylogenomic analysis and for studying gene family evolution.

1

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 6, 2024. ; https://doi.org/10.1101/2024.08.02.605984doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.02.605984
http://creativecommons.org/licenses/by/4.0/


Keywords: Comparative genomics, evolution, metagenome, Rhabditoides regina,

Pristionchus pacificus, Caenorhabditis, elegans, Vanrija albida

Background

Nematodes are the most abundant animals on Earth and have colonized virtually all

ecosystems including multiple animal and plant hosts [1–3]. In addition, with Caenorhabditis

elegans being a nematode, a vast portion of our biological knowledge originates from basic

nematode research. In order to investigate the extent in which biological processes known

from C. elegans are also conserved in other animals, the free-living nematode Pristionchus

pacificus had been introduced as a satellite model organism for comparative biology [4].

Over the past years, P. pacificus became a more independent model system as new research

directions emerged that are unrelated to previous C. elegans research. This research focused

on an evolutionary novelty of the family Diplogastridae to which P. pacificus belongs.

Specifically, unlike C. elegans and many other nematodes that live in soil habitats and feed

on bacteria, P. pacificus can form teeth-like denticles in its mouth that allow killing and

predation [4]. This predatory form is one of two alternative mouth forms, an example of

developmental (phenotypic) plasticity without any intermediate morphologies [5]. The

stenostomatous (St) morph forms a single tooth with a narrow stoma resulting in strict

bacterial feeding. In contrast, the eurystomatous (Eu) form has two teeth with a wider

stoma, which, in addition to feeding on bacteria, can also kill other nematodes. Research of
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developmental plasticity and predatory feeding behaviors have established P. pacificus as a

completely independent model system [6, 7]. The mouth-form dimorphism has become a

major model to investigate the molecular mechanisms regulating developmental plasticity,

resulting in the identification of a complex gene regulatory network [6, 8–11]. Comparative

studies revealed extensive morphological diversification of these feeding structures,

highlighting the evolutionary and ecological significance of developmental plasticity.

Specifically, more than 50 species of 29 genera of the Diplogastridae family were

investigated by morphometric analysis providing multiple examples of structural

diversification and evidence for the loss of the dimorphism in individual lineages [12].

Together, these studies have provided a powerful model for investigating plasticity, its

molecular causes and organismal significance [13, 14].

The family Diplogastridae to which P. pacificus belongs, is a monophyletic taxon that

has been subject to intense investigations in the last decade (reviewed in [15–17]). This

included the isolation and characterization of new material resulting in the description of six

new diplogastrid genera since 2011 [18–23]. These findings suggest that the current

phylogenetic and taxonomic knowledge of Diplogastridae is likely still incomplete. In

addition, the sister group of the Diplogastridae is unknown and multiple different

suggestions have been made over the last two decades. For example, the family

Bunonematidae was suggested as a sister group based on morphological comparisons [24]

and small subunit (SSU) ribosomal RNA sequencing [25]. In contrast, other rDNA analyses

suggested that Rhabditoides inermis represents the sister taxon [26–28]. However, a

complementary phylogenetic study grouped R. inermis and C. elegans in a clade of species

that are all members of the family Rhabditidae [12]. Recent phylogenomic analysis of the

phylum Nematoda did not include R. inermis because no genome draft is available [29]. To
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fill the existing knowledge gap, we here performed genome sequencing of R. inermis by

PacBio sequencing and Hi-C scaffolding. Using the newly available R. inermis genome we

performed phylogenomic analysis, which did not provide supporting evidence for a sister

group relationship between Diplogastridae and R. inermis. Instead, phylogenomic analysis

supports a sister group relationship between the Diplogastridae family with a clade of

Rhabditidae that includes the genera Oscheius, Caenorhabditis, Mesorhabditis, Rhabditoides

and Haemonchus.

Results

R. inermis can be repeatedly found in association with the burying beetle N. vespilloides in

southern Germany

Multiple studies found R. inermis to be associated with the burying beetle Nicrophorus

vespilloides [30, 31]. Burying beetles have a complex biology, e.g. they conceal small

vertebrate carcasses underground and prepare these carcasses for consumption by their

own offspring [32]. In 2020, we obtained Nicrophorus vespilloides beetles from three

localities in southern Germany (Bayreuth, Freiburg and Tübingen). We isolated nematodes

using standard procedures [33] and obtained more than 12 independent lines that were

morphologically similar to the available reference strain R. inermis RS5678. Sequencing of

the 18S rRNA revealed high similarity and mating experiments confirmed that all strains

belong to the same species. Thus, R. inermis is found in association with N. vespilloides in

high frequency and all obtained strains belong to the same species. Also, when using related

burying beetle species, which we found in lower frequency, we did not obtain Rhabditoides

material other than R. inermis.
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All new isolates of R. inermis show a number of features that are different from many

other Rhabditidae (including C. elegans), but are consistent with original comparative

analyses [30]. Specifically, R. inermis grows extremely rapidly under laboratory conditions

with a generation time of 2-3 days (20° C) when grown on E. coli OP50. Distinctively, R.

inermis is viviparous, resulting in cultures with few if any eggs on the agar plates. Together,

we document the consistent association of R. inermis with the burying beetle N. vespilloides

in southern Germany. We established the isolate RS5678 from Great Britain as a reference

strain and performed standard inbreeding procedures for 10 generations resulting in a strain

RS5678B that was used for genome sequencing. We obtained additional whole genome

sequences from two of the german isolates RS6171 and RS6371.

Genome sequencing data of R. inermis represents a complex microbial community

In order to sequence the genome of the inbred R. inermis strain RS5678B, we generated

genomic DNA libraries from mixed-stage cultures growing on agar plates and sequenced

them on the Pacific Biosciences Sequel lI platform. This resulted in 35 Gb of HiFi reads with a

median read length of 12 kb. This was assembled into a raw assembly of 2228 contigs

spanning 419 Mb (N50=0.4Mb). To reduce the degree of allelism resulting from remaining

heterozygosity in the R. inermis genome, we ran the HaploMerger2 software on the repeat

masked raw assembly [34]. This reduced the number of contigs to 782 spanning 253 Mb

with an N50 of 0.9 Mb. We further generated Hi-C data and ran the YaHS software to

scaffold the R. inermis genome [35]. Visualization of the average GC content and Hi-C

coverage for the resulting scaffolds identified five large scaffolds (>10Mb) with a GC content

of 47% that span 157Mb. However, a subset of scaffolds also showed an unusually high or
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low GC content and were mostly sequenced less deeply (Fig. 1A). The Hi-C contact map of

the 22 largest scaffolds suggested spatial proximity between the five largest scaffolds, but

almost no Hi-C signal between the smaller scaffolds (Fig. 1B). Hypothesizing that the smaller

scaffolds could possibly represent microbial contamination on the plates, we annotated

protein coding genes and performed a homology search against the NCBI nr database

summarizing the phylogenetic distribution of the best hits for all predicted proteins of a

given scaffold. This confirmed the microbial origin of these scaffolds (Fig. 1C). Interestingly,

none of the microbial contaminants represented E. coli OP50 suggesting that all E. coli

bacteria had been consumed by the time DNA was extracted. Additional sequencing data

from two independently isolated R. inermis strains showed some sequencing coverage for all

identified microbes, suggesting a stable association between R. inermis and its microbial

community (Additional File 1, Fig. S1).

A complete fungal genome was assembled from sequencing data of R. inermis cultures

While bacterial protein predictions showed a median of more than 90% protein sequence

identity with their best hits in the NCBI nr database, multiple scaffolds showed lower

identity (~80%) to fungal sequences of the genus Vanrija (Fig. 1C) [36, 37]. This could

potentially indicate that our sequencing data represents a novel fungal species or at least

that no whole genome data for this species is publicly available. To better characterize our

fungal genome (labeled CR7), we first assessed its degree of completeness. The eight

scaffolds comprise 22.5Mb of genomic sequence with a GC content of around 65%, which is

very comparable to genomic data of other Vanrija genomes (Fig. 2). Furthermore,

benchmarking of universal single copy orthologs (BUSCO) identified 94.8% of the fungal

orthologs (odb9) in our genome assembly [38, 39]. To get more insights into the
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phylogenetic relationships between the new assembly and publicly available Vanrija

genomes, we first generated evidence-based gene annotations based on RNA-seq data from

R. inermis nematode cultures and existing protein annotations of Vanrija humicola and

Apiotrichum porosum [37, 40] and then reconstructed a genome-wide phylogeny based on

concatenated alignments of orthologous proteins (Fig. 2, see Methods). This confirmed that

our fungal genome is closely related but distinct from any other Vanrija species, for which

whole genome data is available. We then extracted large subunit (LSU) rRNA and internal

transcribed spacer (ITS) sequences from the new assembly and performed a combined

phylogenetic analysis together with publicly available sequences from diverse Vanrija

species on NCBI (Additional file 1, Fig. S2). This grouped our sequences together with

sequences from V. albida. Finally, to further support that our genome most likely represents

V. albida, we downloaded 56 V. albida sequences from NCBI and performed a BLASTN search

against our assembly. This showed a median of 100% identity strongly supporting that our

genome assembly most likely represents an isolate of V. albida. To make this genome

publicly available, we deposited it at DDBJ/ENA/GenBank under the accession

JAZAQS000000000.

R. inermis has five chromosomes with near-complete coverage by the five largest scaffolds

To compile a clean version of the R. inermis genome, we manually inspected the Hi-C data,

GC content, and coverage data for the different scaffolds and performed additional BLASTN

searches against the NCBI database. This resulted in a classification of the scaffolds into 213

candidates that are presumably of nematode origin and a subset of scaffolds that represents

the microbial community on which the worms were grown. The completeness of the R.

inermis genome was estimated by BUSCO to be 88.8% (single-copy and duplicates) using the
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nematode ortholog data set (odb9) [38, 39]. This value is comparable to recently generated

nematode genome assemblies from cultures without large-scale microbial contamination

[41, 42]. Note that the expected BUSCO completeness value should be around 90%, but will

also depend on evolutionary distance from the set of reference species in the ortholog set.

The complete R. inermis assembly spans 173.4 Mb with an N50 value of 31.4 Mb. The five

largest scaffolds comprise 156.7 Mb and thus represent more than 90% of the total

assembly. This suggests that R. inermis has five chromosomes. To obtain further support for

this, we performed a Hoechst staining of the gonads as described previously [42]. This

indeed revealed additional evidence for the presence of five chromosomes in R. inermis

oocytes (Fig. 3A). Thus, genomic data as well as karyotyping analysis support that R. inermis

has five chromosomes.

Nigon elements are largely intact in the R. inermis genome

The structure of most nematode genomes with chromosome-scale assemblies reflects a

specific configuration of seven ancestral linkage blocks that had been called Nigon elements

A,B,C,D,E,N and X [43, 44]. These Nigon elements constitute large blocks of macrosynteny

between nematode genomes. This means that genes within a Nigon element are frequently

reshuffled, whereas rearrangements of genes from different elements are rare. Most

nematode chromosomes, specifically in the suborder Rhabditina, correspond to exactly one

Nigon element, whereas some other chromosomes are fusions between different Nigon

elements. Examples of fused chromosomes are the Caenorhabditis chromosome X, P.

pacificus chromosome I and many others [44–47]. The observation of five chromosomes in

R. inermis suggests that two fusions of Nigon elements occurred. We generated

evidence-based gene annotations based on protein homology and transcriptome data with a
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BUSCO completeness of 86%. We used these protein annotations to visualize Nigon

elements across the R. inermis genome, which revealed one fusion of Nigon element A and C

resulting in R. inermis chromosome I and a second fusion between elements E and X

resulting in R. inermis chromosome X (Fig. 3B). Note that we labeled chromosome X based

on the observation that Nigon element X tends to form the X chromosome [44]. However, all

chromosomes have very similar coverage (Fig. 1A), which makes the identification of a good

candidate for a sex chromosome difficult. Based on these observations, we would speculate

that the sex chromosome of R. inermis was formed recently and there is very little

differentiation between the X and Y chromosome.

Analysis of coding density, repeat content and genetic diversity reveals evidence for the

presence of chromosome centers

Many nematode chromosomes also display an internal structure with chromosomal centers

and arms [45, 48]. As the chromosomes of C. elegans and P. pacificus are holocentric [49,

50], i.e. centromeric function is distributed along the whole length of the chromosomes,

chromosome centers are not centromeres. The chromosome centers are rather

distinguished by higher gene density and a bias towards older gene classes, lower

recombination, less genetic diversity, and lower repeat content as opposed to the

chromosome arms [45]. These patterns are thought to be generated by higher levels of

background selection in the centers [51]. It has to be noted, that the distinction between

arms and centers is not universal across nematode chromosomes and it has been shown

that chromosome fusions with associated shifts in the recombinational landscapes can

drastically alter intra-chromosomal structures [47]. To test for the presence of center-like

regions in the R. inermis genome, we calculated the coding density (percentage of protein
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coding sequence), repeat content and genetic diversity in 100-kb windows (Fig. 3C). This

revealed some central peaks of high coding density that coincided with low repeat content

on chromosomes I,II,III, and X. With regard to genetic diversity, the pattern becomes less

clear. While the more closely related strain RS6171 also shows lower SNP density in central

regions of chromosomes I,II, and X, these patterns appear to be reversed in the more

divergent strain RS6371 (Fig. 3C). This could potentially be explained by different

recombinational landscapes between the strains and could be tested in future by

experimental crosses. Nevertheless, the genetic diversity in the more closely related RS6171

together with the analysis of coding density and repeat content point towards the presence

of center-like regions on R. inermis chromosomes I, II, and X.

Phylogenomic analysis does not support R. inermis as a sister taxon to Diplogastridae

Previous phylogenetic studies suggested a potential sister taxon relationship between R.

inermis and the family Diplogastridae [26, 27]. To resolve the phylogenetic relationship

between R. inermis and diplogastrid nematodes, we compiled a phylogenomic data set of

annotated proteins and transcriptomes from 40 species [41, 42, 51–69]. We employed a

previously established phylogenomic pipeline for reconstructing a species tree from this type

of data [70]. This resulted in a concatenated alignment of 1402 single-copy orthologous

genes that was taken to compute a maximum-likelihood tree (Fig. 4, see Methods). This

phylogeny groups R. inermis within a clade of rhabditids including C. elegans and M. belari.

Thus, this grouping did not support the position of R. inermis as sister group to the

diplogastrids. Importantly, the genera Poikilolaimus and Bunonema are excluded from this

clade and appear as next outgroups. In order to explore potential reasons for the

misplacement of R. inermis in previous phylogenies, we reanalyzed available nematode
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sequences for the RNApolII and the 18S and 28S ribosomal RNA markers. Of all three

markers, only the 18S sequences supported a sister group relationship (Additional file 1, Fig.

S3). This suggests that previous phylogenetic analysis is reproducible and that the 18S

sequence largely contributed to the previous misplacement of R. inermis.

Comparative genomic analysis reveals parallel gene family expansions across multiple

nematode lineages

To further characterize the gene set of R. inermis, we performed an orthology analysis with

C. elegans, P. pacificus, M. belari, H. contortus, and O. tipulae. The program Orthofinder

identified 17,464 orthogroups with a minimum size of two genes. 6135 orthogroups have at

least one ortholog in all six species (Fig. 5A). The presence of orthologs in all six species is

the most abundant pattern among all orthogroups. Orthogroups reflecting species-specific

absence or presence represent the next most frequent patterns (Fig. 5A). This could be

expected since none of the species are closely related and the terminal branches in the

underlying species tree are relatively long. As the minimum size of an orthogroup is two,

species-specific orthogroups can be interpreted as lineage specific duplication events. Thus,

the number of 1752 orthogroups that are specific to the R. inermis branch translates to 5985

R. inermis genes. We tried to further characterize this gene set by screening for

overrepresented protein domains. This revealed a drastic expansion of genes with a BTB

domain and an associated Kelch domain (Fig. 5B). These domains are typically found in

adapter proteins regulating protein degradation. In P. pacificus, BTB domain containing

proteins were found to be enriched in the germline [71] and multiple studies reported a loss

of BTB genes following the transition to hermaphrodites [42, 62, 70, 72]. The expansion of

this gene family in the R. inermis lineage apparently occurred in parallel to the expansions in
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the lineages leading to C. elegans and Panagrellus redivivus [73, 74]. This could imply that

the expansion of the BTB gene family may be a general pattern in nematodes. To test if even

more lineages share the gene expansions of BTBs and other gene families, we repeated this

analysis with all other sets of species-specific orthogroups. This revealed 22 protein domains

that show significant enrichments in at least two lineages (Bonferroni corrected P-value <

0.05, Fig. 5C). While no gene family is significantly enriched in all six species, G-protein

coupled receptors (GPCRS) show up in five lineages. Furthermore BTB, F-box, and C-type

lectins show significant enrichments in four lineages. This suggests that multiple gene

families underwent parallel expansions in different nematode lineages.

Discussion

Free-living nematodes like C. elegans and P. pacificus are not only powerful model systems

for genetic studies, they are also an excellent subject for evolutionary genomic studies as

their species richness allows us to test various hypotheses across different clades and

multiple time-scales [51, 72]. Two major factors are essential for such studies. First, deep

taxon sampling is needed to facilitate comparisons at high phylogenetic resolution. Over the

last two decades, continued sampling efforts have increased the number of known species

in the genera Caenorhabditis and Pristionchus from 10 and 18, respectively to over 50 for

both genera [59, 75–77]. Second, we need a robust phylogenetic framework to correctly

infer the evolutionary history of genomic features. Abundant genomic and transcriptomic

resources have helped to resolve various ambiguities about the phylogeny of the nematode

phylum [29, 78, 79]. In this context, the sequencing of the R. inermis genome was needed to

clarify the question about the sister group to the family Diplogastridae. Our phylogenomic
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analysis does not support R. inermis as sister to Diplogastridae and re-analysis of previous

data suggests that the misplacement of R. inermis is largely due to phylogenetic signals

coming from the 18S rRNA sequence. Although the phylogenetic position of R. inermis

makes its genome not particularly interesting for studies focusing on P. pacificus, we

demonstrate its value for detecting parallel gene family expansions across multiple lineages.

It should be noted that additional analysis using more deeply sampled taxa is needed to

pinpoint the exact timing of the expansions. Thus, a more highly resolved study in

diplogastrid nematodes dated the origin of many BTB orthologs to the ancestor of the

Pristionchus genus [80]. Given that GPCRs are expressed in chemosensory neurons [81],

C-type lectins were shown to carry out important functions in the immune response [82],

and also F-box and BTB proteins are also thought be involved in the response to pathogens

[73], all identified gene families seem to be involved in the response to environmental

stimuli. Thus, it is tempting to speculate that the dynamic evolution of these gene families

reflects adaptation to new environments. R. inermis has a tight association with the burying

beetle N. vespilloides. Note that Rhabditoides is the only nematode genus known to be

reliably associated with burying beetles. Our genome data suggests that this ecological

interaction also involves a complex microbial community containing bacteria and fungi.

Currently, we do not know which of the microbes forms a component of the nematode’s gut

microbiome and whether there are any synergistic effects between different species [83].

Thus, the R. inermis associated microbial community might be an interesting system to

investigate complex interplay between nematodes, bacteria, and fungi.

13

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 6, 2024. ; https://doi.org/10.1101/2024.08.02.605984doi: bioRxiv preprint 

https://paperpile.com/c/YwzQac/75Eu
https://paperpile.com/c/YwzQac/xdQT
https://paperpile.com/c/YwzQac/UHAb
https://paperpile.com/c/YwzQac/zkQv
https://paperpile.com/c/YwzQac/nKKT
https://doi.org/10.1101/2024.08.02.605984
http://creativecommons.org/licenses/by/4.0/


Conclusions

The main motivation of this study was the identification of the potential sister group of the

nematode family Diplogastridae that has long been debated. Previous genomic studies

remained inconclusive because not all known taxa had available genome drafts. With this

study on Rhabditoides one knowledge gap is filled. This work, and the new phylogeny

provided in here, supports a sister group relationship between the monophyletic

Diplogastridae and a group of genera of Rhabditidae including C. elegans and R. inermis. In

contrast to previous phylogenetic analysis, no single genus or species shows a sister group

relationship with Diplogastridae and instead, a sub-clade of rhabditids with substantial

morphological and ecological diversification appears as a sister taxon. While the future

identification and characterization of additional, currently unknown taxa, might change this

phylogeny, the new pattern is consistent with the massive radiation and ecological

diversification of two major nematode lineages in soil and associated habitats.

Methods

Nematode culturing and preparation of sequencing libraries

Nematodes of R. inermis were grown on standard nematode growth medium as for C.

elegans and P. pacificus [84]. Worms were washed off of 50 fully grown plates using M9

buffer, filtered by using a 5µm filter in order to remove remaining bacteria and then gently
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pelleted by centrifugation (1,300 g, 1min). Pelleted worms were frozen in liquid nitrogen and

ground to a fine powder using a mortar and pestle. The powder was directly transferred into

the lysis buffer used in combination with Qiagen genomic tip columns (500/G) (Qiagen,

Hamburg, Germany). The protocol was performed following the manufacturer’s instructions.

All steps involving sample vortexing were replaced by sample inverting to limit unwanted

DNA shearing. DNA quality and quantity were determined with a NanoDrop ND 1000

spectrometer (PeqLab, Erlangen, Germany), a Qubit 2.0 Fluorometer (ThermoFisher

Scientific, Waltham, USA), and by a Femto pulse system (Agilent, CA, USA). A total of 10 µg

genomic DNA was sheared to a target fragment size of 19 kb using a Megaruptor 2 device

(Diagenode, Denville, USA). In order to remove small fragments (<8kb), the BluePippin

size-selection system was used according to the manufacturer’s protocol (P/N

100-286-000-07, Pacific Biosciences, USA). The final library was sequenced on a SMRT cell of

a Pacific Biosciences Sequel II instrument following the Magbead loading protocol. RNA-seq

data of mixed-stage cultures was generated as described previously. For Hi-C analysis, R.

inermis nematodes were grown on standard nematode growth medium and washed off with

M9 Buffer. 50µl frozen worm pellet was ground with a motor in an Eppendorf tube and used

for Hi-C Library preparation following the manufacturer's instructions for small animals

(Arima Genomics, California, USA). RNA-seq libraries were prepared from mixed-stage

cultures as described previously [70].

Genome assembly

Raw PacBio reads were converted into Hifi reads by the ccs program (version 6.4.0) with

–min-rq 0.99 option and then demultiplexed by the lima program (version 2.6.0). The Hifi

reads were then assembled by the Canu program (version v1.4) with options:
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-pacbio-corrected -genomeSize=400m [85]. Haplotypes were merged by the program

Haplomerger2 (version 20180603) after softmasking repeats in the draft assembly with the

help of the Red software (version 05/22/2015) [86, 87]. Hi-C data was aligned against the

haplomerged assembly by BWA mem (version 0.7.17-r1188) and scaffolded using the yahs

tool (version 1.2a.2) [35, 88]. For metagenomic classification, we annotated scaffolds with

Prokka (version 1.14.6) and performed DIAMOND (version 2.1.4.158) searches against the

NCBI NR database (downloaded August 2023) [89, 90]. The taxonomic distributions of the

best hits were summarized using the taxonomizer library in R. Based on manual inspection

of Hi-C data, GC content, coverage data, and additional BLASTN searches against the NCBI

database, we classified the scaffolds into 213 candidates that presumably are of nematode

origin and a subset of scaffolds that represents the microbial community on which the

worms were grown. At this step, we relabeled the five largest scaffolds as chromosomes

(ChrI-ChrX) and manually extracted some regions from scaffolds 1 and 4 that showed some

Hi-C signal and merged them as a separate scaffold (ChrUn). Karyotyping analysis was

performed as described previously [42]. In order to visualize the repeat content across the R.

inermis genome, the software Red was run to detect repetitive sequences in the final

assembly.

Gene annotation

A de novo transcriptome assembly was assembled from mixed-stage RNA-seq data using

trinity (version 2.2.0) with the normalize_reads option [91]. This transcriptome assembly

and the current P. pacificus gene annotations (version El Paco gene annotations 3 [92]) were

used to generate a set of evidence-based gene annotations using the PPCAC pipeline [93]. In

short, transcribed open reading frames and proteins were mapped against the R. inermis
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genome by the exonerate protein2genome tool (version 2.2.0) with options: --bestn 2

--dnawordlen 20 --maxintron 20000 [94]. Subsequently, per locus (100-bp window) and

strand, the gene model with the longest ORF was chosen as representative gene model. We

then applied a filtering step to remove spurious annotations that likely result from falsely

called ORFs in our transcriptome data. Such spurious annotations will result in

species-specific orphan genes (SSOGs) without protein homology in other genomes that are

located in the antisense direction of conserved genes, i.e. genes with homologs in other

species [80, 92]. In short, R. inermis SSOGs were defined by blastp searches against the

protein sets of C. elegans, O. tipulae, P. pacificus, H. contortus, and M. belari (e-value <

0.001) and SSOGs overlapping conserved genes on the antisense strand were removed from

the annotation. This resulted in 23,442 gene models with a BUSCO (version 3) completeness

score of 85.9% (complete + duplicated, against the odb9 nematode data set) [38, 39]. Coding

densities, i.e. the percentage of protein-coding sequences within 100-kb windows were

extracted from the resulting annotation files. For coloring the Nigon elements, best

reciprocal BLAST hits were computed by the get_BRH.pl of the PPCAC pipeline using the

pairwise BLAST output files between R. inermis and P. pacificus (e-value <0.001).

Population genomic analysis

Raw sequencing data for the R. inermis strains RS6171 and RS6371 were aligned against the

R. inermis genome by the BWA mem alignment program (version 0.7.17-r1188). Single

nucleotide variants (SNVs) calls were generated by mpileup and vcfutils.pl varFilter (options:

-w0 -D1000) commands of the samtools software suite (version 0.1.8). Only variants with a

quality score of at least 20 were taken for visualization of genetic diversity across the R.

inermis genome.
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Phylogenomic species tree

For most species, we obtained protein-coding gene predictions from WormBase ParaSite

(Table S1) [95]. For genes, with multiple annotated isoforms, we used the longest protein as

a representative sequence. For other species, we generate protein predictions from available

transcriptome data. In such cases, either transcriptome assemblies were downloaded from

the European Nucleotide Archive or were generated by the Trinity assembler (version 2.2.0

with –normalize_reads option). Subsequently, the longest partial or complete open reading

frame was called per sequence and potential redundant sequences resulting from

alternative splicing were removed by running the cd-hit clustering program (version 4.3 with

default 90% sequence identity threshold). For the reconstruction of a species tree, we

followed a similar procedure as described previously [70]. In short, orthologous groups were

calculated by the orthagogue [96]. Orthogroups with at most one sequence per species were

taken to generate multiple sequence alignments using the MUSCLE program (version

3.8.1551). The concatenated alignments were taken as input to the RAxML software (version

8.2.12) which reconstructed a maximum-likelihood tree (options: -m PROTGAMMAILG -f a )

[97].

Orthology and protein domain enrichment

We ran the OrthoFinder pipeline (version 2.5.2) [98] on the R. inermis, M. belari, P. pacificus,

C. elegans, O. tipulae, and H. contortus data sets (Additional File 1, Table S1) and extracted

sets of orthogroups with specific absence and presence patterns from the Orthogroups

output folder. To test for overrepresented protein domains among species-specific

orthogroups, we scanned for protein domains with the hmmsearch program (Version 3.3
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with -R 0.001 option) using the Pfam-A database (version 3.3) [99, 100]. Tests for

overrepresentation were performed by Fisher's exact-test with Bonferroni correction for

multiple testing.

Gene tree analysis

For each tested marker (ITS and LSU from fungi and RNApolII, 18S, 28S from nematodes ),

we downloaded corresponding sequences for representative species from NCBI and

generated a multiple sequence alignment with MUSCLE (version 3.8.1551) [101].

Phylogenetic trees were calculated using the R phangorn package [102]. Specifically, the

modelTest function was run on each individual data set and a final maximum likelihood tree

was calculated using bootstrap.pml function selecting the best model based on the Bayes

information criterion.
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Figure legends

Fig. 1. Genome assembly of a complex microbial community. A Visualization of GC content

and Hi-C coverage indicates that the five largest scaffolds appear to be different from the

smaller ones. B The Hi-C contact map of the 22 largest scaffolds shows a background level of

Hi-C signal across the five largest scaffolds but not between the smaller scaffolds. C For

scaffolds 6-22 we performed homology searches against the NCBI nr database. The pie

charts summarize the taxonomic distribution for the best hits at the genus level.

Fig. 2. Phylogenomics of fungal genomes from the order Trichosporonales. The phylogeny

represents a Maximum-likelihood tree calculated from a concatenated alignment of

orthologous proteins. The barplots show the values of various features across the

phylogenomic data set.

Fig. 3. Chromosomal configuration of R. inermis. A Karyotyping of R. inermis worms

identified oocytes with five chromosomes. B The bars represent 500-kb windows along the

five largest scaffolds/chromosomes that show the distribution of 1-1 orthologs color-coded

by their chromosomal location in the P. pacificus genome which can be used as a proxy to

indicate the Nigon elements. C The plots show the distribution of coding density, repeat

content, and genetic diversity across the R. inermis genome. Features were calculated in

non-overlapping 100-kb windows and averaged over 20 windows.

Fig. 4. Phylogenomics of nematodes of the suborder Rhabditina. Phylogenomic and

transcriptomic data of diplogastrid and rhabditid nematodes were used to reconstruct a

maximum-likelihood tree for the suborder Rhabditina. Note that the family Rhabditidae is
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known to be paraphyletic [25]. The species B. xylophilus, B. malayi, and T. spiralis were

included as outgroups. Stars indicate a bootstrap support of 100/100.

Fig. 5 Parallel gene family expansions across multiple nematode lineages. A Orthogroups

were computed by the OrthoFinder pipeline and classes of orthogroups were defined based

on the absence/presence patterns and were sorted by abundance. Orthology classes are

visualized as a heatmap next to the phylogeny. With exception of the first class of 6135

orthogroups that are shared between all species, the most abundant patterns mostly reflect

lineage-specific patterns such as species-specific orthogroups or orthogroup that are only

missing in a single data set. B The barplots indicate the significance of enrichment and the

total number of R. inermis genes with protein domains. C We repeated the protein domain

enrichment analysis for all species-specific orthogroups. The bubble plot visualizes the

significance and the number of genes in species-specific orthogroups per domain and

species.
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Fig. S1. Coverage of microbial scaffolds in different R. inermis isolates. Coverage
analysis reveals evidence for the presence of all microbes in sequencing data of two
independent isolates of R. inermis. The y-axis indicates the average Log2 coverage in 1-kb
windows for the largest scaffolds/chromosomes.

Fig. S2. Phylogenetic relationships between different Vanrija species. LSU and ITS
sequences from different Vanrija species were downloaded from NCBI Genbank, aligned
with MUSCLE, and maximum likelihood trees were calculated by the phangorn R package.
For both markers, sequences from our genome assembly (CR7) group together with
sequences from V. albida.



Fig. S3. Phylogenetic relationships between different nematodes. Phylogenetic trees
were reconstructed for RNApolII, 18S and 28S ribosomal RNAs from different nematodes.
Only the 18S data suggests a sister group relationship between R. inermis and the family
Diplogastridae.

Table S1 - Nematode genomic and transcriptomic data sets

Species Source accession / version Type Reference

Allodiplogaster seani European Nucleotide Archive:
HCAZ01000000

RNA Wighard et al. 2022



Ancylostoma ceylanicum WormBase ParaSite WBPS18
PRJNA231479

Protein Schwarz et al. 2015

Auanema rhodensis European Nucleotide Archive:
ERR3150287

RNA Tandonnet et al.
2019

Bunoema sp. European Nucleotide Archive:
GITZ01000000

RNA Casasa et al.
2021

Brugia malayi WormBase ParaSite WBPS14
PRJNA10729

Protein Ghedin et al. 2007

Bursaphelenchelus
xlyophilus

WormBase ParaSite WBPS14
PRJEA64437

Protein Kikuchi et al. 2011

Caenorhabditis bovis WormBase ParaSite WBPS18
PRJEB34497

Protein Stevens et al. 2019

Caenorhabditis briggsae WormBase ParaSite WBPS14
PRJNA10731

Protein -

Caenorhabditis elegans WormBase ParaSite WBPS14
PRJNA13758

Protein -

Caenorhabditis
inopinata

WormBase ParaSite WBPS18
PRJDB5687

Protein Kanzaki et al. 2018

Caenorhabditis
monodelphis

caenorhabditis.org Protein Slos et al. 2017

Caenorhabditis
nigoni

WormBase ParaSite WBPS18
PRJNA384657

Protein Yin et al. 2018

Caenorhabditis
panamensis

WormBase ParaSite WBPS18
PRJEB28259

Protein Stevens et al. 2019

Caenorhabditis
parvicauda

WormBase ParaSite WBPS18
PRJEB12595

Protein Stevens et al. 2019

Caenorhabditis
quiockensis

WormBase ParaSite WBPS18
PRJEB11354

Protein Stevens et al. 2019

Caenorhabditis
remanei

WormBase ParaSite WBPS18
PRJNA248911

Protein Fierst et al. 2015

Caenorhabditis
tribulationis

WormBase ParaSite WBPS18
PRJEB12608

Protein Stevens et al. 2019

Caenorhabditis
tropicalis

WormBase ParaSite WBPS18
PRJNA53597

Protein -

Caenorhabditis
uteleia

WormBase ParaSite WBPS18
PRJEB12600

Protein Stevens et al. 2019

Cruznema
velatum

European Nucleotide Archive:
SRR23934717

RNA Guo et al. 2023

Diplogasteroides magnus European Nucleotide Archive:
GITX01000000

RNA Casasa et al. 2021



Haemonchus contortus WormBase ParaSite WBPS14
PRJEB506

Protein Doyle et al. 2020

Heterorhabditis
bacteriovora

European Nucleotide Archive:
SRR6294669

RNA Vadnal et al. 2018

Koerneria
luziae

European Nucleotide Archive:
GIUA01000000

RNA Casasa et al. 2021

Levipalatum texanum European Nucleotide Archive:
GITY01000000

RNA Casasa et al. 2021

Micoletzkya japonica pristionchus.org Protein Prabh et al. 2018

Oscheius tipulae WormBase ParaSite WBPS14
PRJEB15512

Protein Besnard et al. 2017

Poikilolaimus oxycercus European Nucleotide Archive:
SRR6049087

Protein Beltran et al. 2018

Pristionchus
arcanus

pristionchus.org
PPCAC (version 1)

Protein Prabh et al. 2018

Pristionchus
entomophagus

pristionchus.org
PPCAC (version 1)

Protein Prabh et al. 2018

Pristionchus exspectatus pristionchus.org
Yoshida et al.

Protein Yoshida et al. 2023

Pristionchus fissidentatus pristionchus.org
PPCAC (version 1)

Protein Prabh et al. 2018

Pristionchus
japonicus

pristionchus.org
PPCAC (version 1)

Protein Prabh et al. 2018

Pristionchus mayeri pristionchus.org
PPCAC (version 1)

Protein Prabh et al. 2018

Pristionchus maxplancki pristionchus.org
PPCAC (version 1)

Protein Prabh et al. 2018

Pristionchus pacificus pristionchus.org,
El Paco gene annotation 3

Protein Athanasouli et al.
2020

Parapristionchus
giblindavisi

pristionchus.org
(version 2, 2022)

Protein Röseler et al. 2022

Rhabditoides inermis this study Protein this study

Trichinella spiralis WormBase ParaSite WBPS14
PRJNA12603

Protein Mitreva et al. 2011
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 2 

Abstract 22 

Developmental plasticity, the ability of a genotype to produce different phenotypes in response 23 

to environmental conditions, has been subject to intense studies in the last four decades. The 24 

self-fertilizing nematode Pristionchus pacificus has been developed as a genetic model 25 

system for studying developmental plasticity due to its mouth-form polyphenism that results in 26 

alternative feeding strategies with a facultative predatory and a non-predatory mouth form. 27 

Many studies linked molecular aspects of the regulation of mouth-form polyphenism with 28 

investigations of its evolutionary and ecological significance. Also, several environmental 29 

factors influencing P. pacificus feeding structure expression were identified including 30 

temperature, culture condition and population density. However, the nutritional plasticity of the 31 

mouth form has never been properly investigated although polyphenisms are known to be 32 

influenced by changes in nutritional conditions. For instance, studies in eusocial insects and 33 

scarab beetles have provided significant mechanistic insights into the nutritional regulation of 34 

polyphenisms but also other forms of plasticity. Here, we study the influence of nutrition on 35 

mouth-form polyphenism in P. pacificus through experiments with monosaccharide and fatty 36 

acid supplementation. We show that in particular glucose supplementation renders worms 37 

non-predatory. Subsequent transcriptomic and mutant analyses indicate that de novo fatty 38 

acid synthesis and peroxisomal beta-oxidation pathways play an important role in the 39 

mediation of this plastic response. Finally, the analysis of fitness consequences through 40 

fecundity counts suggests that non-predatory animals have an advantage over predatory 41 

animals grown in the glucose-supplemented condition. 42 

 43 

Keywords: Pristionchus pacificus, developmental plasticity, polyphenism, nutrition, glucose, 44 

fatty acids 45 

 46 

Research highlights 47 

This study represents the first systematic attempt to investigate the influence of nutrition on 48 

mouth-form polyphenism in the genetic model organism Pristionchus pacificus. Through 49 

glucose and oleic acid supplementation we show that high nutritional conditions influence 50 

feeding plasticity and render worms non-predatory. Mutant analysis indicates a role of de novo 51 

fatty acid synthesis and peroxisomal beta-oxidation pathways for these responses. 52 

  53 
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 3 

Introduction 54 

Developmental plasticity allows organisms to alter their developmental trajectory to execute 55 

distinct phenotypes in response to environmental cues with polyphenisms representing the 56 

most remarkable form of plasticity by exhibiting environment-sensitive alternative phenotypes 57 

without intermediate forms (West-Eberhard, 2003). In general, developmentally plastic 58 

responses can be observed at physiological, morphological, and behavioural levels, including 59 

life history traits of organisms. Many case studies have shown developmental plasticity to be 60 

ubiquitous in nature. It has been suggested to facilitate adaptation to novel or heterogenous 61 

environments and to play an important role for evolutionary diversification and the creation of 62 

novelty (Ghalambor et al., 2007; Pigliucci, 2001; West-Eberhard, 2003). Multiple 63 

environmental factors have been shown to influence polyphenisms including temperature, 64 

seasonal changes, and population density (see reviews; Simpson et al., 2011; Yang & 65 

Pospisilik, 2019). Specifically, nutrition is an important regulator of polyphenisms. Several 66 

studies in insects have highlighted the importance of nutritional conditions during development 67 

for the generation of discrete phenotypes, revealing genetic and epigenetic mechanisms 68 

involved (Casasa et al., 2020; Chandra et al., 2018; Gotoh et al., 2014; Kamakura, 2011; 69 

Kucharski et al., 2008). For instance, caste polyphenism in honeybee and horn polyphenism 70 

in dung beetles represent some of the extreme cases of nutrition-induced developmental 71 

plasticity (Emlen, 1997; Haydak, 1970; Moczek, 1998). Nonetheless, our understanding of 72 

how nutrition affects the expression of polyphenic traits in other taxa remains limited.   73 

Besides insects, nematodes provided substantial mechanistic insights into the 74 

regulation of polyphenisms in the last decade. In particular, the free-living hermaphrodite 75 

Pristionchus pacificus has been a model system for the studies of developmental plasticity. 76 

Research in P. pacificus has provided insights into the genetic and epigenetic regulation as 77 

well as the ecological and evolutionary significance of plasticity (Schroeder, 2021; Sommer, 78 

2020). In nature, P. pacificus can be found in soil and on scarab beetles (chafers, stag beetles, 79 

dung beetles), which, after their death, provide a nutritious environment for the nematode 80 

through proliferation of bacteria and fungi on the carcass (Herrmann et al., 2006; Meyer et al., 81 

2017; Ragsdale et al., 2015; Renahan et al., 2021; Renahan & Sommer, 2022). In contrast to 82 

Caenorhabditis elegans and most other free-living nematodes, P. pacificus shows a 83 

remarkable mouth-form dimorphism, which influences its dietary niche and behaviour. During 84 

postembryonic development, genetically identical P. pacificus worms form one of two, 85 

alternative morphs, the so-called eurystomatous (Eu) and stenostomatous (St) mouth forms 86 

(Figure 1a) (Bento et al., 2010). While the Eu morph enables facultative predatory feeding on 87 

other nematodes by exhibiting two “teeth” and a wide mouth, the St morph leads to strict 88 

microbial feeding and forms only one tooth and a narrow mouth (Theska et al., 2020). Major 89 
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 4 

components of the gene regulatory network that govern mouth-form plasticity have been 90 

identified in this model (Bui et al., 2018; Casasa et al., 2023; Levis & Ragsdale, 2023; Namdeo 91 

et al., 2018; Ragsdale et al., 2013; Serobyan et al., 2016; Sieriebriennikov et al., 2018, 2020; 92 

Werner et al., 2023). For instance, a supergene locus with the sulfatase eud-1 and two alpha-93 

N-acetylglucosaminidase genes (nag-1 and nag-2), as well as the sulfotransferase, seud-94 

1/sult-1, act as part of a main switch in mouth-form determination (Bui et al., 2018; Namdeo 95 

et al., 2018; Ragsdale et al., 2013; Sieriebriennikov et al., 2018). They are involved in the 96 

regulation of the evolutionarily conserved nuclear hormone receptors nhr-40 and nhr-1 that 97 

have been co-opted for the regulation of mouth-form plasticity and act downstream of eud-1 98 

and seud-1/sult-1 (Sieriebriennikov et al., 2020; Theska & Sommer, 2024). It is important to 99 

note that the understanding of the molecular regulation of feeding structure polyphenism is far 100 

from completion with many epigenetic aspects still to be identified (Brown et al., 2024; Werner 101 

et al., 2023). 102 

Mouth-form plasticity in P. pacificus is influenced by several environmental factors such 103 

as culture condition, population density, and temperature (Lenuzzi et al., 2023; Werner et al., 104 

2017, 2018). Previous studies have also revealed prominent roles for nematode metabolites 105 

(e.g. ascarosides) and dietary bacteria in the mouth-form decision and predatory feeding 106 

(Akduman et al., 2020; Bose et al., 2012; Dardiry et al., 2023). In contrast, our knowledge of 107 

how changes to the nutritional status of worms affect mouth-form plasticity is still scarce. Bento 108 

et al. (2010) have shown that starvation promotes the development of the Eu morph. More 109 

recent genetic work by Casasa and co-workers identified the Mediator subunit MDT15/MED15 110 

to regulate mouth-form polyphenism, which is known to have a conserved role in metabolic 111 

responses to nutritional stress (Casasa et al., 2023). These observations suggests that mouth-112 

form plasticity is sensitive to nutritional conditions in particular to low nutrition. However, 113 

mouth-form and fitness consequences of a high nutritional condition have never been 114 

investigated in P. pacificus. One approach of studying the effect of nutrition on nematode 115 

plasticity is to introduce supplements, such as monosaccharides and fatty acids, into the 116 

standard diet to increase fat storage in nematodes, which is a strong alteration to the nutritional 117 

status. This aided research in C. elegans to discover novel functions of molecular factors 118 

involved in lipid metabolism and associated biological processes (Alcántar-Fernández et al., 119 

2018; Han et al., 2017; Lee et al., 2015; Nomura et al., 2010; Wan et al., 2022). Note that 120 

while nutrient supplementation is well established in C. elegans, the role of direct and indirect 121 

effects of supplementation through the bacterial diet cannot be disentangled. Very likely, the 122 

effects observed in such experiments are due to both direct and indirect uptake of nutrients. 123 

Moreover, nutrient supplementation studies have prioritised investigating lipid storage as an 124 

indicator of nutritional status. Nematodes lack an adipose tissue for lipid storage; however, 125 

they generate lipid droplets in many cells including the intestine to serve this function. In 126 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 5 

addition, storage lipids can be visualised through staining methods such as Oil Red O (ORO), 127 

which is a reliable post-fix technique, providing a proxy for lipid storage when it is quantitatively 128 

measured (O’Rourke et al., 2009).   129 

Here, we study the influence of nutrition on mouth-form plasticity in P. pacificus by 130 

establishing experimental setups in which worms are grown in “high nutrition” dietary 131 

conditions that promote fat storage. These conditions are obtained through supplementation 132 

of monosaccharides and fatty acids (mainly glucose and oleic acid) into the nematode growth 133 

medium (NGM) (Figure 1b). We also examine the lipid storage in worms via ORO staining and 134 

imaging analysis. We show that fat storage-promoting conditions, in particular glucose 135 

supplementation, render worms non-predatory. Similarly, we test whether these dietary effects 136 

are mediated transgenerationally but find no such influence. In addition, we carry out 137 

transcriptomic and subsequent mutant analyses to explore associated molecular 138 

mechanisms. Results indicate that de novo fatty acid synthesis and peroxisomal beta-139 

oxidation pathways, which are involved in storage and utilisation of lipids, are essential for 140 

nutrition-induced mouth-form plasticity. Finally, we examine worm fitness by using fecundity 141 

as proxy to explore whether the mouth-form response in the glucose-supplemented dietary 142 

condition benefit P. pacificus. Our findings suggest that non-predatory animals have a fitness 143 

advantage over predatory animals grown under the same nutritional condition. Overall, this 144 

work establishes nutritional status as an additional factor influencing mouth-form polyphenism 145 

and highlights the beneficial advantage of this plastic ability in P. pacificus.  146 

  147 
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 6 

Materials and methods 148 

Nematode stock maintenance 149 

All P. pacificus strains were cultured on 6cm NGM plates with 300µl E. coli OP50 provided as 150 

food at 20°C as previously described (Sommer et al., 1996). The wild type strain PS312 was 151 

used for experimentation unless otherwise noted. Stocks were maintained by passing three 152 

young adult hermaphrodites with eggs every five days. Mutant P. pacificus strains were 153 

similarly cultured and are available from the SommerLab. 154 

Monosaccharide supplementation experiments 155 

Monosaccharides were purchased from Sigma-Aldrich as follows: glucose (D-(+)-Dextrose, 156 

product number: D9434), galactose (D-(+)-Galactose, product number: G0750), fructose (D- 157 

(−)-Fructose, product number: F0127). All monosaccharides were dissolved in purified and 158 

autoclaved water to obtain 1M stock concentrations. Stock solutions were filtered through 159 

0.22µm sterile filters before storage. Plate pouring was carried out under a sterile hood. Each 160 

monosaccharide stock was diluted into liquid NGM media to obtain desired final 161 

concentrations. Monosaccharide-added NGM was then stirred for approximately 1 minute to 162 

obtain a homogenous media. Media was then poured into 6cm plates using a sterile 10ml 163 

serological pipette, obtaining a volume of 9ml in each plate. Control plates with the same 164 

volume were poured from the main NGM media without monosaccharides. Plates were 165 

allowed to dry for 2 days and were then seeded with 300µl overnight grown E. coli OP50. After 166 

two days, three young hermaphrodites with eggs (from stocks grown under standard 167 

conditions) were added onto each plate for each strain, condition, and replicate. After adding 168 

worms, plates were incubated at 20°C until F1 adults emerged. Plates were then used for 169 

mouth-form phenotyping and ORO staining.  170 

Fatty acid supplementation experiments 171 

Fatty acid supplementation was carried out as described by Deline et al. (2013); however, 172 

cholesterol was added into the NGM media after autoclaving. Sodium oleate (Sigma-Aldrich, 173 

product number: O7501) and sodium linoleate (Sigma-Aldrich, product number: L8134) were 174 

used for oleic acid and linoleic acid supplementation, respectively. For each experiment, a 175 

0.1M fatty acid working stock was prepared fresh in purified and autoclaved water. Once 176 

completely dissolved, the fatty acid working stocks were purged with nitrogen gas to prevent 177 

oxidation by air. Plate pouring was carried out as in monosaccharide supplementation except 178 

the volume of the NGM in each plate was 8ml. Both supplemented and control plates 179 

contained 0.1% Tergitol (NP-40, Sigma-Aldrich, product number: NP40S) to facilitate fatty acid 180 

absorption. Once poured, plates were covered with a box to avoid light oxidation. The same 181 
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 7 

steps as in monosaccharide supplementation were followed for seeding the plates with E. coli 182 

OP50, culturing nematodes, mouth-form phenotyping and ORO staining.    183 

Mouth-form phenotyping 184 

Mouth-form phenotypes were scored using Zeiss Discovery V.20 stereomicroscope based on 185 

mouth-width of individual worms as previously described (Ragsdale et al., 2013; Theska et al., 186 

2020). Each plate was taken as a biological replicate and 30 worms were scored for their 187 

mouth-form, unless otherwise mentioned. The percentage of Eu animals of each plate was 188 

then calculated. Mouth-form percentage (Eu%) is graphed as a mean of percentages of all 189 

plates for each strain in a particular dietary condition.  190 

Transgenerational experiments 191 

For testing potential transgenerational effects, lines were established by picking three young 192 

(day 1) adult worms with eggs from standard condition onto oleic acid, glucose, and control 193 

plates, respectively. Ten lines were established for each condition and each line was 194 

propagated by transferring three young adult worms for five generations on the same 195 

condition. In case of contamination, the line was discontinued and not used for counting mouth 196 

form or reversal. At every generation, 6-7 lines (among the already established 10 lines) were 197 

selected and reverted back to standard culture conditions. For each condition, mouth-form 198 

phenotypes were scored for all plates at every generation and reversal.  199 

Oil Red O staining 200 

Post-fix ORO staining method was modified from Li et al. (2016). Oil Red O stock solution was 201 

prepared by dissolving 0.5g ORO (Sigma-Aldrich, product number: O0625) in 100ml 202 

isopropanol. This stock solution was shaken on a see-saw rocker for several days. To prepare 203 

ORO working solution, required amount was taken from the stock and centrifuged for 5 204 

minutes at 4500rpm to pellet all ORO-related precipitates. Working ORO solution was 205 

prepared fresh by diluting precipitate-free ORO (supernatant) in purified water to obtain 60% 206 

ORO. This solution was also shaken on a see-saw rocker for 10 minutes and centrifuged for 207 

5 minutes at 4500rpm before staining worms. For worm fixation, a 1% formaldehyde solution 208 

was used by diluting 1ml 16% formaldehyde solution (Thermo Scientific, catalogue number: 209 

28906) in 15ml 1X PBS (phosphate buffered saline). For dehydrating worms, 60% isopropanol 210 

was prepared fresh by diluting isopropanol in purified water. First, worms were washed off the 211 

plates with 1X PBS and collected in a 15ml Falcon tube for each sample. Note that, after 212 

mouth-form phenotyping, several biological replicates (plates) were washed into one sample 213 

tube for each strain for a particular dietary condition. Once worms formed a sediment, extra 214 

volume was removed, leaving only 1ml. This volume containing worms was then transferred 215 
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to a new 1.5ml tube. To pellet worms after transfer or wash, samples were briefly centrifuged 216 

in a quick-spin centrifuge. Worms were fixed with 1% formaldehyde (1ml) for 30 minutes by 217 

shaking on a see-saw rocker. Then, samples were frozen in liquid nitrogen (~8 seconds) and 218 

thawed under running tap water, three times in total. Samples were washed with 1X PBS three 219 

times and were dehydrated in 60% isopropanol (1ml) for 2 minutes. Finally, samples were 220 

stained with 0.5ml 60% ORO working solution for 30 minutes on a see-saw rocker. The 221 

staining solution was applied through a 0.22µm sterile filter. After staining, samples were 222 

washed three times with 1X PBS. Supernatant of each sample was removed, leaving 223 

approximately 0.1ml sample of stained worms. Two drops of Vectashield (Biozol, catalogue 224 

number: H-1000) was then added into each sample. Samples were gently mixed by pipetting 225 

up and down before mounting onto microscope slides. Samples were then imaged for ORO 226 

quantification.  227 

ORO quantification and analysis 228 

Oil Red O quantification was performed as described in Feldhaus and Piskobulu (2024 229 

preprint). Briefly, we imaged worms on an AxioImager.Z1 (Zeiss, Oberkochen, Germany) with 230 

a 10x/0.3 objective and an AxioCam 506 mono. For ORO quantification, images were obtained 231 

with filter sets for DAPI and Texas Red in transmission mode. The filter-based imaging with a 232 

monochrome camera was chosen to remove any potential bias from white balance settings of 233 

the camera. Oil Red O absorbance per worm was semi-automatically calculated by manually 234 

outlining the worm area and then obtaining the difference between the Texas Red channel 235 

(where ORO appears transparent) and the DAPI channel (where ORO absorbs) after 236 

correcting for differences in the spectral response for both channels. In total, 15 adult worms 237 

were quantified per strain and condition. For each worm, raw integrated density (RawIntDen), 238 

from channel 4 of the processed image, was taken as a measure of ORO absorbance. To 239 

compare individuals with different body size (e.g. mutants), ORO absorbance (RawIntDen) 240 

was normalised by the body area (µm2) for each worm (RawIntDen/body area). For calculating 241 

body area, images of worms from the blue channel (DAPI) were saved in grayscale. The body 242 

area was then calculated for each worm by “Threshold” and “Analyze Particles” functions on 243 

Fiji (Schindelin et al., 2012). Therefore, the final ORO absorbance value was determined as 244 

RawIntDen divided by body area for each worm.      245 

RNA extraction 246 

For RNA extraction, three young adults with eggs, from standard condition, were placed on 247 

oleic acid, glucose, and control conditions, respectively. For each condition, we scanned 248 

through 5-9 plates and collected 150 F1 young adults without eggs in two separate tubes for 249 

RNA extraction (two technical replicates). RNA extraction was carried out using Direct-zol RNA 250 
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Microprep Kit (Zymo Research, R2060). Quality of RNA was assessed using NanoDrop. 251 

Concentration of RNA was assessed using Qubit 2.0 Fluorometer (Invitrogen). Samples were 252 

then diluted to required concentration and sent to NovoGene Co., Ltd for sequencing. 253 

RNA-seq and KEGG enrichment analysis 254 

Raw reads were aligned to the reference P. pacificus genome (El Paco) with STAR (version 255 

2.7.1a) and quantified with featureCounts from the Subread R package (version 2.0.1) based 256 

on the latest gene annotations (Athanasouli et al., 2020; Dobin et al., 2013; Liao et al., 2014). 257 

The count matrix was filtered by removing genes with less than 10 reads, reducing the number 258 

of genes to be examined from 28896 to 18174 and 18049 for oleic acid and glucose 259 

respectively. Differential gene expression analysis was performed for each of the two 260 

conditions with DESeq2 (FDR-corrected P<0.05, version 1.42.0) (Love et al., 2014). The 261 

differentially expressed genes from each condition were tested for overrepresentation of 262 

KEGG pathways using Fisher’s exact-test with multiple testing correction (Bonferroni 263 

corrected P<0.05) in R (version 4.3.1), based on the existing KEGG annotations for the P. 264 

pacificus genes (Athanasouli et al., 2023). 265 

Phylogenetic tree 266 

All C. elegans fatty acid desaturase protein sequences were obtained from WormBase 267 

(www.wormbase.org). Longer isoforms were picked for genes with different isoforms. Each C. 268 

elegans fatty acid desaturase protein was then blasted against P. pacificus on the protein 269 

database (www.pristionchus.org, El Paco annotation v3, 2020). From each blast result, all P. 270 

pacificus hits were collected and analysed on InterProScan (www.ebi.ac.uk) for conserved 271 

protein domains. We found two genes (PPA03289 and PPA05783) which did not contain 272 

desaturase domains, which were discarded. The rest of the protein sequences were aligned 273 

by ClustalW on MEGA11 software (Tamura et al., 2021). Based on this alignment, a maximum 274 

likelihood phylogenetic tree was constructed with LG model, and 100 bootstrap replications. 275 

The phylogenetic tree was visualised and edited on FigTree software (version 1.4.4).           276 

CRISPR/Cas9 mutagenesis and identification of mutants 277 

For the generation of mutants by CRISPR, the protocols of Witte et al. (2015) and Han et al. 278 

(2020) were followed with minor modifications. All components of the CRISPR/Cas9 complex 279 

were purchased from Integrated DNA Technologies (IDT). Each CRISPR RNA (crRNA) was 280 

designed to target 20bp upstream of the protospacer adjacent motif (PAM). To construct 281 

CRISPR/Cas9 complex, 5µl CRISPR RNA (crRNA) from 100µM stock was mixed with 5µl 282 

trans-activating CRISPR RNA (tracrRNA) obtained from 100µM stock (catalogue number 283 

1072534). This mixture was first denatured at 95°C for 5 minutes, and then cooled down at 284 
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room temperature for annealing (5 minutes). Hybridized crRNA:tracrRNA product (5µl) was 285 

mixed with 1µl Cas9 protein from 62µM stock (catalogue number: 1081058) and incubated at 286 

room temperature for 5 minutes. Tris-EDTA buffer was then added into the CRISPR/Cas9 mix 287 

to obtain a final concentration of 18.1µM for crRNA:tracrRNA hybrid and 2.5µM for Cas9. Co-288 

injection marker, with Ppa-eft-3 promoter and TurboRFP sequences, was also integrated into 289 

the injection mix (Han et al., 2020). Injected worms were allowed to lay eggs for 24 hours. 290 

Fluorescent marker-positive plates were used to isolate emerging F1 progeny. From each 291 

positive plate, 8 -10 F1 worms were isolated. Each F1 worm was allowed to lay eggs and then 292 

was lysed in single worm lysis buffer (10mM Tris–HCl at pH 8.3, 50mM KCl, 2.5mM MgCl2, 293 

0.45% NP-40, 0.45% Tween 20, 120μg/ml Proteinase K) in a thermal cycler program with 294 

65°C for 1 hour; 95°C for 10 minutes. Lysates were used to carry out polymerase chain 295 

reactions to amplify the target region. Mutants in F1 generation (predominantly heterozygotes) 296 

were first identified through Sanger sequencing (GENEWIZ Germany GmbH). Subsequent re-297 

isolation and sequencing of the following generation (F2) allowed capturing homozygous 298 

mutants. All crRNAs, and related primers for target genes are provided in Table S1. 299 

Genetic repair of Ppa-pddl-1(tu2028) 300 

To genetically revert Ppa-pddl-1(tu2028) back to wild type through CRISPR editing, a crRNA 301 

(5’- TACTATCCTCTATCCTATAG-3’) was designed targeting 20bp upstream of the TGG PAM 302 

site at exon 4 based on the mutant sequence including 7bp insertion. A 100bp wild type repair 303 

template, covering the target region, was also used (synthesised by IDT). The repair template 304 

was as follows: 5’- 305 

CATGAATAGTTCTAACCACTTCTTCTCCTTCAGACATTACTATCCTCTAGTGGCCCTTCTC306 

TGTTTCCTCATGCCAACTGTCGTTCCTGTCTATTATTGG-3’. The repair template was 307 

integrated into the CRISPR injection mix at a concentration of 10µM. Homozygous wildtype 308 

worms were isolated in F2 generation post injection, validated via sanger sequencing. 309 

Fecundity experiment 310 

To study fecundity of Eu and St morphs, young adult worms without eggs (F1) were isolated 311 

from glucose-supplemented diets (80mM concentration) based on their mouth morph and 312 

subsequently transferred to standard dietary conditions with 20µl E. coli OP50. Worms were 313 

passed onto new plates for 8 consecutive days and were removed at the end of 8th day. After 314 

five days from inoculation, viable progeny was counted on each plate.  315 

Data visualisation and statistical analysis 316 

All plots were generated in RStudio (version 1.2.5042) using ggplot2 and ggpubr packages. 317 

Illustrations were produced in Affinity Designer (version 1.9.2). Statistical significance testing 318 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 11 

was carried out by comparing two independent groups, e.g., control vs. treatment, mutant vs. 319 

wildtype, Eu vs. St, for ORO absorbance and total fecundity. Briefly, data was first tested for 320 

normal distribution mostly via Shapiro-Wilk normality test with additional visual observations. 321 

In case of normal distribution, either two sample t-test (equal variance) or Welch two sample 322 

t-test (unequal variance) were used. In case of nonnormal distribution, Wilcoxon rank sum-323 

test was used as the nonparametric equivalent. All statistics were performed in RStudio 324 

(version 1.2.5042). 325 

 326 

  327 
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Results 328 

Monosaccharide and fatty acid supplementations render worms non-predatory in a 329 

concentration dependent manner 330 

For all experiments, we studied hermaphrodites of the PS312 strain, the wild type of P. 331 

pacificus that had its genome being sequenced at chromosome level (Dieterich et al., 2008; 332 

Rödelsperger et al., 2017). This strain is highly Eu under standard lab conditions on an E. coli 333 

OP50 diet with more than 95% of animals expressing the Eu morph. First, we performed pilot 334 

experiments with monosaccharides ranging from 20mM to 300mM concentrations. Results 335 

revealed a concentration dependent effect on mouth-form plasticity. Specifically, the number 336 

of St worms increased with increasing concentrations of monosaccharides (Figure S1a). 337 

Among all, we prioritised glucose as the main St-inducing monosaccharide and performed 338 

further experiment by using 100mM and 150mM concentrations. Results indicated that 339 

100mM glucose is sufficient to render worms highly St without exerting observable adverse 340 

effects (Figure 2a). Note that even under glucose-supplementation conditions, there is still an 341 

effect of population density on mouth-form expression as pilot experiments starting from 10 342 

adult worms (Figure S1a) revealed higher Eu ratios than similar glucose concentration 343 

experiments with three adult inoculations (Figure 2a). For fatty acid supplementations, we 344 

used oleic acid (monounsaturated fatty acid) and linoleic acid (polyunsaturated fatty acid) to 345 

test 0.5mM and 1mM concentrations. Similar to monosaccharide supplementations, oleic acid 346 

effect on mouth-form plasticity was mediated in a concentration dependent manner (Figure 347 

2a). Observations based on morphology and developmental pace of worms at both 348 

concentrations suggested that 0.5mM oleic acid would be more ideal for further experiments. 349 

Results also indicated that the same concentrations were detrimental for worms in the linoleic 350 

acid condition. While worms did not populate the plates at 1mM, they were developmentally 351 

slow and almost completely St at 0.5mM linoleic acid (Figure S1b). Therefore, we performed 352 

another experiment for linoleic acid with reduced concentrations ranging from 0.01mM to 353 

0.2mM. We found that 0.2mM linoleic acid renders worms predominantly St, alleviating the 354 

detrimental effect observed at 0.5mM concentration (Figure S1c). Overall, these results show 355 

that monosaccharides and fatty acid supplementations induce changes of the mouth-form 356 

ratio towards St in P. pacificus. For further experiments, we selected oleic acid and glucose 357 

as main supplements at 0.5mM and 100mM concentrations, respectively.  358 

Oleic acid and glucose diets do not induce a transgenerational effect on mouth-form 359 

plasticity 360 

Some dietary and nutritional influences on nematodes are known to be transmitted 361 

transgenerationally (Beltran et al., 2020). Therefore, we propagated cultures on oleic acid and 362 
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glucose conditions for five generations to explore potential transgenerational effects of these 363 

diets on mouth-form plasticity (Figure S2a,b). We found that worms exhibit similar mouth-form 364 

ratios relative to their initial response (F1) through generations (Figure S2c,d). When we 365 

reverted worms from each generation back to the regular dietary condition without 366 

supplements, we did not observe any transgenerational memory of mouth form (Figure S2e,f). 367 

Note that over the course of these experiments, we observed more consistent and less 368 

variable mouth-form responses in glucose condition (highly St, on average below 20% Eu) 369 

relative to oleic acid across different batches. 370 

Oleic acid and glucose supplementations induce fat storage 371 

Next, we performed ORO staining on worm populations reared on oleic acid and glucose diets 372 

to visualise and quantify their lipid storage (Figure 1b). Relative to control groups, oleic acid- 373 

and glucose-fed worms showed an increase in ORO absorbance which signifies an increase 374 

in fat storage (Figure 2b). Whole-body images of stained animals also demonstrated the 375 

distribution of storage lipids. Anterior regions of worms clearly indicated lipid accumulation in 376 

both oleic acid and glucose conditions (Figure 2c). In particular the head region of the worm 377 

allows easy visualization of the influence of supplementation on fat storage (Figure 2c inlets). 378 

Thus, both tested supplements induce fat storage in addition to their effect on mouth-form 379 

expression. 380 

Differential gene expression analysis points out pathways involved in lipogenesis and 381 

lipolysis 382 

To understand which molecular factors are involved in mediating this nutrition-induced mouth-383 

form change, we carried out RNA-seq on worm populations reared in supplemented and 384 

control conditions (Figure 3a). First, we performed differential gene expression analysis 385 

between each supplement and its control, and then a KEGG enrichment analysis of 386 

differentially expressed genes in both oleic acid and glucose conditions. KEGG enrichment 387 

analysis revealed pathways involved in lipogenesis (“biosynthesis of unsaturated fatty acids”, 388 

“fatty acid elongation”) and lipolysis (“peroxisome”, “fatty acid degradation”) (Figure 3b). This 389 

suggested that worms do not only store but also actively utilise lipids in supplemented 390 

conditions. Furthermore, we found genes which were upregulated and involved in peroxisomal 391 

beta-oxidation and biosynthesis of unsaturated fatty acids. Therefore, we selected genes in 392 

these pathways as candidates to investigate whether they mediate the effect of nutrient 393 

supplementation on mouth-form expression. We utilised CRISPR gene editing technology to 394 

introduce mutations in genetic components involved in both pathways as this method allows 395 

easy manipulation in P. pacificus (Han et al., 2020; Witte et al., 2015). For these experiments, 396 

we only used glucose-supplemented diet to induce fat storage and test responses of mutants 397 
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because of the higher reproducibility of results obtained through glucose supplementation and 398 

also the impracticality of fatty acid supplementations that require preventive measures from 399 

oxidation by light and air (see Materials and methods for more details).    400 

Delta-9 desaturase activity is essential for a complete mouth-form response on 401 

glucose-supplemented diet 402 

We targeted delta-9 fatty acid desaturases for studying the role of the biosynthesis of 403 

unsaturated fatty acids and dhs-28 and daf-22 for investigating the peroxisomal beta-oxidation 404 

pathway on nutritional plasticity of the P. pacificus mouth-form. Delta-9 desaturases facilitate 405 

lipid storage by acting early in the de novo fatty acid synthesis pathway, converting saturated 406 

fatty acids into monounsaturated fatty acids (Figure 4a). In C. elegans, for instance, 407 

simultaneous inhibition of the function of two delta-9 desaturases (fat-6 and fat-7) results in 408 

the loss of endogenous unsaturated fatty acids and a significant reduction in lipid storage 409 

(Brock et al., 2007). Delta-9 desaturases are activated by the transcription factor sbp-1 (sterol 410 

regulatory element binding protein). Like C. elegans, P. pacificus has a single sbp-1 gene 411 

(PPA37968), which is a one-to-one ortholog of Cel-sbp-1. First, we introduced frameshift 412 

mutations in this gene to block the activity of delta-9 desaturases and explore its contribution 413 

to mouth-form plasticity. However, homozygous mutants were sterile; therefore, we could not 414 

further our investigation with this gene. Next, we specifically targeted individual delta-9 415 

desaturases. Interestingly, this gene family has been amplified in P. pacificus relative to C. 416 

elegans (Markov et al., 2015). We constructed a phylogenetic tree based on protein 417 

sequences of all P. pacificus fatty acid desaturase domain-containing genes and related C. 418 

elegans desaturases. We found a total of 10 P. pacificus genes which contain a delta-9 fatty 419 

acid desaturase-like protein domain (Figure S3). Note that unlike for sbp-1, there is no one-420 

to-one orthology relationship between delta-9 fatty acid desaturase genes between P. 421 

pacificus and C. elegans, therefore requiring a new nomenclature. Among these genes, 422 

ppa_stranded_DN27845_c0_g3_i3, PPA1053, PPA40514, and 423 

ppa_stranded_DN27845_c0_g2_i1 showed highest protein sequence similarity with C. 424 

elegans delta-9 desaturases (fat-5, fat-6, and fat-7). In this order, we named these genes as 425 

Ppa-pddl-1 (Pristionchus delta-9 desaturase-like-1), Ppa-pddl-2, Ppa-pddl-3, and Ppa-pddl-4 426 

(Figure 4b, Figure S3). Among all, Ppa-pddl-1, Ppa-pddl-3, and Ppa-pddl-4 are expressed 427 

throughout the development of P. pacificus based on previous gene expression analysis 428 

(Baskaran et al., 2015). Therefore, we prioritised these three genes and introduced mutations 429 

through CRISPR. We obtained three frameshift alleles for both Ppa-pddl-3 (tu2033, tu2034, 430 

tu2035) and Ppa-pddl-4 (tu2030, tu2031, tu2032), and one frame shift allele (tu2028) and a 431 

3bp insertion allele (tu2029) for Ppa-pddl-1 (Table S2). Among these mutants, tu2028 and 432 
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tu2029 were developmentally slow and had significantly reduced fat storage until late 433 

adulthood under standard conditions.  434 

Next, we assessed mouth-form responses of all mutants on glucose-supplemented 435 

diets. Results revealed that the response of delta-9 desaturase mutants to glucose is generally 436 

incomplete, that is, they have a higher Eu ratio than wild type animals (above 20% Eu) (Figure 437 

4c). Compared to all other mutants, Ppa-pddl-1 mutants were more consistent in their mouth-438 

form response to the glucose-supplemented diet (greater than 40% Eu on average) (Figure 439 

4c). Therefore, we further studied Ppa-pddl-1 using tu2028 as reference allele. First, we 440 

measured the lipid storage profile of Ppa-pddl-1(tu2028) on standard diet by ORO staining. 441 

We found that Ppa-pddl-1(tu2028) exhibits significantly lower levels of ORO absorbance 442 

relative to wild type (Figure S4a,b). To confirm that the response of tu2028 to glucose-443 

supplemented diet is due to its mutational background in Ppa-pddl-1 and not to other 444 

mutations as a result of potential off target effects by CRISPR, we genetically reverted Ppa-445 

pddl-1(tu2028) back to wild type using CRISPR editing via a repair template. Growing wild 446 

type, the repaired strain, and the original Ppa-pddl-1(tu2028) mutant on glucose-447 

supplemented diets revealed highly similar levels of mouth-form ratios between wild type and 448 

repaired worms (Figure 4d). Specifically, both strains were highly St on glucose-supplemented 449 

diets. Repaired and wild type strains also showed a similar trajectory of ORO absorbance 450 

between control and glucose conditions (Figure 4e). Among all, Ppa-pddl-1(tu2028) had the 451 

weakest ORO absorbance in both conditions (Figure 4e). In addition, we observed that Ppa-452 

pddl-1(tu2028) mutant animals restored their growth on glucose-supplemented diet and also 453 

regained their wild type physiological and morphological characteristics upon genetic repair 454 

(Figure 4f). Overall, these results highlight the significance of the function of Ppa-pddl-1 in 455 

both lipid storage and mouth-form plasticity. 456 

Peroxisomal beta-oxidation mutants fail to respond to glucose supplementation 457 

Next, we studied mutants of two peroxisomal beta-oxidation genes, dhs-28 and daf-22. P. 458 

pacificus has two copies of both genes in its genome (Markov et al., 2016) (Figure 5a). For 459 

Ppa-dhs-28.1, we induced mutation in the copy with the sterol carrier protein domain 460 

(PPA20393) and obtained two insertion and three deletion alleles (Table S2). All mutants 461 

exhibited the same observable characteristics and were morphologically smaller and 462 

developmentally slower relative to wild type animals. For daf-22, we used the available double 463 

mutant Ppa-daf-22.1 Ppa-daf-22.2 (Markov et al., 2016). Note that mutants of Ppa-dhs-28.1 464 

were generated in the PS312 wild type background, whereas the Ppa-daf-22.1 Ppa-daf-22.2 465 

double mutant was generated in RS2333, which is a highly related derivative of PS312 that 466 

was used for several studies on dauer development (Falcke et al., 2018; Markov et al., 2016). 467 

Therefore, we included both highly similar wild type strains in our experiments as independent 468 
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controls. First, we assessed mouth-form responses of three Ppa-dhs-28.1 mutant alleles 469 

(tu1855, tu1856, and tu1858) and the Ppa-daf-22.1 Ppa-daf-22.2 double mutant on glucose-470 

supplemented diets. Mutants of both genes had a consistently high Eu mouth-form ratio 471 

between control and glucose conditions. Next, we simultaneously assessed mouth-form 472 

plasticity and lipid storage of Ppa-dhs-28.1(tu1855) and the Ppa-daf-22.1 Ppa-daf-22.2 double 473 

mutant on glucose-supplemented diets. Relative to both wild type strains, mutants remained 474 

highly predatory and showed no increase in ORO absorbance between control and glucose 475 

conditions (Figure 5b,c). We also observed that glucose-supplemented peroxisomal beta-476 

oxidation mutants exhibit delayed development and reduced body size. Moreover, ORO-477 

stained peroxisomal beta-oxidation mutants show a disruption in lipid storage integrity on 478 

glucose-supplemented diets (Figure 5d). They also accumulate larger lipid droplets relative to 479 

wild type, indicating reduced lipid oxidation. Taken together, these results indicate that the 480 

peroxisomal beta-oxidation pathway is required for the mouth-form response to glucose. 481 

Mouth-form plasticity switch genes are required for phenotypic response in glucose 482 

diet 483 

Next, we tested whether the influence of glucose-supplemented diets on mouth-form plasticity 484 

is mediated through the central gene regulatory network of mouth-form plasticity (Figure 6a). 485 

For that, we utilised mutants of plasticity switch genes which are St-form defective. 486 

Specifically, we used sult-1(tu1061) and the double mutant nag-1(tu1142) nag-2(tu1143) and 487 

assessed their mouth form and lipid storage responses on glucose-supplemented diets. Both 488 

mutants were unable to switch from Eu to St on glucose-supplemented diets, indicating that 489 

the nutritional effect acts upstream of the plasticity switch module (Figure 6b). However, 490 

plasticity switch mutants were able to increase their lipid storage when fed on glucose-491 

supplemented diets (Figure 6c). This suggests that the plasticity switch genes are essential 492 

for mouth-form response but not for lipid storage. 493 

Non-predatory worms exhibit a fitness advantage over predatory ones 494 

Our final aim was to explore whether there is a fitness advantage of favouring the development 495 

of one morph over the other in a fat storage-inducing condition. For this, we chose fecundity 496 

as proxy for fitness to evaluate the hermaphrodites’ reproductive success by counting viable 497 

progeny produced by isolated individuals. First, we reduced the concentration of glucose from 498 

100mM to 80mM to increase the likelihood of obtaining Eu animals. Then, we isolated animals 499 

of both morphs grown in the glucose-supplemented diets and measured their fecundity on the 500 

standard diet (Figure 7a). Results revealed that St worms on average exhibit higher daily and 501 

total fecundity than Eu worms (Figure 7b,c). These findings suggest that promoting the 502 
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development of the St morph under such a dietary influence confers a fitness advantage to P. 503 

pacificus. 504 

Discussion 505 

This study highlights the significance of nutrition in mouth-form plasticity in P. pacificus. First, 506 

we showed that fat storage-promoting conditions induce the non-predatory morph. This 507 

suggests that growing in an “overly satiated” nutritional state increases the likelihood of worms 508 

developing as non-predatory. These findings are consistent with previous studies, which 509 

indicated that opposite dietary condition, i.e., low nutrition, can lead to the predatory morph in 510 

P. pacificus (Bento et al., 2010); and even a cannibalistic novel predatory mouth-form in 511 

another diplogastrid nematode, Allodiplogaster sudhausi (Wighard et al., 2024). In addition, 512 

results obtained from transgenerational experiments suggest that worms must constantly be 513 

kept at overly satiated state during development to obtain and maintain a mouth-form 514 

response, at least in the wild type P. pacificus PS312 strain. 515 

Supplementing NGM agar plates with glucose and oleic acids has been an effective 516 

method for delivering monosaccharides and fatty acids to worms via dietary ingestion 517 

(Alcántar-Fernández et al., 2018; Deline et al., 2013; Nomura et al., 2010). However, it is 518 

important to note that this method does not address any potential indirect effect caused by the 519 

interaction between the supplement and the bacteria (Kingsley et al., 2021), which can be a 520 

research interest on its own. In our experiments, we did not monitor fatty acid and glucose 521 

uptake or content in worms, instead we utilised ORO staining, to monitor the outcome of 522 

changes in lipid storage. Our results are concordant with previous findings. For instance, 523 

glucose supplementation to NGM plates does not only result in the accumulation of glucose 524 

but also triacylglycerols in C. elegans (Alcántar-Fernández et al., 2018). Oil Red O stains 525 

neutral lipids, mainly triacylglycerols. Studies in C. elegans have shown an increase in ORO 526 

levels in worms grown in oleic acid- and glucose-supplemented conditions (Choi et al., 2021; 527 

Lee et al., 2015). Therefore, ORO does not only provide a way of measuring the nutritional 528 

status of worms but also validate the uptake of supplementations. Moreover, our results 529 

showed that glucose supplementation consistently induces the St morph in higher proportions 530 

relative to oleic acid. Note that we could not rule out the cause of inconsistency and the high 531 

variability of mouth-form ratios in oleic acid supplementations. Regardless, we selected 532 

glucose-supplemented diet as the main fat storage-promoting condition to induce the non-533 

predatory morph. 534 

Further, mutant analyses revealed that genes involved in lipogenesis and lipolysis play 535 

a significant role in glucose supplementation-induced mouth-form plasticity. First, we showed 536 

that delta-9 desaturase activity, particularly Ppa-pddl-1, is required for a complete mouth-form 537 
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and lipid storage response. The spatial transcriptome data, published by Rödelsperger et al. 538 

(2021), indicates that Ppa-pddl-1 is enriched in anatomical regions that suggests expression 539 

in the intestine. Inactivation of this gene causes a drastic reduction in lipid storage and 540 

developmental rate; such phenotypic effect is obtained through simultaneous inhibition of fat-541 

6 and fat-7 in C. elegans (Brock et al., 2007). However, Ppa-pddl-1 mutant still exhibits a 542 

partial ability to respond to glucose-supplemented diet. This suggests that remaining functional 543 

delta-9 desaturases may have compensated for the loss of Ppa-pddl-1. Therefore, further 544 

functional characterization of delta-9 desaturases is required to completely elucidate potential 545 

role of this gene family in mouth-form plasticity. Furthermore, growing peroxisomal beta-546 

oxidation mutants on glucose-supplemented diet revealed that these mutants have disrupted 547 

lipid storage integrity, which resulted in a weaker ORO absorbance relative to wild type strains. 548 

Additional observations in these mutants, such as developmental delay and reduction in body 549 

size, suggest that they are not able to nutritionally benefit from the glucose-supplemented diet. 550 

Taken together, these findings suggest that pathways associated with storage and utilisation 551 

of lipids carry out essential metabolic processes, mediating mouth-form plasticity in a high 552 

nutrition environment. 553 

Additionally, our findings suggest that the dietary effect of glucose supplementation 554 

acts upstream of the plasticity switch module. However, how this dietary effect is mediated to 555 

influence downstream components, affecting mouth-form decision remains subject of future 556 

research. Of note, de novo fatty acid synthesis and peroxisomal beta-oxidation pathways 557 

produce signalling molecules which have diverse functions (Artyukhin et al., 2018; Watts, 558 

2016). For example, polyunsaturated fatty acids produced by the de novo fatty acid synthesis 559 

pathway can be integrated into storage lipids or processed further into signalling molecules 560 

such as eicosanoids, which can function as ligands for transcription factors, affecting gene 561 

expression. Cytochrome P450 enzymes are involved in the production of eicosanoids from 562 

polyunsaturated fatty acids (Kulas et al., 2008) and their activity have been associated with 563 

several biological functions such as development, dauer formation, and lipid metabolism in C. 564 

elegans (for review, see Larigot et al., 2022). Cytochrome P450-related pathways are enriched 565 

(KEGG) in our differential gene expression data for both oleic acid and glucose, suggesting a 566 

potential role. Moreover, peroxisomal beta-oxidation pathway produces ascarosides, 567 

extracellular signalling molecules which can influence dauer formation and mouth-form 568 

plasticity (Butcher, 2017; Butcher et al., 2007; Markov et al., 2016; Werner et al., 2018). Taken 569 

together, lipid-mediated signalling may have potential functions in nutrition-induced mouth-570 

form plasticity and therefore further research is required to elucidate associated mechanisms.  571 

Finally, we sought to explore whether there is an adaptive value of facilitating the 572 

development of the St morph in a high nutrition environment. In P. pacificus, while the Eu 573 

morph exhibits a fitness advantage associated with its predatory ability (Serobyan et al., 2014), 574 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 19 

the St morph claims this advantage through a faster development and a higher fecundity 575 

(Dardiry et al., 2023; Serobyan et al., 2013). In addition, highly non-predatory natural isolates 576 

of P. pacificus have higher fecundity and exhibit faster development on standard dietary 577 

condition relative to highly predatory strains, which were isolated from similar localities in 578 

nature (Dardiry et al., 2023). Growing worms on glucose-supplemented diet allowed 579 

separation of morphs; then assessing their fecundity revealed a fitness disadvantage for the 580 

predatory mouth-form. Intriguingly, our findings suggest that glucose supplementation does 581 

not offset the fitness cost of producing the Eu phenotype or promote its development to begin 582 

with. Hence, the fitness advantage associated with the non-predatory morph suggests that 583 

favouring its development, under such dietary effect, can be beneficial for the population. 584 

In summary, this study signifies the nutritional sensitivity of mouth-form polyphenism 585 

in P. pacificus and adds nutritional status as important environmental factor influencing mouth 586 

form. We introduced glucose-supplementation as a novel environmental condition to induce 587 

non-predatory morph. Our findings suggest that nutritional status of the worm can potentially 588 

dictate its mouth-form fate. We also found a strong association between lipid metabolism and 589 

mouth-form plasticity. Lastly, glucose-supplementation helped understand fitness 590 

consequences of the mouth-form determination, indicating an advantage for the non-predatory 591 

morph. 592 

  593 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 20 

Acknowledgements 594 

We would like to thank Dr Christian Rödelsperger for his guidance and support during this 595 

project. We also thank Heike Haussmann for freezing all the worm strains generated by this 596 

work. Additionally, we thank all the current and past members of the SommerLab for valuable 597 

discussions. 598 

Competing interests 599 

No competing interests declared.  600 

Funding 601 

This study was funded by the Max Planck Society. V.P. was supported by the International 602 

Max Planck Research School (IMPRS) “From Molecules to Organisms”. 603 

Data availability 604 

Raw Reads obtained from the RNA-seq were deposited in the European Nucleotide Archive 605 

(ENA) under the accession number PRJEB76787.  606 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 21 

References 607 

Akduman, N., Lightfoot, J. W., Röseler, W., Witte, H., Lo, W. S., Rödelsperger, C., & 608 

Sommer, R. J. (2020). Bacterial vitamin B12 production enhances nematode predatory 609 

behavior. ISME Journal, 14, 1494–1507. doi:10.1038/s41396-020-0626-2 610 

Alcántar-Fernández, J., Navarro, R. E., Salazar-Martínez, A. M., Pérez-Andrade, M. E., & 611 

Miranda-Ríos, J. (2018). Caenorhabditis elegans respond to high-glucose diets through 612 

a network of stress-responsive transcription factors. PLoS ONE, 13. 613 

doi:10.1371/journal.pone.0199888 614 

Artyukhin, A. B., Zhang, Y. K., Akagi, A. E., Panda, O., Sternberg, P. W., & Schroeder, F. C. 615 

(2018). Metabolomic “dark Matter” dependent on peroxisomal β-Oxidation in 616 

Caenorhabditis elegans. Journal of the American Chemical Society, 140, 2841–2852. 617 

doi:10.1021/jacs.7b11811 618 

Athanasouli, M., Akduman, N., Röseler, W., Theam, P., & Rödelsperger, C. (2023). 619 

Thousands of Pristionchus pacificus orphan genes were integrated into developmental 620 

networks that respond to diverse environmental microbiota. PLOS Genetics, 19, 621 

e1010832. doi:10.1371/journal.pgen.1010832 622 

Athanasouli, M., Witte, H., Weiler, C., Loschko, T., Eberhardt, G., Sommer, R. J., & 623 

Rödelsperger, C. (2020). Comparative genomics and community curation further 624 

improve gene annotations in the nematode Pristionchus pacificus. BMC Genomics, 21, 625 

708. doi:10.1186/s12864-020-07100-0 626 

Baskaran, P., Rödelsperger, C., Prabh, N., Serobyan, V., Markov, G. V., Hirsekorn, A., & 627 

Dieterich, C. (2015). Ancient gene duplications have shaped developmental stage-628 

specific expression in Pristionchus pacificus. BMC Evolutionary Biology, 15. 629 

doi:10.1186/s12862-015-0466-2 630 

Beltran, T., Shahrezaei, V., Katju, V., & Sarkies, P. (2020). Epimutations driven by small 631 

RNAs arise frequently but most have limited duration in Caenorhabditis elegans. Nature 632 

Ecology & Evolution, 4, 1539–1548. doi:10.1038/s41559-020-01293-z 633 

Bento, G., Ogawa, A., & Sommer, R. J. (2010). Co-option of the hormone-signalling module 634 

dafachronic acid-DAF-12 in nematode evolution. Nature, 466, 494–497. 635 

doi:10.1038/nature09164 636 

Bose, N., Ogawa, A., von Reuss, S. H., Yim, J. J., Ragsdale, E. J., Sommer, R. J., & 637 

Schroeder, F. C. (2012). Complex small-molecule architectures regulate phenotypic 638 

plasticity in a nematode. Angewandte Chemie International Edition, 51, 12438–12443. 639 

doi:10.1002/anie.201206797 640 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 22 

Brock, T. J., Browse, J., & Watts, J. L. (2007). Fatty acid desaturation and the regulation of 641 

adiposity in Caenorhabditis elegans. Genetics, 176, 865–875. 642 

doi:10.1534/genetics.107.071860 643 

Brown, A. L., Meiborg, A. B., Franz-Wachtel, M., Macek, B., Gordon, S., Rog, O., Weadick, 644 

C. J., & Werner, M. S. (2024). Characterization of the Pristionchus pacificus “epigenetic 645 

toolkit” reveals the evolutionary loss of the histone methyltransferase complex PRC2. 646 

Genetics, 227. doi:10.1093/genetics/iyae041 647 

Bui, L. T., Ivers, N. A., & Ragsdale, E. J. (2018). A sulfotransferase dosage-dependently 648 

regulates mouthpart polyphenism in the nematode Pristionchus pacificus. Nature 649 

Communications, 9, 4119. doi:10.1038/s41467-018-05612-8 650 

Butcher, R. A. (2017). Small-molecule pheromones and hormones controlling nematode 651 

development. Nature Chemical Biology, 13, 577–586. doi:10.1038/nchembio.2356 652 

Butcher, R. A., Fujita, M., Schroeder, F. C., & Clardy, J. (2007). Small-molecule pheromones 653 

that control dauer development in Caenorhabditis elegans. Nature Chemical Biology, 3, 654 

420–422. doi:10.1038/nchembio.2007.3 655 

Casasa, S., Katsougia, E., & Ragsdale, E. J. (2023). A Mediator subunit imparts robustness 656 

to a polyphenism decision. Proceedings of the National Academy of Sciences of the 657 

United States of America, 120. doi:10.1073/pnas.2308816120 658 

Casasa, S., Zattara, E. E., & Moczek, A. P. (2020). Nutrition-responsive gene expression and 659 

the developmental evolution of insect polyphenism. Nature Ecology and Evolution, 4, 660 

970–978. doi:10.1038/s41559-020-1202-x 661 

Chandra, V., Fetter-Pruneda, I., Oxley, P. R., Ritger, A. L., McKenzie, S. K., Libbrecht, R., & 662 

Kronauer, D. J. C. (2018). Social regulation of insulin signaling and the evolution of 663 

eusociality in ants. Science, 361, 398–402. doi:10.1126/science.aar5723 664 

Choi, L. S., Shi, C., Ashraf, J., Sohrabi, S., & Murphy, C. T. (2021). Oleic Acid protects 665 

Caenorhabditis mothers from mating-induced death and the cost of reproduction. 666 

Frontiers in Cell and Developmental Biology, 9. doi:10.3389/fcell.2021.690373 667 

Dardiry, M., Piskobulu, V., Kalirad, A., & Sommer, R. J. (2023). Experimental and theoretical 668 

support for costs of plasticity and phenotype in a nematode cannibalistic trait. Evolution 669 

Letters, 7, 48–57. doi:10.1093/evlett/qrac001 670 

Deline, M. L., Vrablik, T. L., & Watts, J. L. (2013). Dietary supplementation of 671 

polyunsaturated fatty acids in Caenorhabditis elegans. Journal of Visualized 672 

Experiments, 81. doi:10.3791/50879 673 

Dieterich, C., Clifton, S. W., Schuster, L. N., Chinwalla, A., Delehaunty, K., Dinkelacker, I., 674 

Fulton, L., Fulton, R., Godfrey, J., Minx, P., Mitreva, M., Roeseler, W., Tian, H., Witte, 675 

H., Yang, S.-P., Wilson, R. K., & Sommer, R. J. (2008). The Pristionchus pacificus 676 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 23 

genome provides a unique perspective on nematode lifestyle and parasitism. Nature 677 

Genetics, 40, 1193–1198. doi:10.1038/ng.227 678 

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, 679 

M., & Gingeras, T. R. (2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics, 680 

29, 15–21. doi:10.1093/bioinformatics/bts635 681 

Emlen, D. J. (1997). Diet alters male horn allometry in the beetle Onthophagus acuminatus 682 

(Coleoptera: Scarabaeidae). Proceedings of the Royal Society of London. Series B: 683 

Biological Sciences, 264, 567–574. doi:10.1098/rspb.1997.0081 684 

Falcke, J. M., Bose, N., Artyukhin, A. B., Rödelsperger, C., Markov, G. V., Yim, J. J., Grimm, 685 

D., Claassen, M. H., Panda, O., Baccile, J. A., Zhang, Y. K., Le, H. H., Jolic, D., 686 

Schroeder, F. C., & Sommer, R. J. (2018). Linking genomic and metabolomic natural 687 

variation uncovers nematode pheromone biosynthesis. Cell Chemical Biology, 25, 787-688 

796.e12. doi:10.1016/j.chembiol.2018.04.004 689 

Feldhaus, C., & Piskobulu, V. (2024). A low bias method for quantification of Oil Red O 690 

staining. BioRxiv, 2024.06.18.599611. doi:10.1101/2024.06.18.599611 691 

Ghalambor, C. K., McKay, J. K., Carroll, S. P., & Reznick, D. N. (2007). Adaptive versus non-692 

adaptive phenotypic plasticity and the potential for contemporary adaptation in new 693 

environments. Functional Ecology, 21, 394–407. doi:10.1111/j.1365-2435.2007.01283.x 694 

Gotoh, H., Miyakawa, H., Ishikawa, A., Ishikawa, Y., Sugime, Y., Emlen, D. J., Lavine, L. C., 695 

& Miura, T. (2014). Developmental link between sex and nutrition; doublesex regulates 696 

sex-specific mandible growth via juvenile hormone signaling in stag beetles. PLoS 697 

Genetics, 10. doi:10.1371/journal.pgen.1004098 698 

Han, S., Schroeder, E. A., Silva-García, C. G., Hebestreit, K., Mair, W. B., & Brunet, A. 699 

(2017). Mono-unsaturated fatty acids link H3K4me3 modifiers to C. elegans lifespan. 700 

Nature, 544, 185–190. doi:10.1038/nature21686 701 

Han, Z., Lo, W.-S., Lightfoot, J. W., Witte, H., Sun, S., & Sommer, R. J. (2020). Improving 702 

transgenesis efficiency and CRISPR-associated tools through codon optimization and 703 

native intron addition in Pristionchus nematodes. Genetics, 216, 947–956. 704 

doi:10.1534/genetics.120.303785 705 

Haydak, M. H. (1970). Honey bee nutrition. Annual Review of Entomology, 15, 143–156. 706 

doi:10.1146/annurev.en.15.010170.001043 707 

Herrmann, M., Mayer, W. E., & Sommer, R. J. (2006). Nematodes of the genus Pristionchus 708 

are closely associated with scarab beetles and the Colorado potato beetle in Western 709 

Europe. Zoology, 109, 96–108. doi:10.1016/j.zool.2006.03.001 710 

Kamakura, M. (2011). Royalactin induces queen differentiation in honeybees. Nature, 473, 711 

478–483. doi:10.1038/nature10093 712 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 24 

Kingsley, S. F., Seo, Y., Allen, C., Ghanta, K. S., Finkel, S., & Tissenbaum, H. A. (2021). 713 

Bacterial processing of glucose modulates C. elegans lifespan and healthspan. 714 

Scientific Reports, 11, 5931. doi:10.1038/s41598-021-85046-3 715 

Kucharski, R., Maleszka, J., Foret, S., & Maleszka, R. (2008). Nutritional control of 716 

reproductive status in honeybees via DNA methylation. Science, 319, 1827–1830. 717 

doi:10.1126/science.1153069 718 

Kulas, J., Schmidt, C., Rothe, M., Schunck, W.-H., & Menzel, R. (2008). Cytochrome P450-719 

dependent metabolism of eicosapentaenoic acid in the nematode Caenorhabditis 720 

elegans. Archives of Biochemistry and Biophysics, 472, 65–75. 721 

doi:10.1016/j.abb.2008.02.002 722 

Larigot, L., Mansuy, D., Borowski, I., Coumoul, X., & Dairou, J. (2022). Cytochromes P450 of 723 

Caenorhabditis elegans: implication in biological functions and metabolism of 724 

xenobiotics. Biomolecules, 12, 342. doi:10.3390/biom12030342 725 

Lee, D., Jeong, D.-E., Son, H. G., Yamaoka, Y., Kim, H., Seo, K., Khan, A. A., Roh, T.-Y., 726 

Moon, D. W., Lee, Y., & Lee, S.-J. V. (2015). SREBP and MDT-15 protect C. elegans 727 

from glucose-induced accelerated aging by preventing accumulation of saturated fat. 728 

Genes & Development, 29, 2490–2503. doi:10.1101/gad.266304.115 729 

Lenuzzi, M., Witte, H., Riebesell, M., Rödelsperger, C., Hong, R. L., & Sommer, R. J. (2023). 730 

Influence of environmental temperature on mouth-form plasticity in Pristionchus 731 

pacificus acts through daf-11-dependent cGMP signaling. Journal of Experimental 732 

Zoology Part B: Molecular and Developmental Evolution, 340, 214–224. 733 

doi:10.1002/jez.b.23094 734 

Levis, N. A., & Ragsdale, E. J. (2023). A histone demethylase links the loss of plasticity to 735 

nongenetic inheritance and morphological change. Nature Communications, 14. 736 

doi:10.1038/s41467-023-44306-8 737 

Li, S., Xu, S., Ma, Y., Wu, S., Feng, Y., Cui, Q., Chen, L., Zhou, S., Kong, Y., Zhang, X., Yu, 738 

J., Wu, M., & Zhang, S. O. (2016). A genetic screen for mutants with supersized lipid 739 

droplets in Caenorhabditis elegans. G3: Genes, Genomes, Genetics, 6, 2407–2419. 740 

doi:10.1534/g3.116.030866 741 

Liao, Y., Smyth, G. K., & Shi, W. (2014). featureCounts: an efficient general purpose program 742 

for assigning sequence reads to genomic features. Bioinformatics, 30, 923–930. 743 

doi:10.1093/bioinformatics/btt656 744 

Love, M. I., Huber, W., & Anders, S. (2014). Moderated estimation of fold change and 745 

dispersion for RNA-seq data with DESeq2. Genome Biology, 15, 550. 746 

doi:10.1186/s13059-014-0550-8 747 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 25 

Markov, G. V., Baskaran, P., & Sommer, R. J. (2015). The same or not the same: lineage-748 

specific gene expansions and homology relationships in multigene families in 749 

nematodes. Journal of Molecular Evolution, 80, 18–36. doi:10.1007/s00239-014-9651-y 750 

Markov, G. V., Meyer, J. M., Panda, O., Artyukhin, A. B., Claaßen, M., Witte, H., Schroeder, 751 

F. C., & Sommer, R. J. (2016). Functional conservation and divergence of daf-22 752 

paralogs in Pristionchus pacificus dauer development. Molecular Biology and Evolution, 753 

33, 2506–2514. doi:10.1093/molbev/msw090 754 

Meyer, J. M., Baskaran, P., Quast, C., Susoy, V., Rödelsperger, C., Glöckner, F. O., & 755 

Sommer, R. J. (2017). Succession and dynamics of Pristionchus nematodes and their 756 

microbiome during decomposition of Oryctes borbonicus on La Réunion Island. 757 

Environmental Microbiology, 19, 1476–1489. doi:10.1111/1462-2920.13697 758 

Moczek, A. P. (1998). Horn polyphenism in the beetle Onthophagus taurus: larval diet quality 759 

and plasticity in parental investment determine adult body size and male horn 760 

morphology. Behavioral Ecology, 9, 636–641. doi:10.1093/beheco/9.6.636 761 

Namdeo, S., Moreno, E., Rödelsperger, C., Baskaran, P., Witte, H., & Sommer, R. J. (2018). 762 

Two independent sulfation processes regulate mouth-form plasticity in the nematode 763 

Pristionchus pacificus. Development, 145. doi:10.1242/dev.166272 764 

Nomura, T., Horikawa, M., Shimamura, S., Hashimoto, T., & Sakamoto, K. (2010). Fat 765 

accumulation in Caenorhabditis elegans is mediated by SREBP homolog SBP-1. 766 

Genes and Nutrition, 5, 17–27. doi:10.1007/s12263-009-0157-y 767 

O’Rourke, E. J., Soukas, A. A., Carr, C. E., & Ruvkun, G. (2009). C. elegans major fats are 768 

stored in vesicles distinct from lysosome-related organelles. Cell Metabolism, 10, 430–769 

435. doi:10.1016/j.cmet.2009.10.002 770 

Pigliucci, M. (2001). Phenotypic plasticity: beyond nature and nurture. Johns Hopkins 771 

University Press. 772 

Ragsdale, E. J., Kanzaki, N., & Herrmann, M. (2015). Taxonomy and natural history: the 773 

genus Pristionchus. In Pristionchus pacificus (pp. 77–120). BRILL. 774 

doi:10.1163/9789004260306_005 775 

Ragsdale, E. J., Müller, M. R., Rödelsperger, C., & Sommer, R. J. (2013). A developmental 776 

switch coupled to the evolution of plasticity acts through a sulfatase. Cell, 155, 922. 777 

doi:10.1016/j.cell.2013.09.054 778 

Renahan, T., Lo, W. S., Werner, M. S., Rochat, J., Herrmann, M., & Sommer, R. J. (2021). 779 

Nematode biphasic ‘boom and bust’ dynamics are dependent on host bacterial load 780 

while linking dauer and mouth-form polyphenisms. Environmental Microbiology, 23, 781 

5102–5113. doi:10.1111/1462-2920.15438 782 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 26 

Renahan, T., & Sommer, R. J. (2022). Multidimensional competition of nematodes affects 783 

plastic traits in a beetle ecosystem. Frontiers in Cell and Developmental Biology, 10. 784 

doi:10.3389/fcell.2022.985831 785 

Rödelsperger, C., Ebbing, A., Sharma, D. R., Okumura, M., Sommer, R. J., & Korswagen, H. 786 

C. (2021). Spatial transcriptomics of nematodes identifies sperm cells as a source of 787 

genomic novelty and rapid evolution. Molecular Biology and Evolution, 38, 229–243. 788 

doi:10.1093/molbev/msaa207 789 

Rödelsperger, C., Meyer, J. M., Prabh, N., Lanz, C., Bemm, F., & Sommer, R. J. (2017). 790 

Single-molecule sequencing reveals the chromosome-scale genomic architecture of the 791 

nematode model organism Pristionchus pacificus. Cell Reports, 21, 834–844. 792 

doi:10.1016/j.celrep.2017.09.077 793 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, 794 

S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D. J., Hartenstein, V., 795 

Eliceiri, K., Tomancak, P., & Cardona, A. (2012). Fiji: an open-source platform for 796 

biological-image analysis. Nature Methods, 9, 676–682. doi:10.1038/nmeth.2019 797 

Schroeder, N. E. (2021). Introduction to Pristionchus pacificus anatomy. Journal of 798 

Nematology, 53. doi:10.21307/jofnem-2021-091 799 

Serobyan, V., Ragsdale, E. J., Müller, M. R., & Sommer, R. J. (2013). Feeding plasticity in 800 

the nematode Pristionchus pacificus is influenced by sex and social context and is 801 

linked to developmental speed. Evolution & Development, 15, 161–170. 802 

doi:10.1111/ede.12030 803 

Serobyan, V., Ragsdale, E. J., & Sommer, R. J. (2014). Adaptive value of a predatory mouth-804 

form in a dimorphic nematode. Proceedings of the Royal Society B: Biological 805 

Sciences, 281, 20141334. doi:10.1098/rspb.2014.1334 806 

Serobyan, V., Xiao, H., Namdeo, S., Rödelsperger, C., Sieriebriennikov, B., Witte, H., 807 

Röseler, W., & Sommer, R. J. (2016). Chromatin remodelling and antisense-mediated 808 

up-regulation of the developmental switch gene eud-1 control predatory feeding 809 

plasticity. Nature Communications, 7. doi:10.1038/ncomms12337 810 

Sieriebriennikov, B., Prabh, N., Dardiry, M., Witte, H., Röseler, W., Kieninger, M. R., 811 

Rödelsperger, C., & Sommer, R. J. (2018). A developmental switch generating 812 

phenotypic plasticity is part of a conserved multi-gene locus. Cell Reports, 23, 2835-813 

2843.e4. doi:10.1016/j.celrep.2018.05.008 814 

Sieriebriennikov, B., Sun, S., Lightfoot, J. W., Witte, H., Moreno, E., Rödelsperger, C., & 815 

Sommer, R. J. (2020). Conserved nuclear hormone receptors controlling a novel plastic 816 

trait target fast-evolving genes expressed in a single cell. PLoS Genetics, 16(4). 817 

doi:10.1371/journal.pgen.1008687 818 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 27 

Simpson, S. J., Sword, G. A., & Lo, N. (2011). Polyphenism in insects. Current Biology, 21, 819 

R738–R749. doi:10.1016/j.cub.2011.06.006 820 

Sommer, R. J. (2020). Phenotypic plasticity: from theory and genetics to current and future 821 

challenges. Genetics, 215, 1–13. doi:10.1534/genetics.120.303163 822 

Sommer, R. J., Carta, L. K., Kim, S.-Y., & Sternberg, P. W. (1996). Morphological, genetic 823 

and molecular description of Pristionchus pacificus sp. n. (Nematoda : 824 

Neodiplogastridae ). Fundamental and Applied Nematology, 19, 511-521. 825 

Tamura, K., Stecher, G., & Kumar, S. (2021). MEGA11: molecular evolutionary genetics 826 

analysis version 11. Molecular Biology and Evolution, 38, 3022–3027. 827 

doi:10.1093/molbev/msab120 828 

Theska, T., Sieriebriennikov, B., Wighard, S. S., Werner, M. S., & Sommer, R. J. (2020). 829 

Geometric morphometrics of microscopic animals as exemplified by model nematodes. 830 

Nature Protocols, 15, 2611–2644. doi:10.1038/s41596-020-0347-z 831 

Theska, T., & Sommer, R. J. (2024). Feeding-structure morphogenesis in “rhabditid” and 832 

diplogastrid nematodes is not controlled by a conserved genetic module. Evolution & 833 

Development, 26. doi:10.1111/ede.12471 834 

Wan, Q. L., Meng, X., Wang, C., Dai, W., Luo, Z., Yin, Z., Ju, Z., Fu, X., Yang, J., Ye, Q., 835 

Zhang, Z. H., & Zhou, Q. (2022). Histone H3K4me3 modification is a transgenerational 836 

epigenetic signal for lipid metabolism in Caenorhabditis elegans. Nature 837 

Communications, 13. doi:10.1038/s41467-022-28469-4 838 

Watts, J. L. (2016). Using Caenorhabditis elegans to uncover conserved functions of omega-839 

3 and omega-6 fatty acids. Journal of Clinical Medicine, 5. doi:10.3390/jcm5020019 840 

Werner, M. S., Claaßen, M. H., Renahan, T., Dardiry, M., & Sommer, R. J. (2018). Adult 841 

influence on juvenile phenotypes by stage-specific pheromone production. iScience, 10, 842 

123–134. doi:10.1016/j.isci.2018.11.027 843 

Werner, M. S., Loschko, T., King, T., Reich, S., Theska, T., Franz-Wachtel, M., Macek, B., & 844 

Sommer, R. J. (2023). Histone 4 lysine 5/12 acetylation enables developmental 845 

plasticity of Pristionchus mouth form. Nature Communications, 14. doi:10.1038/s41467-846 

023-37734-z 847 

Werner, M. S., Sieriebriennikov, B., Loschko, T., Namdeo, S., Lenuzzi, M., Dardiry, M., 848 

Renahan, T., Sharma, D. R., & Sommer, R. J. (2017). Environmental influence on 849 

Pristionchus pacificus mouth form through different culture methods. Scientific Reports, 850 

7. doi:10.1038/s41598-017-07455-7 851 

West-Eberhard, M. J. (2003). Developmental plasticity and evolution. Oxford University 852 

Press. 853 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 28 

Wighard, S., Witte, H., & Sommer, R. J. (2024). Conserved switch genes that arose via 854 

whole-genome duplication regulate a cannibalistic nematode morph. Science 855 

Advances, 10. doi:10.1126/sciadv.adk6062 856 

Witte, H., Moreno, E., Rödelsperger, C., Kim, J., Kim, J.-S., Streit, A., & Sommer, R. J. 857 

(2015). Gene inactivation using the CRISPR/Cas9 system in the nematode Pristionchus 858 

pacificus. Development Genes and Evolution, 225, 55–62. doi:10.1007/s00427-014-859 

0486-8 860 

Yang, C. H., & Pospisilik, J. A. (2019). Polyphenism – A window into gene-environment 861 

interactions and phenotypic plasticity. Frontiers in Genetics, 10. 862 

doi:10.3389/fgene.2019.00132  863 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2024. ; https://doi.org/10.1101/2024.08.27.609904doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.27.609904


 29 

Figure Legends 864 

Figure 1. Mouth-form polyphenism of P. pacificus, and the experimental design for 865 

supplementation studies. (a) Differential interference contrast (DIC) images of the 866 

eurystomatous (Eu) and the stenostomatous (St) mouth morphs. The Eu morph has a wide 867 

buccal cavity, a hook-like dorsal tooth (on the left, outlined), and a sub-ventral tooth. The 868 

narrow-mouthed stenostomatous (St) morph has a flint-shaped dorsal tooth (on the left, 869 

outlined). Scale bar is 5µm. (b) Illustration of the general experimental design using 870 

supplementation with monosaccharides and fatty acids. 871 

 872 

Figure 2. Effect of oleic acid and glucose supplementations on mouth-form plasticity 873 

and lipid storage in P. pacificus. (a) Concentration-dependent effect of oleic acid and 874 

glucose on mouth-form plasticity. N ≥ 3 biological replicates per condition for each 875 

concentration. Each faint data point represents a replicate (plate), with 30 animals per replicate 876 

being scored for mouth-form percentage (Eu%). Error bars represent s.e.m. (b) Oil Red O 877 

absorbance (RawIntDen/body area) obtained from worms grown in oleic acid, glucose, and 878 

respective control conditions. N = 15 per condition. Each faint data point represents an 879 

individual worm. P values are obtained from Welch two sample t-test and two sample t-test for 880 

oleic acid and glucose comparisons, respectively. Bars represent mean values of all samples 881 

in each condition. Error bars represent s.d. (c) Representative images of ORO-quantified 882 

worms, indicating lipid storage profile. Images are acquired from the blue channel in grayscale. 883 

Lipid droplets appear dark. Scale bar is 50µm. 884 

 885 

Figure 3. Transcriptome analysis. (a) An illustration of RNA extraction. (b) Overrepresented 886 

KEGG pathways of differentially expressed genes for oleic acid and glucose conditions. 887 

Statistical analysis by Fisher’s exact-test with multiple testing correction (Bonferroni corrected 888 

P<0.05). 889 

 890 

Figure 4. Significance of delta-9 desaturase activity in glucose supplementation-891 

induced mouth-form plasticity. (a) Schematic representation of the essential activity of 892 

delta-9 desaturases, facilitating fat storage by converting saturated fatty acids into 893 

monounsaturated fatty acids. Sterol regulatory element binding protein 1 (SBP-1) activates 894 

delta-9 desaturases. (b) A simplified phylogenetic tree of Pristionchus delta-9 desaturase-like 895 

genes (Ppa-pddl-1, Ppa-pddl-2, Ppa-pddl-3, Ppa-pddl-4), and C. elegans delta-9 desaturases 896 

(fat-5, fat-6, and fat-7). Triangle denotes P. pacificus genes which are constitutively expressed 897 

during development (Baskaran et al., 2015). The phylogenetic tree is drawn based on the tree 898 

in Figure S3. (c) Eu percentages of CRISPR mutants of Ppa-pddl-1, Ppa-pddl-3, Ppa-pddl-4, 899 
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and wild type animals in control and glucose conditions. N ≥ 2 biological replicates per strain 900 

for each condition. Bars represent mean values of all replicates. Error bars represent s.d. (d) 901 

Eu percentages of wild type, tu2028(Ppa-pddl-1), and CRISPR repaired-tu2028 strains in 902 

control and glucose conditions. N ≥ 3 biological replicates per strain for each condition. (c,d) 903 

Each faint data point represents a replicate (plate), with 30 animals per plate being scored for 904 

mouth-form percentage (Eu%). (e) ORO absorbance (RawIntDen/body area) obtained from 905 

wild type, tu2028(Ppa-pddl-1), and CRISPR repaired-tu2028 strains grown on control and 906 

glucose conditions. N = 15 per strain for each condition. Each faint datapoint represents an 907 

individual worm. (d,e) Error bars represent s.e.m. (f) Representative images of ORO-908 

quantified strains from control (-glucose) and glucose (+glucose) conditions. Images are 909 

acquired from the blue channel in grayscale. Lipid droplets appear dark. Scale bar is 100µm. 910 

 911 

Figure 5. Response of peroxisomal beta-oxidation mutants to glucose-supplemented 912 

diet. (a) Schematic of peroxisomal beta-oxidation pathway, indicating duplicate copies in P. 913 

pacificus for dhs-28 and daf-22 genes relative to C. elegans. (b) Eu percentages of 914 

peroxisomal beta-oxidation mutants and wild type strains in control and glucose conditions. N 915 

≥ 2 biological replicate per strain for each condition. Each faint data point represents a 916 

replicate (plate), with 30 animals per plate being scored for mouth-form percentage (Eu%). (c) 917 

ORO absorbance (RawIntDen/body area) obtained from peroxisomal beta-oxidation mutants 918 

and wild type strains grown on control and glucose conditions. N = 15 per strain for each 919 

condition. Each faint data point represents an individual worm. (b,c) Error bars represent 920 

s.e.m. (d) Representative images of ORO-quantified strains from control (-glucose) and 921 

glucose (+glucose) conditions. Images are acquired from the blue channel in grayscale. Lipid 922 

droplets appear dark. Scale bar is 100µm.  923 

 924 

Figure 6. Role of plasticity switch genes in glucose supplementation-induced mouth-925 

form plasticity. (a) Schematic of the mouth-form gene regulatory network, indicating different 926 

modules with genetic and epigenetic components. (b) Eu percentages of plasticity switch 927 

mutants and wild type strains in glucose and control conditions. N = 3 biological replicates per 928 

strain for each condition. Each faint data point represents a replicate (plate), with 30 animals 929 

per plate being scored for mouth-form percentage (Eu%). (c) ORO absorbance 930 

(RawIntDen/body area) measured in plasticity switch mutants and wild type strains grown on 931 

control and glucose conditions. N = 15 per strain for each condition. Each faint data point 932 

represents a worm. (b,c) Error bars represent s.e.m. 933 

 934 
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 31 

Figure 7. Fecundity of different morphs after glucose supplementation. (a) Illustration for 935 

the experimental design to study fecundity of Eu and St animals obtained from glucose- 936 

supplemented condition. (b) Daily fecundity of Eu and St animals. Error bars represent s.e.m. 937 

(c) Overall fecundity of Eu and St animals. Bars represent mean values of all individuals for 938 

each morph. Error bars represent s.d. P value is obtained from Wilcoxon rank sum test. (b,c)  939 

N = 34 per morph. Each faint data point represents a worm. 940 
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Supplementary Figure S1 
Concentration dependent effect of supplements on mouth-form plasticity. (a) Eu 
percentages of worms grown on different concentrations of monosaccharides. In this pilot 
experiment, cultures were initiated by inoculating with 10 adult worms, allowing them to lay eggs 
for 2 hours. This method results in higher Eu percentages than inoculating with 3 worms. N ≥ 3 
biological replicates per condition in each concentration. From each replicate (plate), 25-30 
worms were scored, except for 300mM concentrations from which 4-28 worms were scored. 
Error bars represent s.e.m. (b) Effect of 0.5mM linoleic acid on mouth-form plasticity. N ≥ 4 
biological replicates per concentration. From each replicate (plate), 28-30 worms were scored. 
Bars represent mean values of all replicates. Error bars represent s.d. (c) Linoleic acid 
concentration effect on mouth-form plasticity. N = 5 biological replicates per concentration. From 
each replicate (plate), 30 worms were scored. Error bars represent s.e.m. (a-c) Each faint data 
point represents a biological replicate (plate) scored for mouth-form ratio (Eu%). 
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Supplementary Figure S2
Transgenerational effect of oleic acid and glucose supplementations on mouth-form 
plasticity. (a,b) Illustrations show the experimental design for studying the transgenerational 
effect of oleic acid (a) and glucose (b) supplementation on mouth-form plasticity. (a,b) The same 
experimental method was applied for respective control conditions. (c,d) Eu percentages of 
worms through generations (F1-F5) for oleic acid and control conditions (c); and for glucose and 
control conditions (d). (c) N = 10 biological replicates per condition for each generation. (d) N ≥ 8 
biological replicates per condition for each generation. (e,f) Eu percentage of worms after 
reversal (F1-F5) for oleic acid and control conditions (e); and for glucose and control conditions 
(f). (e) N = 7 biological replicates per condition for each generation. (f) N ≥ 6 biological replicates 
per condition for each generation. (c-f) Each faint data point represents a replicate (plate), with 30 
animals per plate being scored for mouth-form percentage (Eu%). Error bars represent s.e.m.     
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Supplementary Figure S3 
Phylogenetic tree of all P. pacificus fatty acid desaturase domain-containing proteins with 
related C. elegans desaturases. A maximum likelihood phylogenetic tree, constructed with LG 
model, and 100 bootstrap replications. Bootstrap values are indicated next to branch nodes. 
Green and Blue colours denote Pristionchus delta-9 desaturase domain-containing proteins. Red 
colour denotes C. elegans delta-9 desaturases.
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Supplementary Figure S4 
Delta-9 desaturase mutant, Ppa-pddl-1(tu2028), exhibits reduced lipid storage relative to 
wild type strain (PS312) on standard dietary condition. (a) ORO absorbance 
(RawIntDen/body area) obtained from wildtype (PS312) and Ppa-pddl-1(tu2028) strains. N = 15 
per strain. P value is obtained from a two sample t-test. Each faint data point represents a worm. 
Bars represent mean values of all samples for each strain. Error bars represent s.d. (b) 
Representative images of ORO-quantified worms, indicating lipid storage profile. Images are 
acquired from the blue channel in grayscale. Lipid droplets appear dark. Scale bar is 100µm.



Gene name Accession crRNA Forward Primer Reverse Primer
Ppa-pddl-1 ppa_stranded_D

N27845_c0_g3_ 
i3 

5’-
CAGACATTACTATCC
TCTAG-3’

5’-
CCGTTAGAGTCTACTTCATGCT
ATGGAA-3’

5’-
ATCAACCTGACCATATTTCAGT
CTGACC-3’

Ppa-pddl-3 PPA40514 5’- 
CTATCTCCCCCTTGC
GACTC-3’

5’-
TTCTGATCTGTGGAACGACCCG
-3’

5’-
CACGGATTCGACGGGAGTGATG
-3’

Ppa-pddl-4 ppa_stranded_D
N27845_c0_g2_ 
i1 

5’-
GTAATTCCCGTCTAT
TTCTG-3’

5’-
TAACGATGTTTTCCTTCAGGTA
ATGGGC-3’

5’-
CTGCTGCTTGTAGATTAGTCCA
TACAGA-3’

Ppa-dhs-28.1 PPA20393 5’-
GGGGAGATCAAGGCA
GCCGG-3’

5’-
CGATATTGTTGCAGTGAACGAC
-3’

5’-
CTTCTAGTTACATCAGCTGTCT
CG-3’

Supplementary Table S1. List of crRNA and primer sequences for genes that were 
studied for mutant analyses.  



Gene Name Gene Accession Strain Allele Mutation 
Type

Mutation 
Location

Source

Ppa-pddl-1 ppa_stranded_DN27845_c0_g3_
i3

RS4411 tu2028 7bp insertion exon 4 This paper

Ppa-pddl-1 ppa_stranded_DN27845_c0_g3_
i3

RS4412 tu2029 3bp insertion exon 4 This paper

Ppa-pddl-3 PPA40514 RS4401 tu2033 5bp deletion exon 5 This paper

Ppa-pddl-3 PPA40514 RS4402 tu2034 7bp deletion exon 5 This paper

Ppa-pddl-3 PPA40514 RS4403 tu2035 7bp deletion exon 5 This paper

Ppa-pddl-4 ppa_stranded_DN27845_c0_g2_
i1

RS4398 tu2030 4bp deletion exon 7 This paper

Ppa-pddl-4 ppa_stranded_DN27845_c0_g2_
i1

RS4399 tu2031 10bp deletion exon 7 This paper

Ppa-pddl-4 ppa_stranded_DN27845_c0_g2_
i1

RS4400 tu2032 28bp insertion exon 7 This paper

Ppa-dhs-28.1 PPA20393 RS4147 tu1855 4bp deletion exon 3 This paper
Ppa-dhs-28.1 PPA20393 RS4138 tu1856 7bp deletion exon 3 This paper

Ppa-dhs-28.1 PPA20393 RS4141 tu1857 8bp insertion exon 3 This paper

Ppa-dhs-28.1 PPA20393 RS4140 tu1858 21bp deletion exon 3 This paper

Ppa-dhs-28.1 PPA20393 RS4139 tu1859 19bp insertion exon 3 This paper

Ppa-daf-22.1;Ppa-daf-22.2 ppa_stranded_DN16812_c0_g1_
i1;PPA41516

RS2770 tu489;t
u504

7bp 
deletion;7bp 
insertion 

refer to 
Markov 
et al., 
2016

Markov et 
al., 2016

sult-1 PPA12547 RS2974 tu1061 10bp deletion exon 9 Namdeo et 
al., 2018

nag-1;nag-2 PPA06134;PPA34489 RS3195 tu1142
;tu114
3

1 SNP + 17bp 
insertion;2 
SNPs + 9bp 
deletion

exon 
5;exon 5

Sieriebrien
nikov et 
al., 2018 

Supplementary Table S2. List of CRISPR mutants utilised in this study.
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$bstract

All animals live in tight association Zith complex microbial communities, yet studying the effects

of individual bacteria remains challenging� +ere, Ze exploit the system of the bacterial feeding

nematode Pristionchus pacificus, Zhere specific interactions can be studied in isolation� :e

seTuenced the genomes of �� Pristionchus-associated bacteria to investigate hoZ differences

in bacterial metabolic potential affect nematode traits� 6pecifically, Ze identified the

Paerucumarin biosynthesis pathZay as a strong candidate for nematode survival� +ypothesi]ing

that bacterial production of coumarin derivatives contributed to increased lethality, Ze

demonstrated nematicidal effects of tZo related compounds using supplementation assays� To

explore metabolic interactions at a broader scale, Ze generated nematode transcriptomes for ��

bacterial diets and constructed a coexpression netZork that revealed distinct developmental and

environmental signatures� Interspecies association studies resulted in a bipartite netZork Zith

more than 2,�00 interactions Zhich may assist future studies to identify metabolites affecting

various biological processes�

.eywords� Comparative genomics, Pristionchus pacificus, Caenorhabditis elegans, R1A-seT,

microbe, microbiome, nematicide
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Introduction

The human gut microbiome exemplifies the intricate associations betZeen organisms

and bacteria, highlighting the complexity of cross-kingdom interactions and their impact

on host development and disease� These interactions are influenced by the

heterogeneity of the gut microbiome, as Zell as variations in host diet and genetic

background, making them challenging to study� In recent years, the nematode

Caenorhabditis elegans has emerged as a poZerful model for investigating

host±microbiota interactions� This model alloZs for detailed examination of individual

interactions through the use of monoxenic bacterial cultures, Zhere Zorms are groZn

on single bacterial strains1� C� elegans engages Zith bacteria in multiple Zays� it is a

bacterial feeder, typically consuming the (scherichia coli 2P�0 strain in laboratory

settings, and the bacterial diet significantly influences its development, as exemplified

by the vitamin B12 production by CoPaPonas that impacts C� elegans development2�

Moreover, C� elegans harbors a complex microbiome in its natural habitat, Zith certain

bacteria enhancing the host
s fitness under stress�, �, such as %acillus subtilis, Zhich

provides resistance against Gram-positive pathogens Zhen coloni]ing the nematode¶s

gut��

The nematode Pristionchus pacificus Zas initially introduced as a satellite model

organism for comparative studies Zith C� elegans� +aving diverged approximately

1�0-�10 million years ago6, these species share several traits, including transparency,

short generation times, and hermaphroditism, Zhich make them valuable models for

genetic research� More recently, P� pacificus has gained prominence as a model for

studying the interplay betZeen environment and genotype in producing diverse

�
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phenotypes� A key example of this is the species¶ mouthform plasticity, Zhere

genetically identical individuals can develop either a narroZ mouth suited for bacterial

feeding or a Zider mouth Zith an additional tooth for predation� This plasticity, regulated

both genetically and environmentally, varies among natural isolates and is influenced by

dietary factors� )or instance, the reference P� pacificus strain P6�12 predominantly

produces the predatory morph Zhen fed (� coli 2P�0 or other bacteria but shifts to the

non-predatory morph Zhen consuming a specific Cr\ptococcus yeast strain7�

Additionally, factors such as specific pheromones and alternative culture conditions

have been shoZn to affect mouthform plasticity�, 9� Despite the extensive

characteri]ation of the regulatory netZork controlling this developmental sZitch10-1�, little

is knoZn about hoZ P� pacificus generally processes environmental signals� 2ur focus

is on the nematode¶s interactions Zith environmental microbiota, as P� pacificus is often

found in decaying scarab beetles, Zhere it feeds on various microbes1�, 16� 1otably, one

maMor difference betZeen C� elegans and P� pacificus is that the latter lacks a specific

morphological structure, the grinder, that is used by C� elegans to physically lyse the

bacteria� This likely has Zidespread conseTuences on the Zay P� pacificus interacts

Zith bacteria including pathogen susceptibility17, 1�� Previously, Ze isolated and cultured

1�6 bacterial strains from Pristionchus-associated environments and demonstrated that

P� pacificus exhibits differential development, behavior, and survival in response to

these bacteria19, 20� 1otably, Ze found that bacteria-derived vitamin B12 not only

accelerates development but also enhances predatory behavior�

In this study, Ze apply a systems biology approach to investigate the interactions

betZeen Pristionchus pacificus and bacterial food sources derived from the nematode¶s

�
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natural environment� 6pecifically, based on Zhole-genome seTuencing, Ze explore the

variation in metabolic potential among these bacteria and Ze test if this variation can be

associated Zith the differential responses of the nematodes Zhen exposed to these

bacteria� 2ur main goal is to identify potential interactions betZeen bacterial metabolic

pathZays and nematode phenotypes Zhich include previously generated data on

survival and chemotaxis behavior19� :e perform supplementation experiments to

further support that a specific group of metabolites could potentially contribute to the

high toxicity of some bacteria� )urther, to investigate metabolic interactions at a broader

scale, Ze generated transcriptomic profiles of Zorms groZn on �� different bacteria and

tested for associations betZeen P� pacificus coexpression modules and bacterial

metabolic pathZays� This resulted in a large bipartite netZork involving more than 2,�00

interactions, Zhich highlights the complexity of the Zhole system and serves as a

resource for future studies elucidating hoZ specific metabolites control developmental

and metabolic processes in P� pacificus�

5esults

6eTuencing of �� bacteria establishes the genomic basis to study host

microbe interactions

�
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In order to link genomic variation in bacteria to differential responses in P� pacificus

nematodes, Ze seTuenced �� strains from a large bacterial collection isolated

previously from Pristionchus-associated environments19� This collection mostly

comprised Proteobacteria as Zell as some members of the phyla )irmicutes,

Actinobacteria, and Bacteroidetes� Among the Proteobacteria, the most deeply sampled

families constitute Enterobacteriaceae, Pseudomonadaceae, and Moraxellaceae� ��

bacterial strains Zere selected for Zhole genome seTuencing based on criteria such as

fast groZth, easiness of D1A extraction, loZ propensity of contamination�

�6upplemental Table 61�� The resulting genome assemblies Zere highly complete as

indicated by a median single-copy B86C2 completeness of 99� Zith an interTuartile

range �I4R� of 9�-100�� The largest parts of the bacterial genomes could be

assembled into contigs spanning more than 100kb� 6pecifically, the 1�0 value, Zhich

indicates the minimum contig length in the set of largest contigs that account for at least

half of the genome, Zas �2�kb �I4R 107-�9�kb� and median genome assembly si]e

Zas ��9Mb �I4R ���-��6Mb�� Gene annotation yielded a median of �,�62 gene models

per assembly �I4R �,1��-�,22�� Zith a median single-copy B86C2 completeness level

of 99� �I4R 9�-100��� The complete overvieZ about these different Tuality measures

can be found in 6upplemental Table 61� This set of bacterial genomes builds the basis

to study host microbe interaction in the Pristionchus system�

Pristionchus-associated microbiota harbor previously uncharacteri]ed

bacterial strains

The predicted proteomes of all �� genomes Zere taken to reconstruct a bacterial

phylogeny �see Methods� �)ig� 1�� The different lineages in the resulting species tree

6
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Zere mostly consistent Zith previous genus assignments based on 166 seTuencing19�

To more accurately classify the strains, Ze performed homology searches against the

non-redundant version of 1CBI and determined the nomenclature of our bacteria by

assigning each strain to the bacterial genus Zith the maMority of best hits �6upplemental

Table 62�� During this process, Ze observed that the median percentage of identity of

the strains 6phingobacteriuP L2, PseudoPonas L7� and (rZinia 971 to their respective

best hits in 1CBI Zas loZer than 90�� Additionally, Ze Zere unable to definitively

determine the genus for the closely related strains 969 and 991, despite a median

identity of 90�6� and 96� respectively� :e hypothesi]ed that these bacterial strains

could either represent novel isolates or have no associated Zhole genome seTuencing

data in the 1CBI database� To confirm our hypothesis regarding the potentially novel

bacteria, Ze searched the literature for recent, comprehensive phylogenies of the

genera21-2� and recreated these phylogenies including our strains and their best hits in

the 1CBI database� The reconstructed phylogenies for the three bacterial strains Zith

loZ median identity �L2, L7�, 971� revealed that our strains are outgroups to the

clusters containing their best hits in their respective phylogenetic trees but Zere still

more closely related to them compared to any other genus �6upplemental )ig� 1A-C��

The reconstructed phylogeny including 969 and 991 exhibited the same patterns and

indicated that both bacteria should be classified as Ph\tobacter strains �6upplemental

)ig� 1D�� These findings support that Pristionchus-associated microbiota constitute a

previously undersampled environment that harbors novel bacterial strains and species�

Closely related bacteria exhibit substantial variation in metabolic potential

7
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In order to characteri]e the variation of metabolic potential among members of the

Pristionchus-associated microbiota, Ze reconstructed metabolic netZorks for the ��

bacterial genomes Zith the gapseT approach using existing pathZay information from

the MetaCyc database� MetaCyc Zas preferred to .EGG due to the higher detail it

offers Zith regards to the available pathZays� :e then investigated the

absence�presence patterns of metabolic pathZays among the �� bacteria and defined

metabolic pathZays groups �MPGs� based on identical patterns �)ig� 2A�� This reduced

the number of total metabolic pathZays from 2,902 �6upplemental Table 6�� to 71�

MPGs� The tZo most abundant MPGs denote 1,��2 and �� individual pathZays that are

either absent or present in all strains �)ig� 2A�� :hile most pathZays that Zere not

detected in our data correspond to pathZays that are knoZn only from eukaryotes,

examples of the core metabolic pathZays that are present in all strains relate to the

TCA cycle, biosynthesis of several amino acids as Zell as fatty acid biosynthesis and

elongation pathZays, pointing toZards necessary pathZays for the survival of bacterial

cells �6upplemental Table 62�� The third most abundant MPG � denotes 1� pathZays

that are only missing in (nterococcus strain T6A�A Zhich is one of only three Gram

positive strains in our collection �)ig� 1�� Its genome assembly has good contiguity

�1�0 2��kb� and is highly complete �B86C2 completeness  9���, Zhich suggests

that this pattern is unlikely due to a loZer Tuality of this particular genome� Also, more

detailed analysis of these 1� candidate pathZays revealed that Zhile some pathZays

are partially present other pathZays are completely absent� 2ther MPGs shoZ strong

phylogenetic signatures such as MPG 7 and 1� that are restricted to the genera

$chroPobacter and PseudoPonas, respectively� :e Zould therefore conclude that

�
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most of the variation in metabolic potential rather reflects genome evolution than

technical issues� In order to better Tuantify the metabolic variation in our bacterial

collection, Ze counted the number of pathZay differences for pairZise comparison

Zithin and across genera� This shoZed significantly feZer differences in the metabolic

potential for strains of the same genus �)ig� 2B�� +oZever, even strains of the same

genus can differ in do]ens of metabolic pathZays, Zhich can potentially explain the

previously observed variability in the molecular and phenotypic responses of P�

pacificus nematodes19, 2��

Interspecies association studies identify candidate pathZays affecting

nematode survival and behavior

During the initial culture-based characteri]ation of Pristionchus�associated microbiota,

Akduman et� al� performed assays for chemotaxis behavior and survival Zith over a

hundred bacterial strains19, many of Zhich are part of our collection �)ig� �A�� In a pilot

experiment, Ze employed our genomic data to screen for candidate pathZays, and their

associated metabolic products, that could possibly impact nematode survival and

behavior� To this end, Ze tested for associations betZeen the presence or absence of a

MPG Zith the behavioral and survival phenotypic data mentioned above� :ith this

strategy, Ze identified 2� MPGs exhibiting significant association Zith chemotaxis �P �

0�0�, :ilcoxon-test, 6upplemental )ig� 62 and Table 6�� and �0 MPGs that are

associated Zith survival �)ig� �B, 6upplemental Table 6��� Among these candidate

pathZays, Ze noticed a dramatic difference in survival associated Zith betZeen

presence or absence of the paerucumarin and rhabduscin biosynthesis pathZay�
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Coumarin-derivatives and rhabduscin have freTuently been reported to exhibit

nematicidal activity26-29, Zhich suggests that similar bacteria-derived metabolites

contribute to the reduced survival of P� pacificus nematodes� To complement this

analysis Zith an additional screen for other virulence factors, Ze combined the predicted

proteomes of the �� bacteria Zith the virulence factor database �9)DB��0 and performed

a similar association study� This yielded 1� orthologous clusters Zith significant

association �)DR-corrected P-value � 0�0��, among Zhich members of the

paerucumarin biosynthesis gene cluster shoZed the strongest and most consistent

effect �6upplemental )ig� 6��� Closer examination of the presence of these genes in our

data set revealed that these orthologs are exclusively present in strains of the genus

6erratia� 6ince the paerucumarin gene cluster has been initially characteri]ed in

PseudoPonas�1, the homologs of those genes in 6erratia Zill not necessarily produce

the exactly same compound� Thus, hypothesi]ing that paerucumarin, rhabduscin, or

similar metabolites could contribute to the pathogenicity of 6erratia strains, Ze tested

three coumarin-derivatives, �-+ydroxycoumarin, 7-Methoxycoumarin, and ;anthotoxin,

that Zere previously shoZn to possess some nematicidal activity and that are

commercially available for their effect against P� pacificus27-29� Among those, 7-Methoxy

coumarin and ;anthotoxin caused substantial lethality at 1mM concentrations �P � 0�0�,

t-test, )ig� �C�� This supports that some coumarin derivatives have nematicidal activity

against P� pacificus and that such compounds could potentially contribute to the

increased pathogenicity of 6erratia strains� +oZever, further experimental Zork Zill be

needed to identify Zhich metabolites are produced by the 6erratia strains and Zhether

they exhibit indeed nematicidal activity�
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Closely related bacteria can induce vastly different transcriptomic

responses in nematodes

+aving demonstrated the utility of the bacterial genomes to uncover candidate

pathZays impacting nematode survival and behavior, Ze noZ focus on our main

obMective to identify interactions betZeen bacterial metabolic pathZays and regulatory

and metabolic response netZorks in the Zorm� To this end, Ze generated nematode

transcriptome profiles for a subset of �� dietary bacteria that belong to the three

classes, Alpha-, Beta- and Gammaproteobacteria, and represent 16 genera� These ��

bacteria Zere selected as they supported complete development from egg to adult for

at least tZo generations, Zhich Zas not the case for all the strains� )or each bacterial

strain, Ze generated tZo biological replicates by collecting )1 Zorms 72 hours after

egg-laying �see 0ethods�� :hile most animals should have reached adulthood at this

time under standard (� coli 2P�0 diet�2, Ze cannot exclude that some bacterial diets

either accelerate or sloZ doZn development leading to a shift of the transcriptomic

profiles toZards either older or younger developmental stages� :e decided to seTuence

the transcriptomes of mixed-stage populations as Ze observed previously that even

Zhen adult Zorms are manually picked from plates, a developmental signature is still

visible in the resulting R1A-seT data� This is because Zorms Zill still develop at different

speeds and chronological age might not necessarily correspond to developmental

age2�� As a conseTuence, differences in stage composition likely explain the larger

extent of transcriptomic variation in our study, i�e� Tuite a number of samples shoZed

correlation coefficients r � 0�9 �)ig� �A�, Zhich Zas not the case in our previous study
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Zhere Ze manually picked adult Zorms on 2� diverse bacteria2�� :e note that biological

replicates do not alZays group together suggesting that the effect of experimental

variation on the overall transcriptome can in individual cases be larger than the effect of

different bacterial diets� +oZever, generally, Ze observed that replicates of the same

bacterial diet exhibit less variation and thus are more similar than transcriptomic profiles

from different bacterial diets �)ig� �B�� :ith regard to the taxonomic grouping of the

bacteria, Ze observe that bacterial strains of the same genus shoZ more similar

transcriptomic responses in the Zorms than members of different genera �)ig� �C��

+oZever, even in comparisons Zithin the same genus, transcriptomic responses can

differ substantially Zith correlation coefficients � 0�9� This recapitulates our previous

finding of substantial variation in bacteria from the same genus Zith regard to metabolic

potential �)ig� 2B��

6pecific netZork modules respond to signals from diverse bacteria

:hile the above mentioned transcriptomic analysis captures overall transcriptomic

similarities, specific effects of individual bacteria might be overshadoZed by global

patterns� To investigate the effects of individual bacteria on smaller gene sets that may

point toZards specific regulatory or metabolic netZork modules, Ze constructed a gene

coexpression netZork from the R1A-seT data folloZing the protocol and parameters

from our previous related Zork2�� 2verall, our coexpression netZork captures 2�,�7�

����� of P� pacificus genes, of Zhich 1�,972 are found in the 60 largest modules Zith

more than 20 genes� 9isuali]ation of expression values in these modules across the

different microbiota demonstrated that individual modules appear to be induced by

specific bacteria �)ig� ��� )or example, the second largest module 2 shoZs high
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expression on most PseudoPonas strains Zhereas module 7 exhibits highest

expression only on the PseudoPas protegens strain LRB��� 1ote that some of these

patterns may represent indirect effects of altered development on diverse bacterial

diets� This is shoZn by distinct expression signatures of specific coexpression modules

Zhen overlaying them Zith the developmental transcriptomic data of P� pacificus

�6upplemental )ig� ���2� )or example, module 1 peaks late in development close to

adulthood and is slightly preceded by a peak of module 2� +oZever, no matter if the

expression of those genes is a direct or indirect conseTuence, it can be interpreted as a

specific response of P� pacificus nematodes to a distinct microbiota2��

Most coexpression modules can be functionally annotated

To functionally annotate the coexpression modules and to gain insight into the

regulation of metabolic pathZays, Ze analy]ed the top 60 modules of the netZork that

contained more than 20 genes and performed enrichment analyses, similar to previous

Zork� This included overrepresentation of protein domains��, regionally enriched genes

as identified from spatial transcriptomics��, .EGG pathZays��, and previous gene

expression studies focusing on sex-biased genes�6, intestinal transcriptome1�, and

developmental oscillations�2 �6upplemental Table 66�� This alloZed the labeling of ��

modules Zith biological terms based on the strong enrichment patterns �)ig� 6,

6upplemental Table 67�� )or example, the largest module 1 �22GE1B1� is

overrepresented in hermaphrodite-biased and gonad-enriched genes �)ig 6�� It also

includes knoZn germline expressed markers like spo���, dPc��, hcp�� �cenp�c�, s\p��,

and hop���7, indicating that it largely represents oogenesis� +oZever, it also shoZs

1�
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some overrepresentation of neuropeptides and head-enriched genes suggesting that

also a portion of neuronal genes are captured in this module� The second largest

module 2 �6PERMB2� seems to be more homogenous, as all overrepresented terms

point toZards spermatogenesis �)ig� 6�� The assignments of module 1 and 2 are also in

line Zith their developmental signature �6upplemental )ig� �� as sperm are generated

during late larval development Zhereas oocytes are produced during adulthood� :hile

many modules shoZ less specific signals, individual modules shoZ specific enrichments

Zith individual pathZays or anatomical regions� )or example, module �6 �GLA1DB�6� is

strongly associated Zith gland cell specific expression1�� :e used the microbial

transcriptomes �)ig� ��, to label a handful of modules that did not shoZ any enrichment

in the above mentioned data set �6upplemental Table 67�� Thus, module 1� �LRB7B1��

is strongly upregulated on 6erratia TuiniYorans strain LRB7 and module 27

�LRB111B27� exhibits highest expression on Proteus terrae strain LRB111� Altogether,

the characteri]ation of the 60 largest coexpression modules functionally annotates a

large portion of the P� pacificus gene set Zhich includes many lineage-specific genes for

Zhich no homologs are knoZn in C� elegans16, 2��

Interspecies association studies traces the response of coexpression

modules to specific bacterial pathZays

A main goal of this study Zas to trace back the transcriptomic response of individual

coexpression modules in P� pacificus to candidate metabolic pathZays in the bacteria�

:e hypothesi]ed that some of the MPGs shoZ strong associations Zith our

coexpression modules� To this end, Ze combined the bacterial MPGs and the nematode

1�
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coexpression modules into a bipartite netZork and calculated the interaction of each

MPG Zith the modules based on the significance of the overlap betZeen the genes

Zithin a coexpression module and the genes that exhibit differential expression in

response to the absence or presence of an MPG� Altogether, Ze observed more than

2,�00 interactions that involved 620 MPGs and �2 coexpression modules

�6upplemental Table 6��� The module Zith the highest number of predicted interactions

Zas intestinal module 1� �G8TB1��� )urthermore, the maMority of coexpression modules

interacting significantly Zith at least 100 MPGs are intestinal, a finding highlighting the

important role of the intestine and is consistent Zith recent studies��� To visuali]e the

strongest interactions in our enriched dataset, Ze chose the �0 MPGs Zith the loZest

Bonferroni-corrected p-values �)ig� 7�� 6urprisingly, the largest module of the netZork

�22GE1B1� exhibited interactions Zith only �6 MPGs �6upplemental Table 6��, of

Zhich 21 are highly significant �)ig� 7�� 2n the contrary, module 2 �6PERMB2� Zas

found to interact Zith 26 MPGs overall, 22 are highly significant� Regarding the highly

interacting MPGs, three shoZed the most interactions Zith our coexpression modules�

formaldehyde biosynthesis from methylamine �P:<-696��, L-lysine degradation to

glutaryl-CoA �P:<-6�2�� and putrescine degradation to �-aminobutanoate

�P8TDEG-P:<�� Altogether, the bipartite netZork indicated the environmentally

sensitive modules as Zell as their potential triggers�

Discussion

All animals live in tight associations Zith microbial communities and bacteria can have a

significant impact on the biology of their host� In nematodes, bacteria have been

demonstrated to affect several traits including development, pathogen resistance, and

1�
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behavior2, �, 20, �9, �0� After observing such intriguing phenotypes, the key Tuestion arises

Zhat bacterial signal triggers this response� :hile one maMor advantage of the

nematode system is that individual interactions can be studied in isolation, Ze combine

data from many different bacteria to ask broader Tuestions such as to Zhat extent does

the nematode¶s transcriptomic response vary across bacterial diets� Can these

responses be traced back to specific metabolic pathZays in the bacteria" These

systems level Tuestions distinguish our Zork from many other studies that focused on

specific effects of individual bacteria2, �, 20, �9, �0� By investigating a large number of

bacterial diets, Ze aimed to have higher statistical poZer to also detect a greater

number of metabolic interactions betZeen dietary bacteria and P� pacificus nematodes�

It should be noted that the capability to detect metabolic interaction Zill depend on the

sampling of bacteria and the phylogenetic distribution of the pathZay� )or this reason,

Ze have tried to maximi]e the number of seTuenced samples, Zhich resulted in a

collection of �� bacterial genomes that serve as a genomic basis for the current and

future research on host-microbe interactions� At the same time, this data alloZed us to

investigate the extent of variation in metabolic potential Zithin and betZeen bacterial

genera, Zhich revealed considerable amounts of intra-genus level variation in bacterial

metabolic potential as Zell as in the nematode transcriptomic response� )olloZing a

similar approach as =immermann et al��1, Zho associated metabolic potential of

members of the C� elegans microbiome Zith specific traits, Ze made use of previously

generated phenotypic data to perform an inter-species association study to identify

potential connections betZeen bacterial pathZays and nematode behavior and survival�

16

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 2, 2024. ; https://doi.org/10.1101/2024.10.02.616249doi: bioRxiv preprint 



In particular, Ze could confirm the nematicidal activity of a certain coumarin-derivative

on P� pacificus�

The generation of R1A-seT data of P� pacificus nematodes for �� different

bacterial diets represents to our knoZledge the largest transcriptomic study in the field

of interactions betZeen nematodes and bacteria� This transcriptomic data placed us in a

uniTue position to perform a large-scale interspecies association study, Zhere Ze tested

the absence�presence pattern of an MPG for a significant expression response of a

given coexpression module� This identified more than 2,�00 associations betZeen

bacterial metabolic pathZays and specific coexpression modules� Each of these

individual interactions implies a causal relationship betZeen one or several metabolites

in a bacterial metabolic pathZay and the response of a specific coexpression module in

the Zorm� The shear number of associations points toZards a highly complex netZork

of metabolic interactions betZeen P� pacificus and its dietary bacteria� +oZever, the

actual number might be smaller, as similar absence�presence patterns among MPGs

Zill likely predict the same interacting coexpression modules� At the same time, the

number of interactions Zill be underestimated due to the lack of statistical poZer to

detect interactions for MPGs that shoZ very little variation among the bacterial

genomes� Another uncertainty comes from the fact that some of the transcriptomic

responses may represent indirect effects of altered development� Thus, future studies

could employ additional transcriptomic data at a much higher temporal resolution to

dissect immediate responses in response to bacteria from indirect effects that are

mediated through altered development� This Zill simplify the selection of candidate

metabolites for supplementation experiments in order to validate predicted interactions�

17
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.noZing hoZ different metabolites affect the transcriptional state of the Zorm, Zill

ultimately alloZ us to manipulate the system in a controlled manner�

Methods

.ey resources table

5($*(17 25

5(6285&(

6285&( I'(17I)I(5

%acterial strains

6erratia Parcescens Akduman et al�19 LRB2

$cinetobacter

courYalinii

Akduman et al�19 LRB�

Proteus terrae Akduman et al�19 LRB�

6erratia TuiniYorans Akduman et al�19 LRB7

PseudoPonas putida Akduman et al�19 LRB�

Chr\seobacteriuP sp�

G01�6

Akduman et al�19 LRB11

$cinetobacter

calcoaceticus

Akduman et al�19 LRB1�

1�
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+afnia alYei Akduman et al�19 LRB17

6tenotrophoPonas

lactitubi

Akduman et al�19 LRB19

0organella Porganii Akduman et al�19 LRB20

$cinetobacter pittii Akduman et al�19 LRB21

PseudoPonas

fluorescens

Akduman et al�19 LRB26

CoPaPonas

thioo[\dans

Akduman et al�19 LRB2�

$cinetobacter gerneri Akduman et al�19 LRB29

$cinetobacter

guillouiae

Akduman et al�19 LRB�1

$cinetobacter

guillouiae

Akduman et al�19 LRB�2

$cinetobacter seifertii Akduman et al�19 LRB��

(nterobacter asburiae Akduman et al�19 LRB��

6erratia fonticola Akduman et al�19 LRB�0
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([iguobacteriuP sp�

RIT��1

Akduman et al�19 LRB�1

ProYidencia rettgeri Akduman et al�19 LRB��

Chr\seobacteriuP sp�

MEB2G06

Akduman et al�19 LRB��

Cronobacter

dublinensis

Akduman et al�19 LRB�6

PseudoPonas putida Akduman et al�19 LRB��

.urthia gibsonii Akduman et al�19 LRB�6

$cinetobacter sp�

I-M:)

Akduman et al�19 LRB�9

PseudoPonas putida Akduman et al�19 LRB6�

6erratia TuiniYorans Akduman et al�19 LRB69

6erratia TuiniYorans Akduman et al�19 LRB70

6erratia Parcescens Akduman et al�19 LRB72

PseudoPonas

fluorescens

Akduman et al�19 LRB7�
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$cinetobacter

guillouiae

Akduman et al�19 LRB7�

$cinetobacter gerneri Akduman et al�19 LRB�0

0organella Porganii Akduman et al�19 LRB�1

PseudoPonas

fluorescens

Akduman et al�19 LRB��

PseudoPonas

protegens

Akduman et al�19 LRB��

(Ppedobacter falsenii Akduman et al�19 LRB�9

$cinetobacter sp�

I-M:)

Akduman et al�19 LRB90

(nterobacter asburiae Akduman et al�19 LRB9�

CoPaPonas

thioo[\dans

Akduman et al�19 LRB10�

(Ppedobacter falsenii Akduman et al�19 LRB10�

(Ppedobacter falsenii Akduman et al�19 LRB10�

$cinetobacter gerneri Akduman et al�19 LRB109
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Proteus terrae Akduman et al�19 LRB111

Proteus terrae Akduman et al�19 LRB112

$cinetobacter lZoffii Akduman et al�19 LRB11�

6erratia TuiniYorans Akduman et al�19 LRB119

Chr\seobacteriuP

lactis

Akduman et al�19 LRB120

$cinetobacter

calcoaceticus

Akduman et al�19 LRB97b

6phingobacteriuP sp� Akduman et al�19 L2

$chroPobacter

pestifer

Akduman et al�19 L2�

$grobacteriuP

tuPefaciens

Akduman et al�19 L27

CoPaPonas sp�

BIGb012�

Akduman et al�19 L2�

$grobacteriuP

tuPefaciens

Akduman et al�19 L29

6tenotrophoPonas

rhi]ophila

Akduman et al�19 L�1
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$chroPobacter

pestifer

Akduman et al�19 L��

$grobacteriuP

tuPefaciens

Akduman et al�19 L��

$chroPobacter

pestifer

Akduman et al�19 L��A

PseudoPonas sp� Akduman et al�19 L7�

$chroPobacter

pestifer

Akduman et al�19 L91

$chroPobacter

pestifer

Akduman et al�19 L9�

$chroPobacter

Nerstersii

Akduman et al�19 L100

6erratia Parcescens Akduman et al�19 96

Citrobacter Noseri Akduman et al�19 9�

.lebsiella spallan]anii Akduman et al�19 91�

6erratia Parcescens Akduman et al�19 91�

Citrobacter Noseri Akduman et al�19 920

2�

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 2, 2024. ; https://doi.org/10.1101/2024.10.02.616249doi: bioRxiv preprint 



.lebsiella

Pichiganensis

Akduman et al�19 9�9

.lebsiella spallan]anii Akduman et al�19 9�6

5aoultella sp� 10-1 Akduman et al�19 9��

Citrobacter Noseri Akduman et al�19 9�2

Citrobacter Noseri Akduman et al�19 961

6erratia Parcescens Akduman et al�19 96�

Ph\tobacter sp� Akduman et al�19 969

(rZinia sp� Akduman et al�19 971

Citrobacter Noseri Akduman et al�19 972

Citrobacter Noseri Akduman et al�19 9��

Ph\tobacter sp� Akduman et al�19 991

(nterobacter Pori Akduman et al�19 99�
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.lebsiella spallan]anii Akduman et al�19 997

(rZinia aphidicola Akduman et al�19 1A6

(nterobacter Pori Akduman et al�19 6)M�

(nterococcus

casseliflaYus

Akduman et al�19 T6A�A

(scherichia coli 2P�0

Biological samples

Pristionchus pacificus Department for

Integrative

Biology, MPI

Tübingen

P6�12

&hemicals

;anthotoxin TCI Deutschland CA6� 29�-�1-7

�-+ydroxycoumarin 6igma Aldrich CA6� 1076-��-6

7-Methoxycoumarin 6igma Aldrich CA6� ��1-�9-9

&ommercial assays
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MasterPure Complete

D1A and R1A

Purification .it

Epicentre Cat� 1o�� MCD��201

R1A Clean 	

Concentrator 2�

=ymo Research Cat� 1o�� R101�

6oItware and

algorithms

Affinity Designer Affinity

B86C2 Manni et al��2 https://busco.ezlab.org/

DIAM21D Buchfink et al��� https://github.com/bbuchfink/dia

mond

DE6eT2 Love et al��� https://bioconductor.org/package

s/release/bioc/html/DESeq2.html

eggnog-Mapper Cantalapiedra et

al���

https://github.com/eggnogdb/egg

nog-mapper

featureCounts Liao et al��6 https://subread.sourceforge.net/

gapseT =immermann et

al��7

https://github.com/jotech/gapseq

MCL van Dongen�� https://github.com/micans/mcl

PR2..A 6eemann�9 https://github.com/tseemann/prok

ka
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4uast Gurevich et al��0 https://quast.sourceforge.net/qua

st.html

2rthofinder Emms and .elly�1 https://github.com/daYidemms/2r

tho)inder

6PAdes PrMibelski et al��2 https://github.com/ablab/spades

6TAR Dobin�� https://github.com/ale[dobin/S7$

5

Traitar� :eimann et al��� https://github.com/nick-\oungblut

/traitar�

Resource availability

0aterials availability

This study did not generate neZ uniTue resources and reagents�

'ata and code availability

The raZ seTuencing data for the bacterial genomes, the genome assemblies and the

raZ read counts of the transcriptomic profiles from this study have been deposited at

the European 1ucleotide Archive under BioproMect PR-EB�06���
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Experimental model details

%acterial culture conditions

All bacterial strains Zere initially restreaked from a glycerol stock on Lysogeny Broth

�LB� plates and groZn overnight in LB� Bacteria Zere groZn at �0ௗ�C or �7ௗ�C

depending on the species�

1ematode growth conditions

The Zild type strain of Pristionchus pacificus �P6�12� Zas maintained at 20ௗ�C on

nematode groZth medium �1GM� seeded Zith (scherichia coli 2P�0 before use� )rom

every generation, three adults Zere transferred to fresh 1GM plates Zith a Zorm pick�

Method details

:hole genome seTuencing oI bacterial strains

All bacterial strains to be seTuenced Zere groZn overnight in LB in 1� ml falcon tubes

and D1A samples Zere obtained using the Epicentre MasterPure Complete D1A and

R1A Purification .it �Illumina, 6an Diego, 86A�� D1A libraries Zere prepared using the

Illumina D1A Prep kit according to the manufacturer¶s guidelines� The libraries Zere

Tuantified using both a 4ubit 2�0 )luorometer �Thermo )isher 6cientific, :altham, 86A�

2�
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and a Bioanaly]er �Agilent Technologies, 6anta Clara, California� and normali]ed to 2��

nM� 6amples Zere seTuenced as 1�0bp single-end reads on multiplexed lanes of an

Illumina +i6eT�000 in our in-house seTuencing facility� RaZ reads Zere deposited at

the European 1ucleotide Archive �E1A� under the study accession PR-EB�06���

*enome assembly and metabolic potential identiIication oI bacterial strains

The bacterial genomes Zere assembled from the raZ reads using 6PAdes�2 �version

��1��1, parameters� --careful -o -1 -2 -t �0 ±cov-cutoff µauto¶� and annotated Zith

PR2..A�9 �version 1�1��6, parameters� --addgenes� and egg12G-Mapper�� �version

2�1�0-1, eggnog DB version� ��0�2�� The predicted bacterial protein seTuences Zere

used as input to detect orthogroups Zith 2rtho)inder and reconstruct the phylogeny

Zith the incorporated RAxML�1� The bacterial genomes Zere used to predict the

presence or absence of metabolic pathZays Zith gapseT�7 �version 1�2, parameters�

find -p all, MetaCyc�� as the default database� as Zell as the presence of 67 bacterial

phenotypes Zith the implementation of Traitar in python �traitar���, version ��0�1,

parameters� predict� � The bacterial metabolic pathZays Zere grouped �MPGs� based

on their presence�absence patterns across the bacterial strains to reduce redundancy�

This decreased the number of bacterial metabolic pathZays to be assessed from 2902

to 712� The nomenclature of the bacterial strains Zas determined by applying

DIAM21D�� �version 2�1���1��, parameters� makedb and blastp� to compare the

predicted bacterial protein seTuences against the non-redundant version of the 1CBI

database �August 202� version��
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$ssociation oI 03*s with chemotaxis and survival

In the initial study, the chemotaxis index ranges from -1 �repulsion� to 1 �attraction� and

the survival index from 0 to 100, the latter reflecting the percentage of Zorms that Zere

alive on the �th day post transfer19� )or our analysis, Ze binari]ed the assay data by

assigning the values beloZ �0 percent survival and 0�2 chemotaxis as ]ero and the rest

as one� The threshold for the binari]ation Zas determined based on the distribution of

values� To test the association betZeen each MPG and the nematode phenotypes, Ze

divided the assay data to tZo vectors, representing the set of values Zhen the

nematode Zas maintained on bacterial strains Zith and Zithout the MPG and performed

a Mann-:hitney-8 test, folloZed by Bonferroni-correction �P � 0�0��� To associate

bacterial virulence factors Zith survival, Ze doZnloaded the �,2�6 core proteins from

the 9irulence )actor DataBase�0 �202�-07-�1� and performed pairZise all-against-all

BLA6TP searches for all bacterial protein sets combined Zith the 9)DB data �e-value �

10-��� The Zidely used clustering algorithm mcl Zas used to cluster the data into 160�

orthogroups� These orthogroups Zere then tested for association Zith survival using a

:ilcoxon-test �)DR-corrected P � 0�1��

6upplementation experiments

To check the nematicidal effect of coumarin derivatives in YiYo, Ze supplemented

�-+ydroxycoumarin, 7-Methoxycoumarin and xanthotoxin to the nematode� The

coumarins Zere added directly to liTuid 1GM to a final concentration of 1mM and the

solution Zas subseTuently poured to 6 cm plates �11 ml per plate�� The plates Zere

seeded Zith �00 ȝl of (� coli 2P�0 the next day and left to groZ a bacterial laZn for tZo

�0
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days� After that time, 20 young adult hermaphrodites Zere transferred on each plate

and their survival Zas tracked daily for five days� The surviving nematodes Zere

transferred on neZ plates containing the coumarins on the third day after the initial

transfer to avoid food depletion and misidentification from their offspring� Mortality Zas

determined by lack of response to prodding Zith the pick� )or the control and each

coumarin, Ze performed five replicates�

'ietary experiments

Eggs from P� pacificus adults Zere obtained and spotted on 1GM plates seeded Zith 7�

ȝl bacterial overnight cultures to produce the parental generation �P0� on each diet� 2�

gravid hermaphrodites from the P0 Zere transferred to a neZ plate seeded Zith the

same bacterial strain and Zere left to lay eggs for five hours, after Zhich point they Zere

removed� The )1 Zorms Zere collected 72 hours after the initial transfer� Collection of

the Zorms reTuired Zashing the plate Zith autoclaved M9- buffer, centrifugation at �00g

for a minute and discarding the supernatant in order to remove as much of the collected

bacterial laZn as possible� The Zorm pellets Zere flash fro]en in liTuid 12 and Zere

used for R1A extraction or stored at -�0oC for later processing�

51$ seTuencing

)or total R1A extraction, the fro]en Zorm pellets Zere treated Zith Tri]ole folloZed by

purification Zith the =ymo R1A Clean 	 Concentrator 2� .it according to the

manufacturer¶s instructions� The extracted R1A Zas Tuantified and Tuality assessed

Zith a 1anoDrop 1D1000 spectrometer �PeTLab, Erlangen, Germany� and a 4ubit 2�0

)luorometer� The samples Zere shipped to 1ovogene for library preparation and

�1
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messenger R1A �mR1A� seTuencing� Libraries Zere seTuenced as 1�0bp paired-end

reads on an Illumina 1ovo6eT 6000 platform� The obtained raZ reads have been

deposited in the European 1ucleotide Archive under the study accession number

PR-EB�06���

*ene coexpression network

The raZ reads Zere aligned to the reference Pristionchus pacificus genome Zith

6TAR�� �version 2�7�1a� and Tuantified Zith featureCounts�6 from the 6ubread R

package �version 2�0�1� based on the latest annotations� By filtering the count matrix to

remove genes Zith less than 10 reads total, Ze reduced the number of P� pacificus

genes to be assessed from 2��96 to 2����� The read counts across different conditions

and replicates Zere normali]ed Zith the DE6eT2�� counts function �option� normali]ed  

TR8E� and Zere input in MCL�� �version 22-2�2, r 0�7, I 2� to create a gene

coexpression netZork� The netZork modules Zere tested for the enrichment of protein

domain annotations �P)AM���, metabolic pathZays �.EGG��� and gene expression sets

from previous Zorks2� Zith )isher¶s exact-test folloZed by Bonferroni correction �P �

0�0�� in R �version ����0�� The netZork modules Zere assessed further for their

interactions Zith the bacterial metabolic potential� 6pecifically, for each MPG, the

normali]ed counts of the genes in each module Zere separated into tZo vectors based

on Zhether the presence or absence of the MPG in the bacterial strain in order to

represent the expression of a specific gene in a module in the presence or absence of a

MPG� The presence and absence expression vectors for each gene Zere compared

using Mann-:hitney-8 test as Zell as to calculate the fold change in expression� To

�2
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determine the interaction of a module Zith a MPG, Ze retained the genes Zhere the fold

change Zas loZer than 0�� or higher than 2 and performed multiple hypothesis testing

for the module genes that fulfilled the condition �Bonferroni � 0�1�� The list of genes

identified as interacting Zith the MPGs Zere tested for module enrichment using

)isher¶s exact test �Bonferroni-adMusted p-value�0�0�� to determine the interaction

betZeen the MPGs and the coexpression modules� The bipartite netZork Zas

implemented using Python �version ��10�12��
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)igure Legends

)igure �� 3hylogenomics oI �� bacterial genomes� The tree depicts the bacterial

phylogeny acTuired using RAxML after Zhole genome seTuencing, genome assembly

and orthogroup detection� Phenotype prediction Zith traitar� revealed that the

overZhelming maMority of bacterial strains seTuenced are anaerobic Zith the exception

of T6A�A and LRB�1 Zho are facultative anaerobic as Zell as the complete lack of

anaerobes� 2ur collection contains only three Gram positive strains Zhile the rest are

gram negative� Genome si]es may vary even Zithin a genus as is the case Zith

$cinetobacter, Zhere Ze observe genomes ranging betZeen � and � Mb�

)igure �� 9ariation in bacterial metabolic potential� �A� Grouping of the predicted

MPGs depending on their presence or absence across the bacterial phylogeny revealed

the metabolic potential of the individual strains� The maMority of MPGs detected Zere

absent from all strains Zith a core of �� bacterial pathZays predicted alZays present�

The rest of the MPGs exhibit distinct patterns even among the same genus� �B�

PairZise comparisons of the MPGs present in strains of the same genus versus strains

of different genera indicated that closely related bacteria share a higher number of

MPGs and thus, might exhibit a genus-specific metabolic signature�

)igure �� $ssociation oI nematode survival with the bacterial pathways� �A� An

association study betZeen the MPGs and mean survival data narroZed doZn the MPGs

��
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Zith a significant effect on the trait from hundreds to �1, a subsample of Zhich is shoZn

here� Generally, the presence of an MPG appears to result in loZer survival, especially

Zhen bacteria produce chitinases and compounds such as paerucumarin and

rhabduscin� �B� 6upplementation tests Zith three types of coumarins shoZed that

7-methoxy coumarin and xanthotoxin affect nematode survival �P�0�01, t-test��

)igure �� 9ariation in the transcriptomic response oI the nematode� �A� Correlation

analysis and clustering of the transcriptomes from P� pacificus nematodes in response

to �� different bacteria� The overall transcriptomes are highly similar Zith most pairZise

comparisons shoZing correlation coefficients !0�9� �B� Biological replicates exhibited

higher correlation coefficients compared to transcriptomes from different bacterial diets�

�C� Transcriptomes of bacteria from the same genus shoZed significantly higher

correlation coefficients compared to dietary samples from different genera�

)igure �� (xpression oI modules across the diIIerent bacterial diets� The ]-score

normali]ed expression of the top 60 coexpression modules across the different diets

Zas visuali]ed as a heatmap� The expression of the biological replicates Zas averaged

in order to produce a single expression profile for each of the �� diets� Modules Zith

more than �0 genes Zere randomly doZnsampled to aid the visuali]ation of smaller

modules and the comparisons betZeen them� Expression patterns Zere uniTue for each

module and depended on the bacterial diet, as Zas the case Zith modules 2, 7 and 1�

on LRB���
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)igure �� (nrichment analysis oI the gene coexpression modules using existing

transcriptomic datasets and Iunctional annotation� The netZorks shoZ selected

results of the overrepresentation analysis for specific coexpression modules� 6ee

6upplemental Table 66 for the full data set� Based on the strongest enrichment

patterns, Ze connected �� of the processed 60 modules Zith biological processes and

protein domains, alloZing the functional labeling of the maMority of the modules

�6upplemental Table 67��

)igure �� Interactions between bacterial pathways and coexpression modules� �A�

A bipartite netZork Zas built for MPGs and coexpression modules by defining

interactions based on the significance of the gene set overlap �loZest

Bonferroni-adMusted p-value�0�0��� The plot shoZs all interactions betZeen selected

MPGs that Zere defined based on the �0 most significant interactions and the top 60

modules� The p-value scale depicts the negative logarithm of the corrected p-values�

�0
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Supplemental )igure S�� 5econstruction of bacterial phylogenies to characteri]e
novel strains� 3otentiall\ noYel bacterial strains in our collection Zere integrated into
preYiousl\ published ph\logenies b\ reconstructing species trees that include the candidate
genoPe together Zith their best hits in the non�redundant Yersion oI 1C%,� �A� The
ph\logen\ Ior Sphingobacterium L� �%� The ph\logen\ Ior Pseudomonas L��� �C� The
ph\logen\ Ior Erwinia 9�1� �'� The ph\logen\ Ior Phytobacter 9�� and 9�1�



Supplemental )igure S�� $ssociation of M3*s with chemoattraction in the nematode�
Association anal\sis Zith the M3*s against the chePoattraction data IroP AkduPan et al
���1�� identiIied �� M3*s Zith a predicted signiIicant iPpact on chePota[is behaYior, a
subset oI Zhich is depicted here�



Supplemental )igure S�� $ssociation of bacterial virulence factors with nematode
survival� A� The core protein set oI the 9irulence )actor 'ata%ase �9)'%� anal\sis Zas
clustered together Zith the bacterial protein sets into orthogroups Zhich Zere then used to
test Ior associations Zith surYiYal data� The bo[plots shoZ the Post signiIicantl\ associated
orthogroups, labeled Zith a representatiYe 9)'% PePber� %� The heatPap shoZs the
presence�absence pattern oI the candidate orthogroups across the bacterial genoPes�



Supplemental )igure S�� 9isuali]ation of the co�expression modules with
developmental time course data from Sun et al ������� The top Podules oI the
co�e[pression netZork Zere Yisuali]ed Zith deYelopPental tiPe�course data� This reYealed
deYelopPental signatures in Yarious Podules�


