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. SUMMARY

Evolution is a continuous and historical process that can be studied experimentally in
organisms with rapid generation times. Because evolution ultimately depends on the
generation and inheritance of phenotypic variation, a key unresolved question is the
extent to which environmental factors can produce heritable changes. Therefore,
environmental effects on trait inheritance remain debated because it is often difficult
to distinguish true transgenerational inheritance from short-term parental influences.
While mammalian systems face technical limitations, nematodes provide powerful
experimental models. In this work, | investigated transgenerational epigenetic
inheritance (TEI) of environmentally induced traits using Pristionchus pacificus, a
nematode that exhibits mouth-form plasticity, including predation. | established long-
term environmental induction experiments with alternative diets by propagating 110
isogenic lines over 101 generations, together with complementary food-reversal
assays. | found that a Novosphingobium diet enriched in vitamin B12 induces the
predatory mouth morph, which is subsequently transmitted across generations and
occasionally becomes canalized at low frequency. To uncover the underlying
mechanisms, | performed large-scale genetic screening and identified the target-
directed microRNA degradation (TDMD) factor EBAX-1/ZSWIM8. | showed that Ppa-
EBAX-1 specifically destabilizes the expanded miR-35/miR-2235a microRNA cluster
in P. pacificus, revealing an unexpected repressive role of microRNAs in regulating
TEl of the predatory morph. By defining the dietary trigger landscape, | further
demonstrated that vitamin B12 is sufficient to induce TEI in a concentration-dependent
manner and uncovered a complex regulatory network of potential RNA triggers linked
to TDMD-like processes. Overall, my work over the past five years provides
conceptual and experimental advances on nematode TEIl. This expeirmental
framework leverages the natural organismal readout of plasticity in P. pacificus and
offers key insights into developmental plasticity, its transgenerational inheritance, and
low-frequency canalization of traits. Together, these findings establish a foundation for
addressing broader evolutionary questions and provide a mechanistic link between
environmental responsiveness and heritable phenotypic change.



lll. DEUTSCHE ZUSAMMENFASSUNG

Evolution ist ein kontinuierlicher und historischer Prozess, der experimentell in
Organismen mit kurzen Generationszeiten untersucht werden kann. Ein zentrales
ungeldstes Thema ist, inwieweit Umweltfaktoren vererbbare phanotypische
Veranderungen hervorrufen konnen, da echte transgenerationale Vererbung oft
schwer von kurzfristigen elterlichen Effekten zu unterscheiden sind. Um dies zu
untersuchen, habe ich die transgenerationale epigenetische Vererbung (TEI)
umweltbedingt induzierte Merkmale in Pristionchus pacificus, einem Nematoden mit
Mundformplastizitat einschliefllich rauberischem Fressverhalten, analysiert. Ich
etablierte langfristige Umweltinduktions-Experimente mit alternativen Futterquellen,
indem ich 110 isogene Linien uber 101 Generationen propagierte und erganzende
Futterwechsel-Experimente durchfuhrte. Ich konnte zeigen, dass
eine Novosphingobium-Diat, angereichert mit Vitamin B12, die rauberische Mundform
induziert, die Uber mehrere Generationen weitergegeben wird und gelegentlich
kanalisiert wird. Mittels grol® angelegter Mutagenese-Experimente identifizierte ich
den ‘target-directed miRNA degrdation (TDMD)-Faktor EBAX-1/ZSWIMB8 als zentralen
Regulator, der das miR-35/miR-2235a-MicroRNA-Cluster destabilisiert und damit eine
unerwartete repressive Rolle von MicroRNAs bei der TEI der rauberischen Mundform
aufzeigt. Supplementationsexperimente haben gezeigt, dass Vitamin B12 ausreicht,
um TEI konzentrationsabhangig auszulosen. Des Weiteren habe ich potentielle
Ausloser des miRNA Abbaus identifiziert und dabei ein komplexes regulatorisches
Netzwerk potenzieller RNA-Ausléser aufdecken konnen, die mit TDMD-ahnlichen
Prozessen verknupft sind. Insgesamt liefert meine Arbeit neue konzeptionelle und
experimentelle Erkenntnisse Uber Entwicklungsplastizitat, deren transgenerationale
Vererbung und niedrige Frequenz von phanotypischer Kanalisation. Zusammen bilden
diese Erkenntnisse die Grundlage fur die Beantwortung weitergehender evolutionarer
Fragen und liefern einen mechanistischen Zusammenhang zwischen der Reaktion auf

Umwelteinflisse und vererbbarer phanotypischer Veranderungen.
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1. INTRODUCTION

The development of living beings arises from the interplay between inherent form and
environmental context (Aristotle, Generation of Animals). In a modern echo of this
ancient insight, the phrase “we are not only what we inherit from our ancestors, but
also what our ancestors experienced” captures how epigenetic mechanisms encode
environmental and life experiences, transmitting them across generations to shape

phenotypes and organismal biology .

1.1. Conceptual and historical foundations of adaptation and
inheritance

The most striking biological feature is the dynamic organismal interaction with their
environments, leading to eventual existence of adaptation - the fit of organisms to their
surroundings. Evolutionary biology has traditionally assumed that the genetic system
serves as the sole provider of heritable variation. Historically, explanations of
adaptation fall within the dichotomy of Darwinism and Lamarckism. Darwinian theory
considers organisms to remain static throughout their lifetime with only those that are
best suited to their environment survive and reproduce which allows passing their
attributes to their progeny. In contrast, Lamarckian theory posits that organisms tend
to change over time which allows them to adapt to environmental change, and these
acquired traits are transmitted to their offspring. When discussing the heritability of
environmental information, a controversy often invokes the contrast between these
two models, with Lamarckian ideas having been largely dismissed. However, the
history of heredity is more complex, as detailed in previous reviews 2. For instance,
Darwin’s theory of pangenesis proposed the existence of “gemmules”, nongenetic
particles transmitted through the germline that could mediate the inheritance of
acquired traits?3.

In the late half of the 20th century, unification of Darwin’s theory of evolution with
Mendel’s laws of inheritance marks major advancement in molecular biology*. The
main assumptions consider phenotypes as subjects of natural selection, but only
genetic changes are inherited. This strict division between genotype and phenotype
led to the dismissal of the inheritance of acquired traits, first described in Weismann’s
germ-plasm thoery®, mainly known as the “Weismann barrier”. The barrier emphasizes



a strict one-way flow of information from genotype to phenotype, highlighting the

germline as the major source of inheritance insulated from any somatic influence.

Nevertheless, accumulating evidence from diverse model organisms reveals
numerous cases of nongenetic, non-DNA sequence-based inheritance, challenging
the canonical view of a unidirectional relationship between genotype and phenotype.

1.2. From Plastic Responses to Heritable Outcomes: Dissecting
Nongenetic Inheritance

Inheritance patterns manifest in diverse forms and mechanisms extend beyond DNA
sequence changes, reflecting its biological complexity. Maternal inheritance, the most
well-documented forms of nongenetic inheritance, occurs when a mother's
environmental conditions directly influence the offspring’s phenotype®2. Such effects
arise as a result of cytoplasmic provisioning to the oocyte, but also because many

species engage in parental care that can affect offspring development.

A distinction is further drawn between intergenerational and transgenerational types
of inheritance®. Intergenerational inheritance refers to heritable effects that persist for
two generations beyond the directly exposed parental generation, encompassing
maternal effects but Ilimited to the immediate descendants. In contrast,
transgenerational inheritance applies to effects extending for at least three
generations, reflecting a more persistent and autonomous form other than that caused
by direct environmental exposure of the germline. Given that these effects arise
directly as part of the offspring’s environment, inheritance studies should therefore try
to eliminate short-term parental influences to focus solely on inherited effects by
rearing organisms in a standardized environment for multiple generations before

experimentation.

1.3. Epigenetics- we are more than just the sum of our genes

The exploration of inheritance naturally intersects with the field of epigenetics- the
study of heritable changes in gene expression without alterations in the underlying
DNA sequence '°. The actual term “epigenetics” was first conceptualized by Conrad
Hal Waddington which strictly defines the intricate interplay between the genome with
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its environment that shape developmental processes '°. Since then, the concept of
epigenetics has dramatically evolved, challenging the mainstream reductionist ideas

of classical genetics and Darwinism/Neo-Darwinism -3,

Epigenetic mechanisms include diverse molecular processes, including regulatory
RNAs, chromatin modifications, and self-perpetuating structural elements like
prions that can influence gene expression and epigenetic states''¢. However,
environmentally triggered epigenetic modifications that are functionally analogous to
genetic mutations can create phenotypic variation subject to natural selection.
Nonetheless, skepticism still remains largely from our limited mechanistic
understanding on how such epigenetic changes are maintained and transmitted over

multiple generations™’.

1.4. Major caveats in studying Transgenerational epigenetic
inheritance (TEI)

Despite growing evidence that epigenetics states can be transmitted across
generations, the study of TEI remains fraught accompanied with biological complexity
and technical limitations. By definition, the term ‘epigenetic inheritance’ refers to any
heritable characteristics transmitted through the germline that are independent of any
changes in the DNA sequence. However, disentangling true TEI from parental or any

transient environmental carryover requires consideration of several research caveats.

Notably, three key processes that are known barriers in TEl - the Weismann barrier,
germline epigenetic reprogramming, and the recently described somatic epigenetic
resetting’®. One of the most prominent is the Weismann barrier which posits the
irreversible transfer of information from somatic cells to the germline. According to
this view, germ cells are devoid of influence from somatic cells therefore acquired traits
cannot influence hereditary germline transmission. Although modern research from
multiple systems has challenged the rigidity of this barrier, it remains a critical
conceptual hurdle. A second challenge is the concept of germline epigenetic
reprogramming- a fundamental principle of developmental biology even before the
articulation of ‘epigenesis’ proposed by Aristotle in ‘On the Generation of Animals‘ 192,
This process, essential for restoring zygote totipotency, removes epigenetic
signatures that arise during development or induced by the environment. While this

11



reprogramming process ensures that the later embryonic development is fully dictated
by the species-specific blueprint, incomplete or failed resetting can allow such
epigenetic marks to escape and persist across generations. In mammals, two rounds
of epigenetic reprogramming events take place in the early embryo and within the
germline. This process effectively erases most epigenetic marks, whether
programmed, accidental or environmentally induced, though rare exceptions have
been reported 2'. The third barrier in animals is the somatic epigenetic reprogramming,
a process that acts as an additional safeguard to block inherited effects '8. Even if
some epigenetic marks escape reprogramming in the germline or zygote, these marks
may still be removed during the formation of somatic tissues, thereby limiting their
phenotypic impact in descendants. Together, these processes illustrate why

demonstrating TEI is inherently difficult.

While some robust examples exist in plants, nematodes, and fruit flies, evidence in
mammals remains limited and controversial ?2. Confounding factors which include
species-specific differences in epigenetic machinery, variations in environmental
exposures and the difficulty of eliminating short-term parental effects add further
complexity. Moreover, the field has been hindered by the lack of reproducability,
standardized criteria, and methodologies for validating TEI events'2324,

Nonetheless, in animals, specifically nematodes have been instrumental in showing
non-DNA-based inheritance, from RNA interference-mediated heritable silencing?®>-?7
to environmentally-induced?®-3°, multigenerational phenotypic changes3'-3°. These
events provide compelling evidence that certain epigenetic states can bypass both the
Weismann barrier and germline epigenetic reprogramming, establishing proof-of-
principle that environmentally-induced epigenetic states can persist across multiple

generations.

1.5. Beyond the human perspective: Well-characterized pathways
of TEI across species

Nongenetic inheritance covers a much broader form of inheritance patterns including
epigenetic inheritance that are not necessarily classified as “epigenetic’. Such
nongenetic forms of inheritance include cytoplasmic, somatic, environmental,

behavioral variation and parental effects on Vvitellogenin provisioning,
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mitochondrial inheritance®36. Examples of inheritance beyond DNA sequence spans
kingdoms. The most convincing demonstrations of DNA-independent inheritance often
arise in systems where the genome can be experimentally controlled. This is
specifically true for parthenogenetic, self-fertilizing (hermaphroditic), or isogenic
organisms like the nematode models Caenorhabditis elegans or Pristionchus
pacificus. Even so, alternative factors must be considered, including parental care®’,
microbiome contributions, maternal milk in mammals3®, or even cultural
transmission3®. Therefore, a critical distincton must be made between
intergenerational inheritance, where parental environments directly affect offspring,
and true transgenerational inheritance, in which effects persist into the F3 generation
or beyond.

1.6. Molecular signals of TEI

Before addressing the mechanisms through which epigenetic information is
transmitted, it is necessary to first define the molecular signals that constitute this
information. | will introduce these signals separately for clarity; however, they rarely
act in isolation. It is important to note that these molecular signals often function in
concert with each other within the context of the cell and environmental constraints.

1.6.1. DNA methylation

DNA methylation is the best studied epigenetic modification that allows many rapid
local adaptations to new environments'#4°. This process occurs in several forms in
most organisms but mainly through the covalent addition of a methyl group on the
cytosines of CpG dinucleotides. While such modifications are present in invertebrates
and some fungal species, DNA methylation has its most notable role in
transgenerationally inherited phenotypes among plants and vertebrates*'42. In plants,
the altered floral morphology of naturally occurring Linaria vulgaris mutant, described
by Linneaus over 250 years ago, was later attributed to methylation of the Lcyc gene
instead of the DNA sequence itself 3. Similarly, coat color in mice and metabolic
outcomes vary due to DNA methylation states caused by the insertion of a
transposable element at the Agouti viable yellow (Avy) locus 44,

In eukaryotes, DNA methylation occurs in two main forms: 5-methylcytosine (5mC)
and N6-methyladenine (6mA). On the other hand, the nematode C. elegans lacks 5

13



mC since it has no homologs of any DNA methyltransferases (DNMT)*°. The overall
presence of DNA modification in nematodes has been established in phylogenetically
basal genera (Clade 1), but still remains controversial 4647. It is important to note that
any reports about the presence of 6mA DNA methylation in some higher eukaryotes
including nematodes have been questioned 4851, suggesting that several confounding
factors of 6mA detection might be due to several inconsistencies involving pitfalls in
mapping methods, antibody-biases and bacterial contamination 52755

1.6.2. Histone modifications

Histone proteins form the core of nucleosomes, the fundamental units of chromatin
around which DNA is wrapped. These histones are subject to a variety of chemical
modifications, including methylation, acetylation, phosphorylation, and ubiquitination,
each of which can influence chromatin structure and gene accessibility. Beyond their
central role in regulating gene expression, many histone modifications are well-suited
to TEl events, as certain marks can self-propagate and spread across chromatin
domains through the coordinated action of the ‘reader’, ‘writer and ‘eraser’

proteins'6:56.57,

1.6.3. Non-coding RNAs

Although the definition of “epigenetics” is deliberately broad, it is still largely associated
with chromatin modifications. Yet the example of non-coding RNAs (like small RNAs)-
which can mediate gene silencing both transcriptionally and post-transcriptionally-
demonstrates that chromatin changes alone are not the only factors involved in
epigenetic inheritance. Several studies in C. elegans established a paradigm in which
small RNAs act as heritable carriers. The discovery of RNA interference revealed that
double-stranded RNA can induce gene-specific silencing across multiple generations
through stable small interfering RNAs (siRNAs) 25-27,

Beyond RNAIi, nematodes have provided striking examples of environmentally
induced inheritance. For instance, environmental perturbations such as starvation,
viral infection or temperature fluctuations were shown to generate stable heritable
responses mediated in part by sSRNAs and chromatin modifications 28-30. Several other
instances like stress resistance, fertility, developmental plasticity and metabolic
regulation are supported by feedback loops that maintain sRNA population, histone
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modification pathways and nuclear RNAi components which sustain heritable
epigenetic changes 31-35.58,

1.7. Mechanisms of TEI

Having outlined the primary carriers of epigenetic information and their roles in
regulating gene expression, | now turn to the processes that allows their transmission
across generations, thereby establishing a transgenerational signal. It is important to
note that the nature of these processes depends on the type of epigenetic signal
involved which are often interconnected. Specifically, inheritance can occur through
either “replicative” or “reconstructive” modes %°. In replicative transmission, epigenetic
information is directly passed across generations via mitosis which then extends to
meiotic signal transmission. These signals are maintained through gametogenesis

and fertilization, surviving any potential reprogramming events®°.

However, information should not only be replicated but may also be reconstructed in
each generation '3. In contrast to being replicated, the reconstructive mode of
inheritance refers to the erasure of epigenetic marks which are then re-established in
the offspring via secondary cues '3. These modes of transmission illustrate the
dynamic and often cooperative nature of epigenetic inheritance, reflecting the complex
interplay between molecular signals and developmental processes.

1.7.1. Templates for reconstructive mode of inheritance
1.7.1.1.  Non-coding RNAs (ncRNAs)

ncRNAs are key candidates for secondary signals from which primary chromatin-
based epigenetic information can be reconstructed . In C. elegans, self-assembling
germline condensates or germ granules play a critical role in RNA-directed epigenetic
regulation and inheritance. Germ granules are essential for SRNA inheritance, as their
disruption leads to aberrant siRNA expression and progressive silencing of key
germline genes across generations °. Similar germline structures, such as the piRNA-
associated “nuage,” are found in other species including Drosophila
melanogaster, Xenopus laevis, and mice &', although, whether their role in ncRNA-

mediated inheritance is conserved remains to be determined.

1.7.1.2. Biophysical properties
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Leading hypothesis on how environmental signals might be translated into epigenetic
changes include changes in the biophysical properties of biomolecules within
epigenetic pathways 6283, Germ granules represent key factors for translation of
heritable epigenetic changes, as their formation via phase separation makes their
organization highly sensitive to environmental conditions (pH, temperature, etc.) 8263,
In C. elegans, the notable role of germ granules in TEI has been suggested through
which environmental conditions are translated to heritable outcomes via RNAi
intermediates®. Moreover, similar temperature-dependent effects on Polycomb-
mediated silencing in Drosophila highlight the role of biophysical properties of

molecules in TEI 84,
1.7.1.3. 3D genome organization

Studies have shown the critical role of nuclear genome organization in gene
regulation, cell identity and development 6. This complex chromatin landscape is
shaped by both genetic and epigenetic elements that may contribute to TEIl. Notably,
the nuclear positioning of genes influences their activity: loci at the periphery tend to
be heterochromatic and silenced, while those in the interior are generally euchromatic
and transcriptionally active 6. Examples found in flies where Polycomb-dependent TEI
of the Fab2L epiallele depends on its physical association with another Polycomb-
targeted locus %. Deletion of Fab7 resets Fab2L chromatin, implying that spatial
clustering in the nucleus provides a secondary signal for reconstructing histone 3
lysine 27 tri-methyl (H3K27me3) marks 84. Also in Saccharomyces, maintenance of
H3K9me marks requires nuclear positioning .

1.7.1.4. Transcription factor binding activity

The binding of transcription factors (TFs) to their respective target loci is influenced by
several genetic and epigenetic factors 8. Specifically, DNA regions with low cytosine
methylation have been correlated with TF binding activity during epigenetic
reprogramming events . This suggest that TFs can act as carriers of epigenetic
information by protecting their target sites form methylation events in subsequent
generations. An example through which TEIl-mediated effects induced by prenatal
bisphenol A (BPA) exposure in mice alters chromatin accessibility and enhances TF
binding activity in the obesity-associated Fto locus. Both the enhancer activity and the
obesity phenotype persist for 5-6 generations ’°. This example highlights how multiple
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factors including biophysical properties, 3D genome organization and TFs can
modulate a single case of TEI.

1.7.2. Para-mutational events

All of the mechanisms described above show the vertical transmission of epigenetic
states across generations, akin to the Mendelian inheritance of genetic mutations. It
is important to note that the possibility of non-Mendelian inheritance in TEI also exists.
In some cases, epigenetic transmission is observed through the process known as
paramutation. Paramutation is a well-established, non-Mendelian epigenetic
phenomenon in which one allele heritably alters the expression state of a homologous
allele without changes to the DNA sequence. First described in plants 7!, paramutation
has since been reported in C. elegans 2, D. melanogaster ® and more controversially
in mice 74, all of which involve the inter-allelic transfer of DNA methylation and histone

modifications.

1.8. Plasticity in Evolutionary Theory

Understanding the mechanisms of TEl raises important questions about how
environmentally induced phenotypes can persist across generations. This links
directly to the concept of phenotypic plasticity, where a single genotype produces
multiple phenotypes in response to distinct environmental conditions 75-8°. This
phenomenon further adds complexity to the traditional Darwinian-Lamarckian

dichotomy.

The concept of plasticity has been recognized for more than a century and
encompasses any type of environmentally-induced phenotypic variation that can affect
different aspects of an organism’s phenotype including its morphology, physiology,
behavior and life’s history 7381, Since all organisms are shaped by both genetic and
environmental factors, plasticity therefore represents a universal feature of life
observed across all domains of biology. Its pervasive nature has been demonstrated
through several examples 8-°1, leading to a growing recognition that stands in contrast
to the long neo-Darwinian phase that downplayed the role of environmental

responsiveness in evolution 9294,
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Despite its recognized importance, the role of plasticity in evolutionary novelty remains
a highly debated topic. Predictions have been outlined in a four-step model to underpin
the role of plasticity in evolutionary novelty %. First, novel traits originate from
environmentally responsive and developmentally plastic traits. Second, such
responsiveness involves ‘switch’ genes. Third, plasticity occurs in restricted
evolutionary pulses. Lastly, plasticity becomes genetically encoded through genetic
accomodation and assimilation ®°. Recent molecular advancements in this field have
shed light on mechanisms that allows survival of organisms in fluctuating conditions.
Yet, studying phenotypic plasticity remains challenging. Particularly, identifying the
molecular pathways involved, assessing to what extent these plastic responses are
adaptive and determining how it influences evolutionary trajectories are all areas of
active research %. In fact, some plastic responses can be remarkably stable and even
heritable across generations .

For much of evolutionary biology’s history, phenotypic plasticity has been overlooked
and undervalued as a driver of evolutionary change 7. This dissertation advances our
current understanding on the pivotal role by which plasticity fosters novely of traits. In
brief, | used long-term experimental evolution involving a change in dietary exposure
of nematodes. This thesis specifically addresses a major gap in plasticity research by
focusing on diet-induced, transgenerational inheritance of plastic responses and its
underlying molecular mechanisms. Importantly, the observed canalization of traits
after TEI provides a crucial step toward understanding how environmentally induced
trait transitions to genetically encoded states.

1.9. Pristionchus pacificus as a model system in plasticity research
The nematode Pristionchus pacificus has been developed across diverse research
disciplines, including developmental and population genetics, evolutionary and
behavioral ecology, and the neuroscience of predation. Pristionchus was initially
described in 1996 from a soil sample collected in Pasadena °’. Early research into the
ecological niche of Pristionchus nematodes showed that, despite their global presence
in soil habitats, these species consistently exhibit specific association with scarab
beetles %8. This beetle-nematode association was first identified in Europe and later

led to the identification of the Oriental beetle as a prevalent host of P. pacificus across
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Japan and North America °°'%. More than 50 Pristionchus species have been
established as living cultures and ongoing sampling efforts have yielded over two
thousand natural isolates, hundreds of which now have available whole genome
resequencing data, which are largely publically available at
http://www.pristionchus.org/cgi-bin/news.cgi.

The past decade has seen the rise of Pristionchus pacificus mouth-form plasticity in
developmental plasticity research %. This nematode offers several advantages that
make it a highly tractable model system for experimental evolution and mechanistic
studies. Like C. elegans, P. pacificus has a short generation time that allows rapid
propagation across multiple generations and the establishment of several independent
parallel lines. P. pacificus grows readily under standard laboratory conditions, using
E. coli OP50 as food source on conventional agar plates. At 20°C, P. pacificus
completes its life cycle in roughly four days and typically produces about 150-180 self-
progenies. It completes the J1 larval stage in the egg, undergoing J2 molt before
hatching and consequently begins feeding. Major techniques such as forward
genetics, DNA- mediated transformation and several reversal genetic approaches like
CRISPR/Cas9 were implemented '9'-1%4 Genome sequencing and resequencing
efforts yielded in a rich genomic framework for P. pacificus, which range form
chromosome-scale assembly 105106 complemented with RNA-seq-based

transcriptomics '°” and epigenetic datasets 198109,

Pristionchus nematodes have evolved teeth-like denticles, a major mophological
novelty that enables omnivorous feeding and nematode predation '"°. In its post-
embryonic development, the plasticity of the P. pacificus mouth (stoma) develops into
two alternative mouth forms in response to environmental conditions: the
stenostomatous (St) morph with a single dorsal tooth, specialized for bacterial feeding
morph, and the eurystomastous (Eu) morph, a facultative predator with a claw-like
dorsal tooth and opposing sub-ventral tooth. Comparative analyses of the feeding
structures have elucidated the cellular mechanisms underlying the development of
teeth and its complex buccal cavity '''. Over the past two decades, research has
highlighted developmental plasticity as a major driver of evolutionary novelty.
Consistently, in Diplogastridae nematodes, the evolution of teeth coincided with the
emergence of polyphenism, illustrating compelling evidence of plasticity-first

evolution'?. Its mouth-form decision has major behavioral and ecological
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consequences which best represents a bi-stable developmental switch, where
environmental inputs bias development toward one or two distinct morphs '3, This
type of phenotypic plasticity is distinct from deterministic cases such as in butterfly
wing polyphenism or plant leaf morphology ''4-16. P, pacificus has a well-established
gene regulatory network of polyphenism decision, which comprises both deeply
conserved and rapidly evolving genes, that governs strain-specific mouth-form ratios.
Environmental factors including culture conditions "7, temperature '8, and small-
molecule metabolites "9 further influence the Eu-St ratio in isogenic P. pacificus
strains. For instance, the P. pacificus wild-type reference strain PS312
forms Eu morphs in solid agar culture conditions, but becomes St in liquid cultures.
This type of feature indicates that P. pacificus mouth dimorphism operates as a bi-
stable switch, analogous to bacteriophage lambda '?°. The stable mouth-form
observed on agar plates allows unbiased screening for mutants. On the other hand,
the RSCO011 isolate studied in the work to follow, preferentially forms
St morphs on standard E. coli OP50 diet and becomes predominantly Eu on certain

diets.

P. pacificus offers the ease of obtaining isogenic lines through hermaphroditism (self-
fertilization), making it a tractable system for studying molecular mechanisms of
developmental plasticity. This mode of reproduction ensures precise genetic control
and reproducibilty while still permitting outcrossing thorugh mating with males when
desired. Unlike obligately outcrossing organisms, in which genetic variablity can
obscure the identification of loci underlying plastic trait formation, the hermaphroditic
reproduction of P. pacificus yields genetically identical organisms, thereby eliminating
genetic polymorphisms. Notably, studies of nematode evolution revealed that
Pristionchus species have independently evolved hermaphroditism at least seven
times, offering unique insights into genome evolution, karyotype diversification and

shifts in sex determination mechanisms 107.121.122

In natural settings, dauer larvae of P. pacificus and other nematodes inhabit adult
beetles. Upon the natural death of the a beetle in the soil, dauers resume development
into adults, giving rise to a short-lived communities on decomposing insect carcass,
sustanied by bacteria and other microbes. As resources are exhausted, newly formed
dauers disperse in search of hosts. Within this ephemeral ecological setting, mouth-
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form polyphenism, which enables facultative predation, is predicted to stringly

influence these competitive dynamics '23.

Recent studies have further shown that dietary changes can strongly influence mouth-
form development, making P. pacificus a feasible system for easy manipulation under
laboratory conditions '24. Using the natural binary read-out of environmental influence
that exists in P. pacificus, long-term environmental induction (LTEI) was performed to
systematically track the dynamic mouth-form changes upon novel dietary exposure.
Utilizing the previously identified Novosphingobium L76 isolate from figs that naturally
co-occurs with Pristionchus species and is known to affect various predatory-related
traits 125126 | investigated the bacterial influence on its polyphenic response. LTEI
approach in P. pacificus, as a practically and conceptually simple form of directed
evolution, was performed for 101 generations. By integrating diet-switch experiments,
it was possible to monitor “memories” of previous environmental encounters. LTEI
experiments combined with forward genetic screens revealed not only a conventional
paradigm of diet-induced plasticity but also novel mechanisms of transgenerational
inheritance. LTElI was able to demonstrate that an environmental response is
transmitted across generations and eventually improves descendant fitness that has
an adaptive potential.

P. pacificus, with its tractable genetics and clearly defined plastic traits, offers an ideal
system to dissect these forms of nongenetic inheritance, linking environmentally-
induced plasticity to heritable and multigenerational outcomes. Here, | provide an
integrated overview of the approaches | have applied, the key insights gained from my
research to date. The work is organized around several major findings, each presented
in separate chapters, addressing critical gaps in plasticity research: (1). Diet-induced
plastic responses resulting in transgenerational effects mediated by a non-canonical
mechanism involving destabilization of microRNAs, (2). identification of a bacterial
trigger for transgenerational inheritance, linking vitamin B12 through methionine-
dependent processes and vitellogenin provisioning from mothers to offspring, and (3)
canalization of environmentally-induced traits. Together, these results illustrate how
environmental cues, development, and epigenetic mechanisms interact to shape

phenotypic evolution over multiple generations.
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1.10. TEIl in the light of evolution

The evolutionary significance of plasticity has been widely explored, however there
are considerably fewer studies that examine the potential role of transgenerational
inheritance in shaping adaptive trajectories 727, By bridging the gap between plastic
responses and stable genetic change, TEl expands the classical gene-centered view
of evolution, underscoring the dynamic and multifaceted nature of inheritance.
Theoretical work on this topic has largely revolved on two central questions: first,
whether TEl can enable populations to track rapidly changing environments when
genetic adaptation alone may be too slow; and second, how natural selection acts not
only on phenotypic outcomes but also on the mechanisms of TEIl under fluctuating

environmental conditions 36.128,

In broader terms, TEl can be adaptive with the possibility of responding to
environmental change, posing major implications on heredity and evolution. It appears
to be that evolution has its way to effectively reverse any deleterious effects imposed
on the parental generation’s lifetime experience. In plants, nematodes and fruit flies,
TEI has been proposed to facilitate rapid adaptation to fluctuating environments 22.
More broadly, the transmission of epigenetic information across generations can result
in canalization of the offspring development. This allows fast-reproducing organisms
to adapt to rapidly changing environmental conditions. However, in cases where the
“predicted” environment fails to align to actual conditions, such inherited epigenetic
effects may result in maladaptation.
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2. RESEARCH OBJECTIVES

Borrowing the concept of experimental evolution to investigate the consequences of
dietary change '2°3° | combined long-term dietary induction with food-reversal
experiments across more than 100 generations of isogenic lines. My work started
with an open-ended, completely exploratory study of experimental evolution. The
overarching aim of my thesis was to elucidate the mechanisms by which
environmental factors induced phenotypic plasticity and transgenerational epigenetic
inheritance (TEIl) in Pristionchus pacificus. Specifically, | aimed to:

e | conducted long-term experimental evolution with 110 clonal P.
pacificus RSC011 lines on Novosphingobium for 101 generations, tracking
mouth-form plasticity across generations.

e | performed dietary reversal experiments by transferring RSC011 worms back
to E. coli OP50 after 15-95 generations on Novosphingobium and monitored
mouth-form phenotypes to assess reversibility.

e | combined long-term induction with EMS mutagenesis, screened ~3000 F2
lines for transgenrational inheritance-defective (Tid) phenotypes with reduced
Eu mouth-form, and isolated 75 candidate lines for further study.

e | generated mutations in candidate genes identified from the EMS screen and
produced large deletions in the miR-2235a locus of P. pacificus RSC011 via
CRISPR-Cas9.

o |identified dietary triggers, including bacterial vitamin B12, that induced
transgenerational inheritance of the predatory morph and investigated the
metabolic and maternal contributions, such as maternal vitellogenin
provisioning.

¢ | uncovered novel mechanisms of EBAX-1-mediated target-directed
microRNA degradation (TDMD) in P. pacificus by exploiting the binary mouth-
form phenotype as a functional assay, combined with small RNA profiling, to
identify in vivo TDMD triggers, reveal lineage-specific regulatory sites, and
map MiRNA-mRNA networks controlling cognate miRNA cluster dynamics.
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¢ | evaluated the evolutionary significance of TEI of the predatory morph by
showing that these inherited traits enhanced descendant fitness using lifetime
reproductive success.

¢ | investigated how TEI responded to variable environmental conditions by
performing Alternative Induction Experiments, comparing observed patterns to
predictive models, and testing whether environmental trigger concentration

influenced TEI induction and its onset.

To summarise, my aim was to leverage natural organismal readouts of plasticity
through long-term environmental induction experiments. This approach provided
a foundation for investigating molecular mechanisms and evolutionary principles

of inheritance, culminating in the following papers and manuscripts.
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3. RESULTS
3.1 Application of ALFA-Tagging in the Nematode Model

Organisms Caenorhabditis elegans and Pristionchus pacificus

Catia Igreja, Tobias Loschko, Alejandra Schafer, Radhika Sharma, Shiela Pearl
Quiobe, Elbin Aloshy, Hanh Witte, Ralf J Sommer

Cells 11(23), (2022). DOI: 10.3390/cells 11233875

3.1.1 Synopsis

Protein detection, manipulation, and purification are central to modern life sciences
research and rely heavily on epitope tagging strategies across diverse model
organisms. While a wide range of tags has been developed, each comes with specific
limitations depending on the experimental context and model system. The recently
introduced ALFA-tag is a small, rationally designed epitope that enables sensitive and
versatile protein detection through high-affinity camelid-derived nanobodies,
supporting applications from advanced imaging to biochemical analyses. In this study,
we adapt the ALFA-tag for use in the nematode model organisms Caenorhabditis
elegans and Pristionchus pacificus. We demonstrate that CRISPR-mediated insertion
of the 13-amino acid ALFA-tag sequence is efficient and well tolerated in both species.
Using multiple examples, we show high-resolution visualization of protein expression,
and we further validate the approach by successfully performing pulldown experiments
with the GW182 ortholog Ppa-AIN-1 in P. pacificus. Together, our results introduce the
ALFA-tag as a robust and versatile epitope tag for nematode research, expanding the
toolkit for in vivo and biochemical protein studies.

3.1.2 Own contribution

| designed the gRNA and a corresponding repair template to insert two copies of the
ALFA-tag at the C-terminal end of Ppa-AIN-1, and tracked these animals for mouth-
form phenotype for at least 4 to 5 generations by screening 200 animals (20 animals
in 10 replicates) per generation. | estimate my contribution at 10%.
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3.2 EBAX-1/ZSWIM8 destabilizes miRNAs, resulting in

transgenerational inheritance of a predatory trait.

Shiela Pearl Quiobe, Ata Kalirad, Waltraud Rodseler, Hanh  Witte, Yinan
Wang, Christian Rodelsperger, Ralf J Sommer

Science Advances 11(11): eadu0875, (2025). DOI: 10.1126/sciadv.adu0875

3.2.1 Synopsis

Phenotypic plasticity can be transmitted across generations, yet the molecular
mechanisms underlying this transgenerational epigenetic inheritance (TEl) remain
poorly understood. We utilized long-term dietary induction experiments involving
different diets using P. pacificus nematodes that exhibit mouth-form plasticity.
Propagation of 110 isogenic lines over 101 generations, together with food-reversal
experiments, revealed that diet induces the predatory morph and that this state is
subsequently memorized across generations. Establishment of this memory requires
at least five consecutive generations of induction, a feature that is phenomenologically
distinct from previously reported TEl cases. By combining dietary induction and
mutagenesis, we identified EBAX-1 as a key regulator of TEl in the nematode
Pristionchus pacificus. Although Ppa-ebax-1 mutants responded to dietary cues, they
failed to retain transgenerational memory. We further show that Ppa-EBAX-1
destabilizes the miR-2235/miR-35 microRNA family. Consistently, deletion of a cluster
containing 44 identical copies of miR-2235 led to precocious onset and prolonged TEI
of the predatory morph. These findings implicate ubiquitin-mediated regulation, likely
through microRNA turnover, as a critical mechanism linking environmental signals to

heritable phenotypic change.

3.2.2 Own contribution

| carried out all experiments including long-term environmental induction with P.
pacificus, maintaining 110 clonal lines on a Novosphingobium diet for 101 generations.
| was involved in writing drafts of the manuscript, from the initial version to its final
submitted form, integrating data, analyses, and interpretations throughout the process.
| estimate my overall contribution at 85%.
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3.3 Vitamin B12 induces memory of predation through vitellogenin
provisioning

Shiela Pearl Quiobe, Ata Kalirad, Raphaela Zurheide, Hanh Witte, Christian

Rodelsperger, Ralf J. Sommer

Nature Communications 17:3408, (2026). DOI: 10.1038/s41467-026-71494-w

3.3.1 Synopsis

Dietary influences can strongly shape animal traits, and in some cases these effects
persist across generations, as seen in humans and other animals. While such
environmental inheritance is well documented, the molecular signals responsible
remain poorly understood. In Pristionchus pacificus, a nematode with diet-dependent
mouth-form plasticity, a multigenerational diet of Novosphingobium bacteria induces a
predatory morph that is inherited by subsequent generations. We show that bacterial
vitamin B12 is both necessary and sufficient for transgenerational memory of the
predatory morph. Novosphingobium mutants defective in vitamin B12 production falil
to induce inheritance, while vitamin B12 supplementation rescues the
phenotype. Notably, different levels of vitamin B12 are required for the initial induction
versus the maintenance of the inherited predatory morph. Genetic analysis reveals
that vitamin B12 acts through methionine synthase and methionine metabolism,
independently of vitamin B9. The inherited response is associated with increased
multigenerational vitellogenin expression, indicating enhanced maternal nutrient
provisioning. Consistently, mutants lacking the vitellogenin receptor Ppa-rme-2 fail to
transmit the memory. Together, these findings show that vitamin B12 regulates
maternal provisioning to control transgenerational changes in physiology and
behavior.

3.3.2 Own contribution

| performed all experiments, generated and analyzed the data. | was involved in writing
the manuscript from initial drafts to the final version. | estimate my overall contribution
at 85%.
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3.4 Lessons learned from manual curation of thousands of gene

models in the nematode Pristionchus pacificus

Christian Rodelsperger, Neha Agyal, Shiela Pearl Quiobe, Hao Wu Waltraud
Roseler, Dafne Ibarra, Ralf J. Sommer

Plos one, 21(3):e0344513, (2026). DOI: 10.1371/journal.pone.0344513

3.4.1 Synopsis

Despite major advances in sequencing technologies that allows chromosome-scale
genome assemblies, genome annotation often remains complicated by the fact that
numerous genes are unexpressed. When this occurs, transcriptome data alone is
insufficient and must be supplemented with computational gene predictions and
protein homology evidence. We conducted a case study involving community curation
of the Pristionchus pacificus RSC011 strain. By combining Iso-Seq, RNA-Seq, and
genome-wide screening, we identified and corrected over 7,500 (~24%) gene models.
The curation revealed frequent annotation errors, including assembly mistakes,
artificial transcript fusions from overlapping or polycistronic genes, falsely predicted
open reading frames, and error propagation from homology-based predictions. The
improved annotation enhances the RSCO011 gene set and highlights broader
challenges that may affect annotations in other species. These findings offer guidance

for more accurate genome annotation across diverse taxa.

3.4.2 Own contribution

| manually curated approximately one fourth of the candidate genes, grown animals in
specific diets for RNA-Seq and prepared cultures for Iso-seq processing. | estimate

my contribution to be 15%.
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3.5 Bacterial diet and genetic background influence mutation rate in

Pristionchus pacificus

Shiela Pearl Quiobe*, Yinan Wang*, Penghieng Theam*, Waltraud Roseler, Hanh
Witte, Christian Rodelsperger, Ralf J. Sommer

(published as Wang et al.)
G3 Genes|Genomes|Genetics: jkag038, (2026). DOI: 10.1093/g3journal/jkag038

3.5.1 Synopsis

Mutation drives evolution, and its accumulation is influenced by both genetic and
environmental factors. While temperature effects on mutation rates especially in
multicellular organisms are well studied, the impact of diet is less understood. We used
mutation accumulation (MA) lines of unique natural isolates of Pristionchus pacificus
and compared MA rates across different bacterial isolates naturally derived from P,
pacificus-associated environments. Whole-genome sequencing revealed that the
average single-nucleotide variant accumulation rates ranged from 0.46*10”-9 and
2.27*107-9 nucleotide site'*generation™!, and insertion/deletion rates varied from
1.92*107-10 and 1.19*10"-9 nucleotide site'*generation’. We also found the
accumulation rate difference to be a fivefold difference among genetic backgrounds
and a twofold difference across diets. Despite these rate changes, mutation spectra
remained largely consistent, highlighting that environmental and genetic factors can
modulate MA rates without altering the overall mutational landscape.

3.5.2 Own contribution

| performed all mutation accumulation experiments with the P. pacificus RSC011 strain
in distinct diets, and prepared animals for DNA extraction and WGS. | conducted the
brood size assays between diets. | wrote corresponding parts of the manuscript. |
estimate my contribution to be 20%.
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3.6 The logic of transgenerational inheritance of cannibalism

Shiela Pearl Quiobe, Ata Kalirad, Ralf J. Sommer

Under Review in iScience

3.6.1 Synopsis

Epigenetic inheritance of environmentally induced traits is widespread across taxa, yet
the dynamics of non-genetic inheritance under fluctuating environments remain poorly
understood. We exploited the transgenerational epigenetic inheritance (TEI) of an
environmentally induced cannibalistic trait in the nematode Pristionchus pacificus to
address this gap. To explore how environmental variability affects the TEI of the
predatory morph, we designed alternative induction experiments in which P,
pacificus was exposed to Novosphingobium L76 or E. coli OP50 across multiple
generations. We first developed theoretical models to predict TEIl patterns under
variable conditions and then implemented a two-pronged experimental strategy: (a)
alternative induction experiments to systematically track TEl dynamics under
fluctuating environments, and (b) superinduction experiments to test how the intensity
of the environmental cue influences TEIl. Together, our studies reveal how TEI
responds to environmental variability and provide a mechanistic framework linking
experimental observations to theoretical predictions, advancing our understanding of

transgenerational mouth-form plasticity in P. pacificus.

3.6.2 Own contribution
| conceptualized, performed all experiments, analyzed the data and contributed to

manuscript preparation. | estimate my contribution at 60%.
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3.7 Darwinian games in a cannibalistic polyphenism and its

transgenerational inheritance

Ata Kalirad, Shiela Pearl Quiobe, Ralf J. Sommer
Under Review in Nature Communcations
3.7.1 Synopsis

Non-genetic inheritance of environmentally induced traits across generations is
increasingly recognized in nature. However, its evolutionary significance remains
debated. In particular, the adaptive value of transgenerational epigenetic inheritance
(TEI), defined as effects that persist for three or more generations, is difficult to assess
because its fitness consequences and associated trade-offs are rarely measurable.
Although theory predicts that TEI is favored under relatively stable environmental
conditions, its broader eco-evolutionary implications remain unclear. The
nematode Pristionchus pacificus provides a powerful system to address these
questions due to its environmentally regulated mouth-form polyphenism, in which
individuals develop either a non-predatory or a predatory morph depending on
environmental cues such as diet. Previous work demonstrated that bacterial diet can
induce the predatory morph and that this effect can be transmitted across generations
through TEI, mediated by specific molecular mechanisms including microRNA
regulation and dietary vitamin B12. The ability to experimentally measure both the
molecular underpinnings of this plastic trait and its associated fithess outcomes makes
this system ideal for evaluating how TEI impacts adaptation.The present study
integrates experimental and modeling approaches to examine how diet-induced TEI
influences fithess and how environmental variability shapes the evolutionary dynamics
of TEI strategies. Together, this work provides new insight into the ecological and

evolutionary relevance of transgenerational inheritance.

3.7.2 Own contribution
| performed all experiments, analyzed parts of the data and contributed to final
manuscript preparation. | estimate my contribution at 30%.
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3.8 A phenotypically anchored map of endogenous triggers

controlling miRNA destabilization in Pristionchus pacificus

Shiela Pearl Quiobe, Hanh Witte, Ralf J. Sommer

Ready for Submission
3.8.1 Synopsis

Target-directed miRNA degradation (TDMD) is a key mechanism regulating miRNA
stability, yet most characterized triggers have been identified based on molecular
signatures without clear links to whole-organism phenotypes. In this study, the binary
mouth-form plasticity of the nematode Pristionchus pacificusis leveraged as a
phenotypic readout to examine TDMD in vivo. The ubiquitin ligase Ppa-EBAX-1 is
shown to control transgenerational inheritance of the predatory mouth morph by
modulating the stability of the expanded miR-35/2235a cluster. Combining
computational predictions, genetic perturbations, and small RNA profiling,
endogenous transcripts with 3' UTR binding sites acting as TDMD triggers are
identified. Disruption of these sites stabilizes the corresponding miRNAs and alters the
dynamics of transgenerational inheritance of the predatory morph. Small RNA
sequencing further reveals that loss of individual triggers leads to coordinated
upregulation of multiple cluster members. While many predicted target genes are
conserved across related species, the TDMD-relevant binding sites are often lineage-
specific, indicating rapid evolutionary change in this regulatory layer. Overall, these
results establish a direct connection between TDMD, miRNA cluster dynamics, and
organismal phenotypes, and illustrate how phenotypically grounded approaches can
uncover functional TDMD triggers that may be overlooked by traditional sequence- or

biochemistry-based screens.

3.8.2 Own contribution
| conceptualized the experimental design, performed all experiments, generated and
analyzed the data. | was involved in writing the manuscript from initial drafts to the final

version. | estimate my overall contribution at 90%.
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3.9 Genetic analysis of the Weismann Barrier in Pristionchus
pacificus

Shiela Pearl Quiobe, Hanh Witte, Christian Rodelsperger, Ralf J. Sommer
Ready for Submission

3.9.1 Synopsis

Transgenerational epigenetic inheritance (TEI) challenges the traditional Weismann
barrier by demonstrating that environmentally induced states in somatic tissues can
influence progeny phenotypes. In oviparous species, maternal provisioning via
vitellogenins- a family of yolk proteins synthesized in the intestine and transported to
oocytes- provides a direct route for soma-to-germline communication.
Using Pristionchus pacificus, we show that diet-derived vitamin B12 induces the
predatory mouth form and its transgenerational inheritance through elevated
vitellogenin expression and RME-2-dependent transport. Deletion of multiple
vitellogenin genes or disruption of RME-2 progressively reduces the intial morph
induction and abolishes TEI, while vitamin B12 supplementation cannot rescue these
defects. Maternal vitellogenin deposition likely delivers a combination of nutrients,
lipids, vitamins, and small RNAs to embryos, initiating transgenerational signaling.
These findings establish vitellogenins as key mediators of maternal-to-progeny
communication and provide a mechanistic framework for how environmental cues can

cross the soma-germline barrier to shape offspring physiology and behavior.

3.9.2 Own contribution
| conceptualized the experimental design, performed all experiments, generated and
analyzed the data. | was involved in writing the manuscript from initial drafts to the final

version. | estimate my overall contribution at 90%.
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4. DISCUSSION

Environmental influences on trait inheritance have long been proposed but remain
contentious due to challenges in distinguishing true transgenerational effects from
transient or parental influences. While mammalian studies are limited by technical and
ethical constraints, nematode models, particularly C. elegans, have shown that even
brief environmental exposures can induce heritable changes °'3' though the
consequences of longer or multigenerational exposures remain largely unexplored.
Fundamental insight could be obtained by integrating experiments that visualize

plasticity in response to environmental stimuli with experimental evolution.

Here, | addressed these gaps by studying a discrete, environmentally controlled
developmental decision of mouth-form plasticity in the nematode Pristionchus
pacificus RSC011. Borrowing the concept of experimental evolution to investigate the
consequences of dietary change 2%, | combined long-term dietary induction with food-
reversal experiments across more than 100 generations of isogenic lines. My work
started with an open-ended, completely exploratory study of experimental evolution.
Here, | define experimental evolution as the study of evolutionary changes happening
in experimental populations as a consequence of these environmental changes.
Specifically, unlike canonical experimental evolution experiments 29130 standing
genetic variation is trivial in this approach. This definition excludes artificial selection
since no explicit choice among phenotypes is possible when the environment itself

fully biases the selected trait.

My work highlights that propagation of 110 isogenic lines for 101 generations
combined with food-reversal experiments, revealed i) dietary induction of the predatory
morph, ii) subsequent TEI of this phenotype and iii) low-frequency canalization. TEI
requires minimal exposure of five generations and is induced by diet-derived vitamin
B12 9132 Given that these observations are phenomenologically different from what
occurs in C. elegans, | performed large-scale genetic screening and identified the role
of EBAX-1/ZSWIM8. Specifically, Ppa-EBAX-1 destabilizes microRNAs of the miR-
2235a family, which underwent a ~ 10 kb expansion in P. pacificus relative to its C.
elegans homolog. | further showed the repressive role of the miR-2235a by generating
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an entire deletion of the locus, resulting in precocious and extended TEI of the
predatory morph.

Focusing on the aspects of the dietary induction and transgenerational inheritance, a
major advance was identifying vitamin B12 as a key inducing agent '*2. However, the
current gap lies on how vitamin B12 would relate to the overall function of EBAX-
1/ZSWIMS8 activity. The necessity of multigenerational dietary exposure (of at least
five generations) to induce TEI highlights the complexity of environmental cue
integration. Novosphingobium exposure and vitamin B12- supplemented E. coli diets
similarly induces the expression of ebax-1, the miR-2235a cluster and even other
members of the miR-35 family. For the time being, our current TEI model assumes
that certain trigger/s from Novosphingobium induces EBAX-1 activity that will result in
the upregulation of target gene/s in P. pacificus leading to the TEI of the Eu morph.
Consistent with this model, the large or complete deletion of the miR-2235a locus
results in precocious and extended TEI, while mutations in Ppa-ebax-1 result in the

absence of memory.

Dietary triggers are either endogenous (Ppa-sourced) or exogenous (dietary-sourced),
and the identity of these triggers, and how vitamin B12 modulates EBAX-1-mediated
miRNA destabilization remains the major gaps. One possibility is the progressive
accumulation of triggers over generations may be crucial for target-directed miRNA
degradation (TDMD), which is the increase in “trigger” expression across generations
following exposure to Novosphingobium. This aligns with previous findings showing
that accumulation of mMRNA triggers to a certain threshold directs TDMD or TDMD-like
processes leading to miRNA degradation '33-135  mirroring the concentration-
dependent effects of vitamin B12 to induce TEI of the Eu morph.

Motivated by this threshold-dependent mechanism, | performed a systematic in-silico
search for potential TDMD triggers and miRNA targets. This analysis revealed a broad
spectrum of RNAs with predicted miRNA-binding sites that could function either as
triggers for miRNA degradation or as conventional targets for repression. Despite this
extensive landscape, few of the predicted targets correspond to known components
of the mouth-form gene regulatory network, suggesting that miR-2235a may act
indirectly or more likely, through currently uncharacterized pathways. These findings

highlight the complexity of miRNA-mediated regulation and underscore the need for
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experimental validation. Importantly, exploration of this trigger space in P.
pacificus demonstrated that mutations in candidate triggers produce pronounced
phenotypic effects, providing new avenues for TDMD.

Building on this framework, my LTEIl experiments in P. pacificus have opened new
research directions spanning both immediate and long-term steps needed for a
comprehensive understanding of transgenerational epigenetic inheritance. Immediate
priorities include defining the trigger space by identifying dietary and maternal factors
underlying TEI. A second focus is the unexplored interplay between vitamin B12 and
vitellogenin (vit), particularly whether the observed transgenerational increase
in vit expression corresponds to elevated protein levels in progeny. However, inability
to directly quantify vitamin B12 and determine its precise levels in nematode tissues

remains.

To address the concentration-dependent effects of B12 and its sufficiency to induce
TEIl, | implemented two experimental approaches. First, an alternative induction
experiment that allowed a systematic exploration of TEIl under variable enviornmental
conditions. Second, a superinduction experiment which assessed how TEI responds
to the intensity of the environmental cue. These experiments showed that the induction
of the Eu morph and the patterns of TEI are not identical. While the induction of
predatory mouth form is induced systemically and immediately, the onset of TEI
depends both on the number of generations exposed to the environmental trigger and
the concentration of that trigger.

TEI is widespread, yet its adaptive significance remains debated '3¢. Rather than
persisting indefinitely, TEI often exhibits a tunable duration, suggesting evolutionary
optimization of its persistence '37. Skepticism surrounding TEI largely arises from the
frequent assumption of adaptiveness without sufficient experimental validation. Here,
| investigated the strain-specific effects after the original dietary induction of the
predatory mouth form and found both the Eu morph and progeny increase are
transgenerationally inherited. The last two sets of experiments were tightly linked to

modelling studies performed by Dr. Ata Kalirad in our lab.

More broadly, understanding the processes underlying variation in complex traits has

long been a central challenge in evolutionary biology. The progress | presented here
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lays foundation for investigating natural variation in TEl in P. pacificus. Apart from the
central focus on the RSCO011 strain, | found that the EBAX-1 sensitive miR-2235a
cluster exhibits natural variation among P. pacificus wild isolates and is rapidly
evolving within the genus Pristionchus. Indeed, some strains with expanded miRNA
copies (with >10 kb of miRNA expansion) lacked TEI, hihglighting its repressive role.
Preliminary analyses suggest that the TEI trait is indeed complex, presumably
controlled by multiple genetic loci. Although, the caveat of expanding and testing more
strains and species still exists. Whether the miRNA cluster itself has evolved in the
lines | experimentally evolved at generation 100 compared to the ancestral PO remains

ongoing.

The conceptual and experimental contributions of my work over the past five years
has been substantial, highlighting several novel aspects of the experimental design.
First, such a design leverages a natural organismal readout of plasticity that exists in
P. pacificus. Second, the implementation of long-term environmental induction
experiments has provided insights into developmental plasticity, the associated
transgenerational inheritance and low-frequency canalization of traits. Finally, these
features will set foundations in deciphering broader evolutionary questions, including
potential roles of TEI and genetic assimilation in shaping trait evolution, offering a
mechanistic link between environmental responsiveness and heritable phenotypic

changes.
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Abstract: The detection, manipulation and purification of proteins is key in modern life sciences
studies. To achieve this goal, a plethora of epitope tags have been employed in model organisms
from bacteria to humans. Recently, the introduction of the rationally designed ALFA-tag resulted in a
highly versatile tool with a very broad spectrum of potential applications. ALFA-tagged proteins can
be detected by nanobodies, the single-domain antibodies of camelids, allowing for super-resolution
microscopy and immunoprecipitation in biochemical applications. Here, we introduce ALFA-tagging
into the two nematode model organisms Caenorhabditis elegans and Pristionchus pacificus. We show that
the introduction of the DNA sequence, corresponding to the 13 amino acid sequence of the ALFA-tag,
can easily be accommodated by CRISPR engineering. We provide examples of high-resolution protein
expression in both nematodes. Finally, we use the GW182 ortholog Ppa-ain-1 to show successful
pulldowns in P. pacificus. Thus, the ALFA-tag represents a novel epitope tag for nematode research
with a broad spectrum of applications.

Keywords: ALFA-tag; nematodes; Caenorhabditis elegans; Pristionchus pacificus; immunohistochemistry;
immunoprecipitation

1. Introduction

The introduction of various epitope tags has helped to transform research in biotech-
nology, as well as many other areas of the modern life sciences [1,2]. Short peptide epitope
tags, such as Hemagglutinin (HA), FLAG® and myc-tags, can be used to detect a protein
of interest (POI) for which no antibody is available with minimal impact on protein func-
tion, and they also assist in (i) the purification of recombinant proteins in biotechnological
applications, (ii) protein detection in cell and developmental biology and, finally, (iii) the
immunoprecipitation of proteins—or macromolecular complexes— in biochemical studies
with living cells or organisms. The recent implementation of ALFA-tag has resulted in a
highly versatile tool for nanobody-based applications [3]. The ALFA-tag is a rationally
designed 13 amino acid sequence that is hydrophilic and uncharged at physiological pH
and devoid of residues that might react with fixatives. It forms stable «-helices that re-
fold after chemical treatment and are compatible with protein function in living cells [3].
Importantly, an ALFA-tag can be added at any position in a POL Given its sequence:
Ser-Arg-Leu-Glu-Glu-Glu-Leu-Arg-Arg-Arg-Leu-Thr-Glu (SRLEEELRRRLTE), this tag is
physically smaller than many others tags, and can be recognized by camelid single-domain
nanobodies specifically targeting the ALFA peptide [3], further enhancing its performance
in various applications.

Since its introduction in 2019, ALFA-tagging has been applied in various systems [3-5],
but to the best of our knowledge not yet in nematodes. Nematodes represent one of the
major animal phyla with an estimated species number of more than a million [6], with free-
living, as well as animal and plant parasitic species [7]. Caenorhabditis elegans is an important

Cells 2022, 11, 3875. https:/ /doi.org/10.3390/ cells11233875

https:/ /www.mdpi.com/journal/cells


https://doi.org/10.3390/cells11233875
https://doi.org/10.3390/cells11233875
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0003-3563-1788
https://orcid.org/0000-0002-4351-4891
https://orcid.org/0000-0002-6261-2657
https://orcid.org/0000-0003-1503-7749
https://doi.org/10.3390/cells11233875
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells11233875?type=check_update&version=4

Cells 2022, 11, 3875

2 of 14

nematode model system in many areas of the life sciences [8]. Several key characteristics
of C. elegans fostered its use as a model organism. For example, C. elegans completes its
development in 3-5 days (20 °C), can be cultured indefinitely on Escherichia coli bacteria
on agar plates and propagates as self-fertilizing hermaphrodites, resulting in isogenic
cultures [9]. Work over the last few decades has provided a detailed insight into the genetic
and molecular mechanisms, among others, of C. elegans development, neurobiology and
aging [8].

The enhanced understanding of the various biological processes in C. elegans has initi-
ated comparative approaches in closely and more distantly related nematode species [10].
One species that has emerged as a powerful model system is Pristionchus pacificus [11,12].
Indeed, P. pacificus shares many functional tools with C. elegans and is another self-fertilizing
species, with the two species thought to have diverged around 200 million years ago [13].
The development of CRISPR-associated technologies has also allowed precise manipula-
tions of the nematode genomes [14,15], rapidly enhancing the application of various epitope
tags. While the introduction of large fragments of DNA into the genome of C. elegans is
easily achieved, size restriction of CRISPR-mediated genome editing is still a limitation in
P. pacificus research [16]. Therefore, versatile, but physically short tags will be a major asset
for research into this nematode.

Here, we apply ALFA-tagging in the two nematode models C. elegans and P. pacificus.
Introduction of the DNA sequence corresponding to ALFA-tag can easily be accommo-
dated by CRISPR engineering and we provide several examples of high-resolution protein
expression in both species. Finally, we use the GW182 ortholog Ppa-ain-1 to show successful
pulldowns in P. pacificus, indicating that ALFA-tagging represents a new nematode tagging
method with a broad spectrum of applications.

2. Materials & Methods
2.1. Maintenance of Worm Cultures

Stock cultures of C. elegans N2 and P. pacificus PS312 or RSC011 were reared at room
temperature (20 °C) on nematode growth medium (NGM) in 6 cm Petri dishes, as originally
described [9,11]. Escherichia coli OP50 were used as a food source. Bacteria were grown
overnight at 37 °C in LB medium, and 200 puL of the overnight culture was pipetted onto
NGM agar plates and left for several days at room temperature to grow bacterial lawns.
P. pacificus PS312 worms were also grown in liquid cultures, as previously described [17].
Briefly, eggs-J1 animals from three fully grown plates obtained after bleach synchronization
were grown in 10 mL of S medium [18] in autoclaved Erlenmeyer flasks with a volume of
50 mL, and containing a pellet of 100 mL overnight culture of E. coli OP50 grown in LB to
an optical density (ODggg) of 0.5. The liquid cultures were incubated at 22 °C with constant
shaking (180 rpm) for 68 hrs and 72 hrs to obtain J4 and young adult worms, respectively.

2.2. Nomenclature of Tagged Genes and Proteins

We followed standard C. elegans and P. pacificus nomenclature rules. Tagged genes
are referred to as i.e. Cel-dlg-1(tu1782[dlg-1::2xALFA]); tagged proteins are indicated as
Ppa-EUD-1(tul729[Ppa-EUD-1::2xALFA]).

2.3. CRISPR/Cas9 Mutagenesis

We followed a previously published protocol for P. pacificus with subsequently intro-
duced modifications [15,19]. All target-specific CRISPR RNAs (crRNAs) were designed to
target 20 bp upstream of the protospacer adjacent motifs (PAMs). Ten puL of the 100 uM
stock of crRNA (CRISPR/Cas9 RNA; IDT) was combined with 10 uL of the 100 uM stock
of tracrRNA (catalog# 1072534; IDT, USA), denatured at 95 °C for 5 min, and allowed
to cool to room temperature and anneal. The hybridization product was combined with
Cas9 protein (catalog# 1081058; IDT, USA) and incubated at room temperature for 5 min.
The mix was diluted with Tris-EDTA buffer to a final concentration of 18.1 uM for the
RNA hybrid and 2.5 uM for Cas9. For the induction of specific site-directed mutations
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via CRISPR/Cas9, an ssDNA oligo template was included in the mix at a concentration
of 4 uM. The repair template (ssDNA donor) contained the desired modifications flanked
by 35 nucleotide long homology arms at either side of the edited sequences. To avoid
recutting of the edited allele, the PAM motif or the gRNA binding sequence included silent
mutations. The ssDNA donor contained two copies of the sequence encoding the ALFA
peptide codon optimized for P. pacificus and C. elegans. To minimize sequence identity, the
two copies of the ALFA sequence in the ssDNA donor were designed with different codons
for the same amino acid. The plasmid carrying the Ppa-eft-3 promoter and the modified
TurboRFP sequences [19] was used as co-injection marker. The sgRNAs, associated primers
and repair templates for the specific targeted knock-ins utilized in this study can be found
in Tables S1 and S2. The complete list of worm mutants generated in this study is present
in Table 1.

Table 1. Organisms/strains used in this study.

Strain Source Modified Gene/ID Comment
Caenorhabditis elegans
N2 (wild type) Gerlcétfézgé]z;ter - B
RS4102 unc-10(tul781[unc-10::2x ALFA]) C-terminally tagged Ce UNC-10
RS4103 Sommer Lab dlg-1(tu1782[dlg-1::2x ALFA]) C-terminally tagged Ce DLG-1
Pristionchus pacificus
312 (wild type) - -
RSCO011 (wild type) - -
RS4031 Sommer Lab eud-1(tu1729[eud-1::2x ALFA]) C-terminally tagged Ppa EUD-1
RS4068 ain-1(tul753[ain-1::22xALFA]) C-terminally tagged Ppa AIN-1
RS4085 sult-1(tu1760[sult-1::2x ALFA]) C-terminally tagged Ppa SULT-1

Injections were performed on a Zeiss Axiovert microscope (Zeiss, Germany) coupled
to an Eppendorf TransferMan micromanipulator and an Eppendorf FemtoJet injector
(Eppendorf AG., Hamburg, Germany). The microinjection mixture was injected in the
rachis of the gonad of an approximately one day old N2, PS312 and RSCO011 (in the case of
Ppa ain-1(tu1753[ain-1::2xALFA]) adult hermaphrodites (1 = 40-50 P. pacificus worms; n = 30
C. elegans worms). Eggs laid by injected animals within a 12-16 h period post injection
were recovered. After two days, the PO plates containing the F1 (first generation) animals
with fluorescent signals of co-injection marker were isolated, and 10-12 F1 progenies from
each of the isolated PO plates were singled out on individual plates. After the F1 animals
had laid eggs, they were placed in 10 pL of single worm lysis buffer (10 mM Tris-HCI at
pH 8.3, 50 mM KCl, 2.5 mM MgCly, 0.45% NP-40, 0.45% Tween 20, 120 pug/ml Proteinase K),
incubated in a thermocycler at 65 °C for 1 h, followed by heat deactivation of the proteinase
at 95 °C for 10 min. The resulting lysate was used as a template in subsequent PCR
steps. The genotype of the F1 animals were subsequently analyzed via Sanger sequencing
and any mutations were identified before re-isolation in homozygosis. In P. pacificus, the
CRISPR/Cas9 mediated knock-in efficiency varied between 1-3%.

2.4. Mouth-Form Phenotyping in P. pacificus

P. pacificus mouth-form phenotyping was performed as previously described [20].
Briefly, 30 adult hermaphrodite worms were mounted onto slides with 5% Noble Agar pads
with 0.3% NaN3 added as an anesthetic and examined using DIC microscopy. Individual
worms were distinguished by the presence (Eurystomatous, Eu) or absence (Stenostom-
atous, St) of a large right sub ventral tooth and a curved dorsal tooth. The number of
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biological replicates (1) was >3 for all conditions, with each replicate comprising at least
30 animals. Error bars represent the standard deviation.

2.5. ALFA-Tag Immunostaining

Healthy (not starved) and fully grown worms were collected from 6 cm Petri dishes
(n = 10) with M9 medium or from liquid cultures and filtered through a 5 um Nylon net
filter (Milipore Merck, Darmstadt, Germany), as previously described [17]. All P. pacificus
developmental stages were retained by the 5 um filter, while bacteria passed through.
Worms were fixed with 4% para-formaldehyde, 1xPBS (500 pL) in 1.5 mL Eppendorf tubes
overnight on a tube rotator. After fixation, the samples were washed three times with
0.5% Triton X-100, 1x PBS (washing solution). To chemically reduce the disulfide bonds
between collagen fibers in the cuticle and to enhance the diffusion of the chemical reagents
into the specimen, animals were incubated overnight in 500 uL of buffer containing 5%
-mercaptoethanol, 1% Triton X-100 and 0.1 M Tris-HCl pH 7.4, with gentle shaking
(300 rpm). Following two washes with 1% Triton X-100, 0.1 M Tris-HCl pH 7.4 buffer
and one wash with collagenase buffer (1 mM CaCl,, 1% Triton X-100, 0.1 M Tris pH 7.4),
worms were digested in 200 uL of collagenase buffer with 200 units of collagenase type
IV (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C for 2-3 hrs or until the
thinning of the cuticle caused the worms to break at the vulva region. Afterwards, the
samples were washed three times with the washing solution. Digested animals were then
incubated for 1 h at RT in 100 uL of blocking solution (1% BSA, 0.5% Triton X-100, 1x PBS).
After two washes in washing solution, animals were stained with the primary antibody
(FluoTag-X2 anti-ALFA-AbberiorStar580, NanoTag Biotechnologies, Gottigen, Germany,
1:100) in 50 uL of blocking solution, overnight at 4 °C in a tube rotator. Worms were washed
thrice with the washing solution, resuspended in VectaShield mounting medium (Vector
Laboratories, USA) containing 1 pg/mL 4/,6-diamidino-2-phenylindole (DAPL Molecular
Probes, Thermo Fisher Scientific) and gently mounted on freshly prepared 5% Noble agar
pads. Images were acquired on a Leica TCS SP8 microscope and assembled on Fiji (Image J,
NIH, Bethesda, MD, USA).

2.6. ALFA-Tag Immunoprecipitation

P. pacificus PS312 and ALFA-tagged AIN-1 (Ppa-ain-1(tul753[ain-1::2xALFA]) worms
were collected from 10 cm Petri dishes (1 = 100) with M9 medium and filtered through a
5 um Nylon net filter (Milipore Merck, Darmstadt, Germany), dropped into liquid nitrogen
to produce frozen “worm popcorns/pellets”, and stored at —80 °C. The worm pellets were
ground into a fine powder using a mortar and pestle pre-cooled with liquid nitrogen and
the powder was then transferred to a Falcon tube with 10 mL of cold egg buffer (118 mM
NacCl, 48 mM KCl, 2 mM CaCl,, 2 mM MgCl,, 25 mM HEPES, pH 7.3) [21]. This worm
suspension was centrifuged at 2000 rpm, 4 °C for 2 min, and the resulting worm pellet was
resuspended in 8 mL of lysis buffer [50 mM Tris-HCl pH7.5, 150 mM KCl, 5 mM MgCl,,
2 mM EDTA, 0.1% Triton X-100, 2 mM DTT, 10% glycerol, complete protease inhibitor
(Roche, Switzerland), PMSF)] after discarding the supernatant. The worm solution was
homogenized with a Wheaton Dounce Dura-Grind tissue grinder (DWK Life Sciences,
Mainz, Germany) (10 strokes) to break the cuticle. The lysate was cleared from full worms
by centrifugation (100 g, 4 °C, 6 min); the supernatant was transferred to a fresh 15 mL
Falcon tube and the remaining pellet was resuspended in 8 mL of lysis buffer and further
ground on the Wheaton Dounce with 25 strokes. Following a short centrifugation to
remove non-homogenized worms (100 g, 4 °C, 6 min), the supernatants (worm lysates)
were combined into one tube and cleared with a high-speed centrifugation (19,000 g, 4 °C,
20 min). The clarified extract was transferred to a fresh tube and input samples were
collected for western blotting. To reduce non-specific protein binding to the beads, we
precleared the lysate with Protein G sepharose resin (75 uL of 50% slurry) for an hour at 4 °C
in a tube rotator. After centrifugation at 1000 g for 2 min, the supernatant was transferred
to a fresh tube containing 75 uL of previously equilibrated ALFA selector’® resin (NanoTag
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Technologies, Gottigen, Germany) and incubated for 1-2 hrs at 4 °C in a tube rotator. The
beads were sedimented by centrifugation (1 min, 1000 g, 4 °C) and washed thrice with the
lysis buffer. To elute the ALFA-tagged proteins, the beads were resuspended in 200 pL
of lysis buffer, transferred to a Mini Spin column (NanoTag Biotechnologies, Gottigen,
Germany) and centrifuged for 1 min at 1000 g. The flow-through was discarded and the
beads were washed twice with 400 pL of lysis buffer without DTT, glycerol and protease
inhibitor and once with TBS 1x. The Mini Spin column was capped with a bottom plug and
transferred to a fresh Eppendorf tube. Elution of the ALFA protein was performed with
five column bed volumes of elution buffer (400 uM of the ALFA peptide in 200 pL of lysis
buffer) for 20 min at room temperature with subtle shaking. The Mini Spin column bottom
plug was removed to collect the eluate by centrifugation (1 min, 1000 g, 4 °C). To achieve
the highest yields, the elution step was repeated and the eluates were combined. An aliquot
of the eluate was collected for analysis by Western blot. To maximize the elution efficiency,
an additional elution step with a denaturing sample buffer (NuPAGE LDS sample buffer,
Life Technologies, Carlsbad, CA, USA) can also be performed on the ALFA resin.

2.7. Western Blot

Western blot was performed using standard methods. Briefly, worms were collected
from 6 cm Petri dishes (1 = 10) with M9 medium and filtered through a 5 um Nylon net
filter (Milipore Merck, Darmstadt, Germany), as previously described [17]. The worm pellet
was flash-frozen in liquid nitrogen and stored at -80 °C. To obtain worm extracts, frozen
worm pellets were ground to a powder on a mortar and pestle pre-cooled with liquid
nitrogen before the addition of 2X Laemmli Sample Buffer (100 mM Tris-HCl pH = 6.8,
4% SDS, 20% glycerol, 0.2 M DTT; 3x the volume of the worm pellet). Samples were
stored at —20 °C prior to the analysis. Before SDS-PAGE, the samples were boiled for 5
min at 95 °C and vortexed to shear genomic DNA. Proteins were transferred from the
SDS-PAGE gel onto a nitrocellulose membrane (Santa Cruz Biotechnology, Dallas, TX,
USA) by tank transfer. Primary antibodies were incubated overnight at 4 °C, secondary
antibodies for an hour at room temperature in blocking solution (5% milk, 0.3% Tween 20,
PBS 1x). All Western blots were developed with Clarity Western ECL substrate solutions
(Bio-Rad, USA). The antibodies used in this study are as follows: sd AB anti-ALFA-HRP
(N1505-HRP, NanoTag Biotechnologies, Gottigen, Germany, 1:1000), mouse monoclonal
anti-Tubulin (Sigma Aldrich, St. Louis, MI, USA, T6199, 1:500), rabbit anti-GRP78 (Thermo
Fisher Scientific, USA, PA5-22967, 1:1000), sheep polyclonal anti-mouse IgG-HRP (GE
Healthcare, Chicago, IL, USA, RPN4201, 1:5000) and anti-rabbit IgG-HRP (GE Healthcare,
USA, NA934YV, 1:5000).

2.8. Mass Spectrometry Measurements

For analysis of the Ppa-AIN-1::2xALFA interactome, following the in-gel protein di-
gestion with trypsin of the two replicas of PS312 and AIN-1::2xALFA elutes, the peptides
were separated and analyzed on a Proxeon Easy-nLC 1200 UHPLC (Thermo Fisher Sci-
entific, USA) coupled to a Q Exactive HF mass spectrometer (Thermo Fisher Scientific,
USA). Eluted peptides were ionized on an electrospray ionization source. The MS data
acquisition was conducted in the positive ion mode and data-dependent acquisition mode.
The 12 most intense multiple-charged ions were selected for higher-energy collision disso-
ciation (HCD) fragmentation. Raw data files were processed with the MaxQuant software
suite v.1.5.2.28 [22,23]. Using the Andromeda search engine integrated in the software, the
spectra were searched against the Uniprot P. pacificus complete proteome database and
a database comprising the ALFA tag sequence and commonly observed contaminants.
The processing of the raw data was performed with a setting of 1% for the FDR (False
Discovery Rate).



Cells 2022, 11, 3875

6 of 14

3. Results and Discussion
3.1. CRISPR-Based ALFA Tagging in C. Elegans and P. Pacificus

We selected a total of five genes in C. elegans and P. pacificus to generate ALFA-tagged
fusion proteins in both species (Table 1). For all genes, we added two copies of the ALFA-tag
sequence, resulting in an addition of 78 nucleotides to the coding region of the gene of
interest that translated into an extra 26 amino acids in the protein. Specifically, in C. elegans
we chose dig-1 (discs large-1), a membrane-associated guanylate kinase-like protein that is
localized to the adherens junctions of all epithelia [24,25], and unc-10 which is expressed at
synapse-dense regions, such as the nerve ring and the dorsal and ventral nerve cords [26].
Cel-UNC-10 is the nematode homolog of the Rab3-interacting molecule (RIM)-binding
protein and is involved in the presynaptic localization of the voltage-gated calcium channel
(VGCC) UNC-2 [27]. The expression pattern of both of these proteins has been charac-
terized in multiple publications via the use of monoclonal antibodies or GFP-transgenic
animals [24-26,28]. We tagged both genes at the C-terminus, immediately before the stop
codon (Table 1). In P. pacificus, we targeted two mouth-form regulatory genes, Ppa-eud-1
and Ppa-seud-1/sult-1, encoding for proteins involved in sulfation processes [29-32], and
Ppa-ain-1, the nematode homolog of the Argonaute interacting protein GW182, which is
known to be broadly expressed [33,34]. Spatial expression profiling of the Ppa-EUD-1 sulfa-
tase and the sulfotransferase Ppa-SEUD-1/SULT-1 has been determined using fluorescent
transcriptional reporters or fluorescent in situ hybridization (FISH) [29-31,35-37]. The
three P. pacificus proteins were also C-terminally tagged (Table 1).

CRISPR-engineering worked efficiently for all five targeted genes with all the resulting
lines being viable. All the data shown in this manuscript was obtained with CRISPR-
engineered worm strains that resembled the parental wild-type strains, i.e., the worms con-
taining ALFA-tagged proteins were without any visible abnormal phenotype. As changes in
the function of the sulfation-related enzymes affect mouth-form ratios in P. pacificus [29,31],
we determined the Eu/St mouth-form ratios of the Ppa-eud-1(tul729[eud-1::2xALFA]) and
Ppa-sult-1(tul760[sult-1::2x ALFA]) strains, when grown on solid agar plates and liquid
cultures, respectively. Similar to the laboratory California strain (PS312) of P. pacificus,
Ppa-eud-1(tu1729[eud-1::2xALFA]) adult worms were mainly Eu (97.7 & 1.7% Eu: Figure 1A)
when grown on solid agar. In contrast, PS312 and the Ppa-sult-1(tul760[sult-1::2xALFA])
worms developed largely into St morphs in liquid culture (only 6.7 &= 5.8 % Eu; Figure 1B),
as previously observed [17]. Thus, CRISPR-based ALFA tagging in C. elegans and P. pacificus
did not interfere with protein function.

A. Solid agar B. Liquid culture

PS312 eud-1::2xALFA PS312 sult-1::2xALFA
%Eu = 1000 %Eu = 97+1.7 %Eu = 6.7%5.8 %Eu =6.715.8

St morph

Figure 1. EUD-1 and SULT-1 ALFA tagging in P. pacificus (A,B) Images depicting the eurystomatous
(Eu) (A) or stenostomatous (St) (B) morphs of PS312, eud-1::2xALFA and sult-1::2xALFA animals
grown on agar plates (A) and liquid cultures (B). Eu worms have a wide-mouth with two teeth.
The bacterial feeding St worms show a narrow mouth with a single tooth. The numbers in the
images represent the mean value =+ the standard deviation of mouth—form ratio in the different
environmental conditions and worm strains presented as percent Eu (% Eu).



Cells 2022, 11, 3875

7 of 14

3.2. High-Resolution Immunofluorescence of ALFA-Tagged Proteins in C. Elegans

We first analyzed the expression of Cel-DLG-1 using the dlg-1::2xALFA line. In adult an-
imals, we observed strong staining of Cel-DLG-1::2xALFA in epithelial cells of the epidermis,
pharynx and intestine, forming a continuous belt around the cells from the head to the tail
(Figure 2A, upper panels). In the head region of adult hermaphrodites, Cel-DLG-1::2xALFA
is seen in the pharynx with a high resolution of the protein localization (Figure 2A, bottom
panels). The observed expression is similar to previous reports [25] and is present through-
out worm development (data not shown), which indicates the high structural-resolution
obtained by visualization with nanobodies. In contrast, Cel-UNC-10::2xALFA staining was
restricted to the synapse-rich areas of the nervous system, including the nerve ring and
the dorsal and ventral nerve cords (Figure 2B), as previously reported [26]. These data
demonstrate the specificity of the anti-ALFA nanobody. Taken together, ALFA-tagging is
a simple and reliable method for high-resolution in situ protein detection, and it can be
combined with the analysis of transcript expression in order to provide a comprehensive
comparison of gene expression at all levels.

A. C. elegans dig-1::2xALFA
DLG-1-2xALFA DAPI Merge

B. C. elegans unc-10::2xALFA
UNC-10-2xALFA DAPI Merge

—dorsal nerve
cord

—— nerve ring

ventral nerve —
cord

Figure 2. Spatial expression patterns of Ce dig-1::2xALFA and Ce unc-10:2xALFA in adult worms.
(A,B) Representative confocal fluorescent micrographs of the body and head of fixed C. elegans
dlg-1(tu1782[dlg-1::2xALFA]) (A) and unc-10(tu1781[unc-10::2xALFA]) (B) animals. The worms were
stained with anti-ALFA fluorescent nanobody. The merged images show the anti-ALFA signal in red
and the nuclei in blue (DAPI staining). Images depict L4/adult worms.
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3.3. Visualization of ALFA-Tagged Proteins in P. pacificus Reveals Sub-Localization of
Mouth-Form Regulators

Next, we wanted to generate ALFA-tagged proteins in P. pacificus to study if this
type of epitope tag works across nematode species borders. Note that the implementation
of several methodologies that work routinely in C. elegans had proven difficult in other
nematodes. In P. pacificus, for example, the establishment of DNA-mediated transformation
required major modifications of the original protocol and took more than a decade [38].
In contrast, CRISPR-mediated gene knock-out was easily transferred from C. elegans [39],
although this was later improved by several laboratories [15,19].

We used the two sulfation-associated proteins Ppa-EUD-1 and Ppa-SEUD-1/SULT-1,
representing a sulfatase and sulfotransferase, respectively. In agreement with the spa-
tial information revealed by fluorescent transcriptional reporters [29,31,35] and FISH3®,
Ppa-EUD-1::2xALFA protein was detected in different somatic and pharyngeal neurons in
the head of the animals (Figure 3A). The higher resolution of the anti-ALFA nanobody also
revealed the expression of Ppa-EUD-1::2xALFA in the long axonal processes leading to-
wards the mouth opening or the excretory gland cell (Figure 3A, asterisk). At the anterior of
the worm, SEUD-1/SULT-1::2xALFA was expressed in cells that make up the face (anterior
body wall), the stoma (mouth), the anterior pharynx (Figure 3B) in the feeding apparatus
of P. pacificus. The Ppa-SEUD-1/SULT-1::2xALFA protein was preferentially detected in
experimental conditions that promote the St morph (Figure 1B). Ppa-SEUD-1/SULT-1 was
present in the cytoplasm of cells of the anterior epidermal (hyp) syncytia, the arcade cells
at the interface of the mouth and the pharynx, and the pharyngeal muscle cells that secrete
the extracellular teeth of the animal (Figure 3B), as previously observed [30,31,40].
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A. P. pacificus eud-1::2xALFA
EUD-1-2xALFA DAPI

B. P. pacificus sult-1::2xALFA
SULT-1-2xALFA DAPI Merge

metacorpus  procorpus

C. P. pacificus ain-1::2xALFA
AIN-1-2xALFA DAPI Merge

Figure 3. ALFA-tagged proteins show distinct expression patterns in P. pacificus (A—C) Representative

confocal fluorescent micrographs of the head of fixed P. pacificus eud-1(tu1729[eud-1::2xALFA]) (A),
sult-1(tul760[sult-1::2x ALFA]) (B) and ain-1(tu1753[ain-1::2xALFA]) (C) animals. The worms were
stained with anti-ALFA fluorescent nanobody. The merged images show the anti-ALFA signal in
red and the nuclei in blue (DAPI staining). To maximize the expression of the sulfotransferase,
sult-1(tu1760[sult-1::2x ALFA]) animals were grown under liquid culture conditions. Images depict
J4/adult worms. In A, asterisks indicate neuronal projections. In B, cell types were identified based
on the reconstruction of the head hypodermis in P. pacificus [40]. aa: anterior arcade cell, e: epidermal

cell, hyp: hypodermal syncytia, pm: pharyngeal muscle cell.

Finally, we targeted the nematode ortholog of the human GW182 gene Ppa-ain-1, a
broadly expressed protein that localizes as discrete cytoplasmic ribonucleoprotein particles
known as processing (P)-bodies [33]. Indeed, we observed that Ppa-AIN-1::2xALFA was
a cytoplasmic protein expressed in the majority of the cells in adult worms (Figure 3C).
Based on the fact that the analyzed ALFA-tagged proteins show distinct spatial expression
patterns, which is in agreement with prior studies, we conclude that ALFA-tagging allows
high-resolution and specific in situ visualization of proteins in P. pacificus and C. elegans.
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3.4. Detection of ALFA-Tagged Proteins by Western Blot

We then tested the nematode ALFA tagged proteins using Western blot. Animals from
Cel-dlg-1(tu1782[dlg-1::2xALFA]), Ppa-sult-1(tu1760[sult-1::2xALFA]) and Ppa-ain-1(tul753[ain-
1:2xALFA]) worms were collected, lysed and used in SDS-PAGE. Wild type N2 and PS312
worms were included as control lysates lacking ALFA-tagged proteins. All worm lysates
were probed with the nanobody specific for the ALFA peptide and additionally with an anti-
TUBULIN or anti-GRP78 (an endoplasmic reticulum chaperone) as protein loading controls.
First, the ALFA-tagged proteins were detected only in the respective ALFA-tagged strains
(Figure 4A—C), whereas the loading control was present in all the worm lysates. Second, the
molecular weight of the ALFA-tagged proteins was in agreement with the predicted size for
each protein (Cel-DLG-1 = 107 kDa; Ppa-SULT-1 = 53.3 kDa; Ppa-AIN-1 = 70 kDa), highlighting
the specificity of the anti-ALFA nanobody. Third, we only observed a cross-reaction of the
anti-ALFA nanobody with an endogenous protein of about 55 kDa in P. pacificus PS312 lysates
following long exposures to the chemiluminescent signal (data not shown). However, the
non-specific signal was always much weaker than the one observed for the ALFA-tagged
proteins. Thus, the ALFA system is a reliable and straightforward approach to evaluate and
quantify the levels of endogenous proteins in nematode model organisms.

A Cel-DLG-1::2xALFA B Ppa-SULT-1::2xALFA
g ng
3§ $
$ <
Ng 3
& &
S N &
$
é‘l & ke Qb') "?kDa

S o

18

13 72

DLG1-2xALFA SULT-1-2xALFA
95 55
130

TUBULIN

55 GRP78 95
72

1 2 1 2
C Ppa-AIN-1-2xALFA IP D Lcims-ms
AIN-1- 3
PS312 2xALFA ~
R 225
S& & voa z
130 2 2
£
AIN-1-2xALFA - 95 g15
£
- 72 )
< 1
&
i 55 :tl 0.5
0 &
- s
72 q"ﬂﬂ’\ Y;(
TUBULIN A& e N
-] &
N
123 4

Figure 4. Inmunoblotting and pulldown of ALFA-tagged proteins (A,B) Western blot showing the

expression levels of the ALFA-tagged proteins in the respective worm strains. C. elegans N2 and
P. pacificus PS312 worms were used as mock controls for the absence of ALFA-tagged proteins. The
blots were developed with anti-ALFA nanobody directly coupled with horse radish peroxidase
(HRP) or with a mouse anti-TUBULIN primary antibody followed by anti-mouse IgG-HRP antibody.
Molecular weight markers (kDa) are shown next to the blot. (C) Affinity purification of Ppa-AIN-
1:2xALFA using ALFA resins. Ppa-ain-1(tu1753[ain-1::2xALFA]) worm lysates were incubated with
ALFA selector'® resin. After washing, the resin was incubated with 400 uM of ALFA peptide to elute
the Ppa-AIN-1::2xALFA bound to the resin. Input (30% of worm lysate) and elute (2.5% of eluted
Ppa-AIN-1::2xALFA protein) fractions were analyzed by SDS-PAGE and Western blot. The membrane
was first incubated with anti-TUBULIN primary antibody and the corresponding secondary antibody
coupled with HRP. After acquisition of the TUBULIN signal, ALFA-tagged protein was detected
using the anti-ALFA nanobody. The control reaction (no ALFA-tag on AIN-1) was set with P. pacificus
PS312 worm lysate. The asterisk indicates the signal remaining from the TUBULIN protein. (D) Bar
plot showing the difference (fold change) in the number of Ppa-ALG-1 peptides present in duplicated
samples of Ppa-AIN-1::2xALFA and wild type (PS312) worm strains quantified using LC/MS-MS.
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3.5. Capture of ALFA-Tagged Proteins from Worm Lysates

Affinity purification coupled with mass spectrometry is a commonly used approach to
purify protein complexes from cells. We applied the ALFA system to capture, for the first
time, an ALFA-tagged protein and its associated proteins in a multicellular organism. We
incubated P. pacificus PS312 and Ppa-ain-1(tul753[ain-1::2xALFA]) worm lysates with the
anti-ALFA nanobody immobilized on an agarose-based resin. After washing, the nanobody-
bound proteins were competed with an excess of free ALFA peptide. The resulting eluted
proteins were analyzed by SDS-PAGE and immunoblotting (Figure 4C). The Ppa-AIN-1-
2xALFA protein successfully bound to the ALFA resin and was specifically eluted following
the incubation with the free ALFA peptide (Figure 4C, upper panel, lane 4). In contrast,
TUBULIN did not bind to the resin and therefore was only detected in the worm lysates
(Figure 4C, bottom panel, lanes 1 vs. 2 and 3 vs. 4).

To study the efficiency of the ALFA system in the capture of ALFA-tagged proteins
from worm lysates, we used immunoblotting and tracked the Ppa-AIN-1-2xALFA protein
along the affinity purification protocol (Figure S1A,B). Once again, the Ppa-AIN-1-2xALFA
present in the worm pellet bound to the ALFA resin and was specifically eluted with
an excess of free ALFA peptide (Figure S1B, lanes 1 and 5). Nevertheless, we observed
that two rounds of incubation with an excess of ALFA peptide was not sufficient to elute
all the ALFA-tagged protein bound to the ALFA resin. In fact, enhanced elution of the
Ppa-AIN-1-2xALFA protein was achieved after an additional incubation of the ALFA resin
with a denaturing SDS sample buffer (Figure S1A,B). Thus, improved elution steps can
provide higher yields of the protein captured using the ALFA system. Future experiments
will indicate whether the efficiency of elution using the ALFA system depends on the
ALFA-tagged protein or solely on the ALFA resin.

To examine the specificity and sensitivity of the ALFA system in the isolation of
protein complexes in P. pacificus, we analyzed the elute fractions from PS312 and Ppa-AIN-
1:2xALFA by mass spectrometry. We specifically searched for peptides corresponding to
the P. pacificus homolog of the Argonaute protein, Ppa-ALG-1, a known interactor of AIN-1/
GW182 proteins [33]. In comparison to the PS312 sample, Ppa-ALG-1 protein was 2.6x fold
enriched in the pulldown sample of AIN-1::2xALFA (Figure 4D). As expected, Ppa-AIN-1
peptides were only detected in the Ppa-AIN-1::2xALFA samples. These results indicated
that the ALFA system can also be applied in nematodes to specifically purify a POI and its
binding partners.

In conclusion, this study reports the versatile application of the ALFA-tag epitope
in the two nematode model organisms C. elegans and P. pacificus. With their rapid and
simple growth and hermaphroditic mode of reproduction, epitope-tagged worms can
easily be generated and used for genetic and biochemical characterization. Combined
with the advantages of using fluorophore-labelled nanobodies in microscopy [41], the
small size and the unique sequence of the tag, our work shows that the ALFA system
is suitable for studying the spatial distribution and expression of endogenous proteins
in a multicellular organism with a high resolution. In addition, we were able to repro-
ducibly and specifically detect, quantify and capture POIs. We envision that the ALFA
tag will be particularly powerful in multiple biochemical and cellular applications. These
include genome-scale mapping of protein—protein interactions, protein-DNA /chromatin,
and protein-mRNA /small RNA /ncRNA interactions coupled with mass spectrometry
and DNA/RNA sequencing approaches, and the sorting of cells carrying surface tagged
proteins. The combination of different small tags and respective nanobodies may also open
an opportunity to simultaneously visualize multiple proteins in situ. Thus, the ALFA-tag
adds another powerful tool to the already existing toolkit of C. elegans.

4. Limitations of the Current Study

There are two limitations in the current study that can only be addressed through
additional applications. First, it remains unknown if C-terminal tags will be applicable in
the majority of proteins. In particular, if functional domains in the C-terminus of a POI
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exist, an ALFA-tag in its proximity might interfere with protein function. At the same time,
it is one of the advantages of the ALFA-tag that, in principle, can be added in any position
of the protein. Second, for biochemical applications, the pulldown of additional proteins
and/or RNAs from a macromolecular complex labeled through ALFA-tagging of one of its
protein components, might depend on the expression level of the POI. While the protein
used in this study is highly abundant and expressed broadly in most cells of the worm,
many POIs are known to have restricted expression patterns. Therefore, future studies
will indicate if there are any limits for these types of applications. However, the increasing
sensitivity of HPLC/MS-MS analysis for protein identification and the sequencing depth
for RNA molecules are likely to help in overcoming these shortcomings.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11233875/s1, Figure S1: Affinity purification of ALFA-tagged
Ppa-AIN-1; Table S1: CRISPR/Cas9 sgRNA target sequences and ssDNA donor used in this study;
Table S2: Primer sequences used in this study.
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Figure S1. Affinity purification of ALFA-tagged Ppa-AIN-1

(A) Simplified schematic representation of the experimental protocol used to capture ALFA-
tagged proteins from worm lysates (for details see Materials & Methods section). Curved arrows
represent centrifugation steps. Aliquots of samples highlighted in blue were collected throughout
the purification steps and analyzed by immunoblotting in B.

(B) Detection of AIN-1-2xALFA by Western blotting. Samples were collected throughout the
affinity purification of Ppa-AIN-1::2xALFA using ALFA resins. Input: Worm pellet (Input; 10% of
worm pellet dissolved in SDS sample buffer), supernatant A (s/n A; 0.1% of worm pellet dissolved
in 10 ml of egg buffer), supernatant B (s/n B; 0.1% of worm pellet lysed in 8 ml of lysis buffer),
elute 1 (7.5% of ALFA-tagged protein eluted from the ALFA resin following incubation with 400
uM of ALFA peptide); elute 2 (10% of ALFA-tagged protein eluted from the ALFA resin with
denaturing SDS sample buffer after collection of elute 1) and beads (0.5% of the ALFA resin at the
end of the two elution steps, i.e., ALFA-tagged protein still bound to the beads at the end of the
affinity purification protocol) samples were analyzed by SDS-PAGE and Western blot. The
membrane was first incubated with anti-TUBULIN primary antibody and corresponding
secondary antibody coupled with HRP. After acquisition of the TUBULIN signal, ALFA-tagged

protein was detected using the anti-ALFA nanobody.



Table S1. CRISPR/Cas9 sgRNA target sequences and ssDNA donor used in this study

Locus

sgRNA

ssDNA donor

Ce-dlg-1
(C25F6/
G5ECY0)

5'-TGAATCGCAGACGCCAATTT-3'

5
AGTGTACTCCATCATCAGCCGTGAATCACAAACACCGATCTGGGTGC
CACGTCATTCACGACTCGAAGAAGAACTCCGACGACGACTTACAGA
ATCCCGTCTCGAGGAGGAGCTCCGTCGTCGTCTCACCGAGTAGATGA
AATTGGATATTTTTTAGACAAATAATCGTTT-3'

Ce-unc-10

(T10A3/
Q22366)

5'-AAAGATTCCGATGTATCAGT-3'

5.
GCTGGCACTGGTCCAGTTCGAAAAGATTCAGACGTTTCCGTCGGAGG
TGCTCAGCAGTCACGACTCGAAGAAGAACTCCGACGACGACTTACA
GAATCCCGTCTCGAGGAGGAGCTCCGTCGTCGTCTCACCGAGTAACA
AATTTCATATGTTTTTGTTTGTTTTTTGTCTTA-3'

Ppa-eud-1
(PPA43535/
AOA4X3PQV1)

5'-TCGAGAAGGAGGAGCTCAA-3'

5.
CGCGCTTCGAAGAGCCATGCTCGAGAAGGAGGAGCTCAATTGGAGT
GATCAAGAATACGATCAGCTTGAATCTAGACTCGAGGAGGAGCTCA
GAAGAAGACTCACTGAGTCCCGTCTCGAGGAGGAGCTCCGTCGTCG
TCTCACCGAGTAAGAATAAATATACCTAACGATTTATCTCGCTTCCATC
AGTTC-3'

Ppa-ain-1
(PPA22409/
H3FJF8)

5'-CAACTATCAGTACTCCTTCC-3'

GTCTCAGAGTCGGCCCACGACAACTATCAGTATTCGTTCTTGGGTTCT
AGACTCGAGGAGGAGCTCAGAAGAAGACTCACTGAGTCCCGTCTCG
AGGAGGAGCTCCGTCGTCGTCTCACCGAGTAAGCATCGATGATCTTT
GATCTATCGACTCTTCCCTTTCCCCTTC

Ppa-sult-1
(PPA12547/
H3ERYO)

5'-GAAGATCGACGACGCTACAG-3'

5.
TCAATTTCCCTTTGACTCCCTGAAGATCGACGACGCTACAGAAGAGCA
GGACTCTAGACTCGAGGAGGAGCTCAGAAGAAGACTCACTGAGTCC
CGTCTCGAGGAGGAGCTCCGTCGTCGTCTCACCGAGTAATCTTATTTT
ATCACTTATGTATTCCATTAGAT-3'

Gene names are also identified by the corresponding Wormbase (Ce) or El Paco_v3 (Ppa) and Uniprot IDs. In

ssDNA donor, the two copies of the Alfa tag are highlighted in bold characters, the STOP codon is depicted in

and the modified PAM motif or gRNA is shown in green.

the

red



Table S2. Primer sequences used in this study

Locus Forward primer Reverse primer Sequencing primer
Ce-dlg-1 5’ -TTTGTTCACGCGTATGTCTTT-3’ 5’-GAACTTGGAAAGGTCATGTAA-3’ Forward primer
Ce-unc-10 | 5 -TGGAGGGCAAACAATGCATTGC-3’ 5’-CAAGTACCCATAATGCATAACG-3' Forward primer
Ppa-eud-1 5’-CACTTCAACGCATCTGTTAT-3’ 5’-AAGCGAGATAAATCGTTAGG-3’ Forward primer
Ppa-ain-1 5’-GATGACGACAGCTAAGATCG-3’ 5’-AAATCGGAACGATAATAGGG-3’ Forward primer
Ppa-sult-1 | 5'-CCCGCTGTGGAGGGTCCGCTGG-3' | 5'-ACATTGCTCGTGGAGCAAAAGC-3’ Forward primer
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EBAX-1/ZSWIM8 destabilizes miRNAs, resulting in
transgenerational inheritance of a predatory trait

Shiela Pearl Quiobe, Ata Kalirad, Waltraud Roseler, Hanh Witte, Yinan Wang,

Christian Rodelsperger, Ralf J. Sommer*

Environmental influences on traits and associated transgenerational epigenetic inheritance have widespread im-
plications but remain controversial and underlying mechanisms poorly understood. We introduce long-term envi-
ronmental induction experiments on alternative diets in Pristionchus pacificus, a nematode exhibiting mouth-form
plasticity including predation, by propagating 110 isogenic lines for 101 generations with associated food-reversal
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experiments. We found dietary induction and subsequent transgenerational inheritance of the predatory morph
and identified a role of ubiquitin ligase EBAX-1/ZSWIM8 in this process. Ppa-ebax-1 mutants are transgenerational
inheritance defective, and Ppa-EBAX-1 destabilizes the clustered microRNA family miR-2235a/miR-35. Deletions of
a cluster of 44 identical miR-2235a copies resulted in precocious and extended transgenerational inheritance of
the predatory morph. These findings indicate that EBAX-1/ZSWIM8 destabilizes miRNAs, resulting in transgenera-
tional inheritance, suggesting a role for target-directed miRNA degradation.

INTRODUCTION
Environmental influences on trait inheritance in animals including
humans have long been suggested but remain controversial, largely
because of the many confounding effects encountered when mea-
suring such phenotypes over multiple generations (I, 2). However,
laboratory studies in model organisms, most notably the nematode
Caenorhabditis elegans with its short generation time, isogenic propa-
gation, and simple husbandry has provided powerful demonstra-
tions of transgenerational epigenetic inheritance (TEI) and started
to provide mechanistic insight [for review, see (3-6)]. A growing
body of evidence suggests that the environment can induce various
phenotypic changes that are transmitted across generations. In this
context, intergenerational and transgenerational inheritance are
distinguished, with the former describing transmission that lasts for
only two, whereas the latter describes inheritance that lasts for at least
three generations beyond parental induction (3). Already transient,
short-term environmental variation can induce TEI in C. elegans
(7-14). For example, a single exposure to elevated temperature, star-
vation or pathogens induces changes of small interfering RNAs
(siRNAs) that last for several generations (12, 15-19). In addition,
Argonaute proteins (Ago) and histone modifications were shown to
play a crucial role in siRNA signaling in C. elegans (7-9). However,
a sophisticated machinery typically helps resetting such nongenetic
effects after three to five generations (20).

Nonetheless, several experimental challenges impede the study
of TEI and its long-term significance for the organism (6, 21-23).
We try to overcome some of these challenges through two innova-
tions in experimental design. First, we assay a natural, organismal
readout in form of developmental plasticity in nematode feeding
structures, which results in a binary morphological phenotype
among genetically identical organisms (Fig. 1A). Second, we use a
study system borrowed from experimental evolution (24) for the
analysis of environmental influence on plastic trait formation and
potential TEL Specifically, we study the second nematode model

Department for Integrative Evolutionary Biology, Max Planck Institute for Biology
Tubingen, Max-Planck Ring 9, Tiibingen, 72076, Germany.
*Corresponding author. Email: ralf.sommer@tuebingen.mpg.de
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organism Pristionchus pacificus that shares with C. elegans its easy
husbandry, short generation time, and hermaphroditic mode of re-
production, resulting in isogenic cultures (25, 26). However, unlike
C. elegans, P. pacificus exhibits a mouth-form dimorphism that is
an exemplar of developmental plasticity with morphological and
behavioral implications (Fig. 1A) (27-29). By definition, the envi-
ronment influences which of the two alternative phenotypes is ex-
pressed in a given individual as part of the “natural” biology of this
organism, providing an ideal approach to investigate potential
systems of TEL

During the last decade, P. pacificus mouth-form plasticity has
emerged as one of the study systems in plasticity research (30). Dur-
ing postembryonic development, genetically identical individuals
adopt either the narrow-mouthed “stenostomatous” (St) morph
with a single dorsal tooth or the wide-mouthed “eurystomatous”
(Eu) form with a claw-like dorsal and an opposing sub-ventral tooth
(Fig. 1A). Eu animals are omnivores that can feed on bacteria, fungi,
and other nematodes as predators, whereas St worms are strict bac-
terial feeders (Fig. 1B) (31). Thus, the mouth-form decision of an
individual animal has important behavioral and ecological conse-
quences (32). This instance of plasticity, where environmental stim-
uli affect the likelihood of an individual developing one of the two
alternative states, can be characterized as a bistable developmental
switch (33, 34), distinct from other cases of more-or-less determin-
istic phenotypic plasticity [e.g., wing polyphenism in butterflies;
(35)]. The gene regulatory network (GRN) regulating mouth-form
plasticity in P. pacificus has been characterized in detail and involves
a complex mixture of highly conserved as well as rapidly evolving
genes (28, 36-44). In addition, multiple environmental cues influ-
ence mouth-form development. For example, culture methods (45),
temperature (46), and small-molecule metabolites (47) were shown
to influence the Eu versus St mouth-form ratio of isogenic P, pacificus
strains. More recently, changes in diet were also found to profound-
ly affect the mouth form, establishing an easy study system for
experimental manipulation (48). Here, we used long-term envi-
ronmental induction through distinct diets by propagating 110
P, pacificus isogenic lines for 101 generations with associated food-
reversal experiments.
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Fig. 1. Long-term environmental induction approach on alternative diets shows induction and TEI of the predatory morph in Pristionchus pacificus. (R) Mouth
dimorphism of P. pacificus. The eurystomatous (Eu) morph has a wide mouth with two claw-like teeth and is an omnivore, whereas the stenostomatous (St) morph has a
narrow mouth with a single flint-like dorsal tooth and feeds only on microbes. (B) Adult Eu P. pacificus devouring a C. elegans prey. (C) Experimental design for long-term
environmental induction using distinct diets. One hundred ten parallel lines derived from a single hermaphrodite were exposed to a Novosphingobium diet with 10 con-
trol lines remaining on the standard E. coli food source. All lines were propagated for 101 generations by single-worm descent. Periodic food reversal experiments back to
the standard E. coli diet were performed all 10 generations starting in generation F15. In addition, lines were frozen all 10 generations starting in generation F10. (D) Mean
probability of the predatory mouth form on Novosphingobium (orange) and E. coli (blue) during the long-term environmental induction experiment. The y axis indicates
the observed Eu mouth form frequency, and x axis shows the number of generations. The 95% highest density interval (HDI) of the mean for every generation was used
to visualize the probability of observing the Eu morph. (E) Mean probability of predatory mouth form on E. coli after 15 generations of exposure to Novosphingobium.
(F) Mean probability of predatory mouth form on E. coli after 25 generations of exposure to Novosphingobium. The 95% HDI for the means was estimated using a Bayesian
hierarchical model and indicates the probability of expressing the Eu morph inferred from the experimental data. The yellow area displays the upper and lower limits of
the baseline Eu response of RSC011 [0.115 < HDI(@Comml) < 0.436), averaged across 101 generations on E. coli.
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RESULTS
A long-term environmental induction experiment to
visualize plasticity of feeding structures
We borrowed the concept of experimental evolution (24) to study
the influence of diet on P. pacificus mouth-form plasticity. Specifi-
cally, we established a long-term environmental induction experi-
ment for 101 generations with regular food reversals to investigate
the consequences of dietary change (Fig. 1C). We previously showed
that multiple bacterial isolates from nematode-associated environ-
ments can alter P. pacificus mouth-form ratios and predatory behav-
iors (48, 49). For example, growing P. pacificus for one generation on
Novosphingobium L76 increased the efficiency of predatory behavior
including successful killing of prey nematodes relative to Escherichia
coli-grown worms and also changed mouth-form ratios toward
Eu in certain P. pacificus strains (48, 49). Therefore, we performed
the long-term environmental induction experiment by switching
naive P. pacificus cultures that were always grown on the standard
laboratory food source E. coli OP50 to Novosphingobium (Fig. 1C).
We used the strain P. pacificus RSC011 from La Réunion Island for
the experiment because this strain is preferentially non-predatory
(30% Eu:70% St) when grown on E. coli (48). P. pacificus RSCO011 is
isogenic after 10 generations of original inbreeding and was subse-
quently frozen as a reference strain. However, this strain has not un-
dergone an inordinately long culture period in the laboratory that
could have resulted in domestication. Together, the long-term envi-
ronmental induction setup relies on (i) the propagation of isogenic
cultures by self-fertilization, (ii) simple and rapid worm husbandry
on monoxenic bacterial diets, (iii) the formation of large brood sizes
for phenotyping, and (iv) the natural morphological readout of
feeding structure plasticity.

To start the experiment, we singled out the complete brood of
a single RSCO11 adult hermaphrodite derived from an E. coli
OP50 culture (Fig. 1C). We established 110 parallel lines on the
Novosphingobium diet and 10 control lines that remained on stan-
dard E. coli food. All lines were propagated for a total of 101 gen-
erations. In each generation, a single healthy worm at the J4
juvenile stage was propagated to a new plate with the respective
diet (Fig. 1C). We used single-worm descent to maximize founder
effects and the chance that rare and stochastic, epigenetic events can
manifest themselves in a population. Recent studies in C. elegans
revealed that animals can stochastically assume transgenerational
epigenetic states (13, 50). This approach is, by design, different
from selection line experiments, where several animals are
propagated together to draw on standing genetic variation already
present in a population. In contrast, in our experiment, all animals
are genetically identical, and propagation by single-worm descent
allows capturing stochastic epigenetic variation, although genetic
mutations will also accumulate during the experiment. Therefore,
the naive RSCO11 culture, from which the single worm for starting
the experiment was taken, was frozen as reference. Similarly, all
110 lines were frozen all 10 generations (F10, F20, etc.). Genome
sequencing of some of these frozen lines after an exposure to
Novosphingobium for 100 generations revealed a mutation rate of
1 x 107" to 3 x 107 (fig. S1K), which is similar to the previously
reported mutation frequency in P. pacificus (51). Given the genome
size of P. pacificus, this results in roughly one mutation in 10 genera-
tions of the experimental setup. With a generation time of 4 days,
the complete long-term environmental induction experiment was
carried out in ~1 year.

Quiobe et al., Sci. Adv. 11, eadu0875 (2025) 12 March 2025

Novosphingobium induces the predatory mouth form and
causes massive changes in gene expression

The 110 sister lines of P. pacificus RSC011 developed a mouth-
form ratio of 100% Eu animals already in the first generation cul-
tured on Novosphingobium (Fig. 1D). In contrast, the probability
of developing the Eu mouth form (8) in E. coli control lines re-
mained low in this generation and throughout the entire experi-
ment [0.115 < HDI(0) < 0.436] (Fig. 1D). The immediate change
in mouth-form ratio on Novosphingobium remained stable in all
lines and in all subsequent generations with an all-Eu phenotype
(Fig. 1D). In comparison to E. coli-grown worms, dietary induc-
tion of the predatory mouth form is immediate (starting in gen-
eration 1), systemic (occurred in all 110 lines), and complete
(100% Eu). These findings are further supported by transcriptom-
ic studies upon Novosphingobium exposure (fig. S2A and data S2,
A to D). Specifically, RNA sequencing (RNA-seq) analysis identi-
fied 3043 differentially expressed genes (adjusted P value < 0.01)
between both bacterial diets [bacterial diets (P0) on E. coli versus
F3 on Novosphingobium]. These genes are mostly enriched in col-
lagens, cadherins, and vitellogenin (fig. S2A and data S2A). Thus,
exposure to Novosphingobium induces a massive transcriptomic
response in RSC011 animals.

Dietary induction of the predatory morph shows TEI

Dietary effects can cause TEI in nematodes (12, 17, 52). Therefore,
we started to revert all 110 lines back to standard E. coli OP50 food
in generation F15 (Fig. 1, C and F). For that, we transferred one J4
juvenile per line to a nematode growth medium (NGM) agar plate
supplemented with kanamycin and used a kanamycin-resistant
E. coli strain for one generation. Kanamycin-supplemented plates
and the kanamycin-resistant E. coli strain, which is a direct deriva-
tive of the OP50 strain, on their own had no effect on P. pacificus
mouth form (fig. S1J). Subsequently, all lines were cultured for 14
additional generations on E. coli OP50 (Fig. 1E). We repeated these
experiments all 10 generations with a total of nine reversals between
F15 and F95 (Fig. 1, E and E, and fig. S1, Cto I).

In the F15 reversal experiment, we observed high probability
of developing the Eu mouth form in the first generation [0.89 <
HDI(0p,5g, ) < 0.953] (F15R1) and in the three subsequent genera-
tions [0.733 < HDI(0p,sp,) < 0.957, 0.652 < HDI(Op;555) < 0.913,
and 0.709 < HDI(Op,sp,) < 0.946] (Fig. 1E). Only in generation
F15R5, the mean mouth-form ratio dropped below 50% Eu
[Op15ps = 0.493, 0.327 < HDI(Op,55) < 0.66], which is not cred-
ibly different from the baseline level of naive worms [0.115 <
HDI(O¢oniro1) < 0.436] (see Materials and Methods for details). These
findings indicate a TEI of the Eu mouth form that lasts for four gen-
erations. When we repeated the reversal experiment in generation
F25, we found even longer TEI. Specifically, in the F25R1 genera-
tion, all but one line had at least 85% Eu animals [0;55; = 0.968,
0917 < HDI(9F25R1) < 0.999] (Fig. 1F). The probability of develop-
ing the Eu mouth form remained high in the F25R5 generation
[0.649 < HDI(Op,sp5) < 0.913] and only decreased considerably in
generation F25R8 [0.33 < HDI(Op,sp5) < 0.667], whereas such a
value was observed already in F15R5 [0.327 < HDI(6p,5p5) < 0.66]
(Fig. 1, E and F). Thus, comparing the F15 and F25 reversal ex-
periments suggests extended TEI of the predatory mouth form
correlating with the length of dietary induction. Analysis of the
subsequent reversal experiments indicated strong TEI and the
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mean proportion of Eu animals at generation 15 after the rever-
sal to fluctuate around 50 to 60% [e.g., 0.349 < HDI(9F15R35) <0.664,
< 0.32 < HDI(Bf5pe5) < 0.675,and 0.457 < HDI(6p;5505) < 0.773;
fig. S1, C to I]. Together, these observations indicate a strong trans-
generational response of P. pacificus RSC011 to the Novosphingobium

diet that results in multigenerational expression of the predatory
mouth form.

TEI of the predatory mouth form requires a

five-generation exposure

Next, we wanted to know the shortest duration of the exposure to a
Novosphingobium diet that would induce the TEI of the predatory
mouth form. Exposure of RSCO011 to Novosphingobium for one, two,
or three generations did not result in TEI of the Eu phenotype (Fig. 2,
A to D). When we exposed naive RSC011 worms to Novosphingobium
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h —
-
S-S,
+Kanamycin
> =
S s Srere,
+Kanamycin
- = =
S rerer S,
+Kanamycin
= => - = ->
- e rere S,
+Kanamycin
=> = -»> = => -3
@:1 F2 F3 F4 @5 @I;:@RTZ’@R?: )®R5
+Kanamycin
Induction on Novosphingobium
B . Reyersalte E. col (] D commmmee» cossem———
D G
1_0 95% HDI 140 [} 140 (o] (o]
=
E Mean
» 0.757 0.754 0.75+
=
® 0.5 0.5
> 0.5 i L
il
3 0257 0.25- 0.254
a
X 0_ 0 0_
| T T T I T T T T I I T T T T
1 R1 R2 R3 1 2 R1 R2 R3 1 2 3 R1 R2 R3
Generations Generations Generations
E D G F G G
110 O O O 110 O 0 0O O
g ?
©0.75 0.754
=
®
> 0.5 0.5
o
30.25- 0.25-
o
e
& 0_ 0_
T T T T T T T T T T T T T T T 1T
1 2 3 4 R1 R2 RS3 1 2 3 4 5 RIR2ZR3R4R5
Generations Generations

Fig. 2. Transgenerational inheritance of the predatory mouth form requires a minimum of five-generation exposure. (A) Graphical depiction of the tracking of the
predatory morph responses after exposure to Novosphingobium (orange) for a certain number of generations and subsequent reversal to E. coli (blue). (B) Mean probabil-
ity of predatory mouth-form after exposure to Novosphingobium for one generation, (C) two generations, (D) three generations, (E) four generations, and (F) five genera-
tions following reversal to E. coli. The 95% HDI estimates of the Eu mean that overlap with the upper limit of the baseline response (yellow) are considered not to be
credibly different from the control on E. coli. Orange and blue ovals above [(B) to (F)] highlight generations on Novosphingobium and E. coli, respectively. Yellow area shows
the RSCO11 baseline response averaged across 101 generations on E. coli.
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for four generations, we observed intergenerational inheritance that
lasted for two generations (Fig. 2E). However, the mean probability
of developing the Eu mouth form in the F4R3 generation dropped
below 0.5 [Byp; = 0.385,0.21 < HDI(Bpp;) < 0.565] (Fig. 2E). In
contrast, a five-generation exposure resulted in a mean probability
of developing the Eu mouth form of 0.514 < 6 < 0.83 for four gen-
erations when reverted back to E. coli (Fig. 2F). Thus, TEI of the
predatory mouth form builds up after multiple generations and re-
quires an exposure of at least five generations on Novosphingobium.
These findings are different from most of the studies in C. elegans
that observe TEI already after transient environmental exposure
(12, 15, 16); however, multigenerational exposure to pathogenic
bacteria has been described to cause transgenerational inheritance
of dauer formation (53).

Forward genetic screening identifies mutants defective in
transgenerational inheritance of the predatory mouth form
To unravel the molecular machinery involved in the TEI of the
predatory mouth form, we coupled the long-term environmental
induction experiment with unbiased forward genetic screening for
TEI-defective mutants. Specifically, we mutagenized 100 hermaph-
rodites that were grown on Novosphingobium for 14 generations
with ethylmethane sulfonate (EMS) (Fig. 3A). After the F15 genera-
tion on Novosphingobium, we singled out 3000 F15R1 animals that
harbor potential homozygous mutations at individual loci on kana-
mycin plates with kanamycin-resistant E. coli. We screened for mu-
tants that would no longer show TEI of the predatory mouth form
and, instead, have low probability of developing the Eu mouth form
(6) on E. coli similar to naive worms [0.115 < HDI (001 ) < 0.436]
(Fig. 3A). After screening the F15R1 and rescreening the FI5R2 to
F15R4 generations, a total of 75 mutants were found with a trans-
generational inheritance—defective (Tid) phenotype and a 20 to
40% Eu mouth-form ratio. We included mutant lines with addi-
tional morphological defects, i.e., egg-laying-defective (Egl) (see
below) or uncoordinated-movement mutants, but excluded mu-
tants that were completely Eu form defective (Eud), as these are
likely mutants with mutations in mouth-form developmental switch
genes, such as eud-1 (28). We performed whole-genome sequencing
of these mutants and searched for genes with multiple independent
alleles. We set an arbitrary threshold of three alleles to consider a gene
as a candidate based on previous experience (46, 54). We found muta-
tions in Ppa-ebax-1 and Ppa-daf-21/Hsp90 in three independent
Tid alleles (table S1). Both genes are 1:1 orthologous to the cor-
responding genes in C. elegans (fig. S3, A to B), where they have
been implicated in several biological processes (55-59).

Substrate-receptor E3 ubiquitin ligase EBAX-1 is required for
the TEI of the predatory morph

The identification of the Elongin BC-binding axon regulator ebax-1
as a potential candidate gene involved in TEI of the predatory mouth
form was intriguing. In C. elegans, ebax-1 was first identified as part
of the protein quality control mechanism that guards the SAX-3/
Robo receptor in developing neurons (58). While this original study
had suggested an interaction of EBAX-1 with the heat shock protein
DAF-21/HSP90 in C. elegans, more recent studies indicated that
Cel-EBAX-1, like its human and Drosophila homologs ZSWIM8 and
Dora, is also involved in microRNA (miRNA) turnover (55-57).
These studies suggested a different type of miRNA regulation,
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referred to as “target-directed miRNA degradation” (TDMD). Cur-
rent models assume that, after the pairing of an mRNA or long non-
coding RNA trigger with an Ago-miRNA complex, a ubiquitin
ligase will be recruited, causing the ubiquitination and proteasomal
degradation of the Ago protein (Fig. 4A) (55, 56, 60). Subsequently,
the miRNA is degraded by cellular nucleases, resulting in a reversed
regulatory outcome from canonical miRNA-mediated gene si-
lencing (61, 62). In mice, ZSWIMS is known to destabilize many
miRNAs that occur in miRNA clusters (60). In addition to EBAX-1/
ZSWIMS, also DAF-21/Hsp90 has been reported to be involved in
miRNA regulation, i.e., the possible loading of highly abundant
miRNAs of the miR-35 family into Ago proteins in C. elegans oocyte
(63, 64). The isolation of Ppa-ebax-1 mutants in our screen for a Tid
phenotype could suggest a role of ubiquitin ligase and miRNA sig-
naling in the transmission of epigenetic memory in P. pacificus.

To start testing these hypotheses, we first generated CRISPR alleles
of Ppa-ebax-1 in the RSC011 background, one of which has a frame-
shift mutation [Ppa-ebax-1(tul754)] (Fig. 3B). While this allele results
in a premature stop codon, two other alleles, Ppa-ebax-1(tu1755) and
Ppa-ebax-1(tul756), are in-frame deletions of 60 base pairs (bp) and
12 bp, respectively. All three alleles are viable and grow normal on
E. coli; however, the Ppa-ebax-1(tul754) allele resulting in a frameshift
haslocomotion defects and a strong Egl phenotype similar to Cel-ebax-1
mutants (fig. S3, C to E). When grown on an E. coli diet, all three
Ppa-ebax-1 mutants have an Eu mouth-form ratio similar to wild-type
animals (Fig. 3C and fig. S3, F and G). Similarly, all three Ppa-ebax-1
alleles are strongly but not completely induced on the Novosphingobium
diet with the mean probability of developing the Eu mouth form
0.859 < 06,1754 < 0.916 (Fig. 3C and fig. S3, F and G). In contrast, all
three mutant lines returned immediately to the baseline Eu mouth-
form ratio of RSC011 {0.113 < HDI [eRl(tu1754)] < 0.423} after food
reversal (Fig. 3, C and D, and fig. S3, F and G). Thus, these experi-
ments indicate a role for Ppa-EBAX-1 in transgenerational inheri-
tance of the predatory mouth form and provide the first evidence of a
role of ubiquitin ligases in such processes.

The daf-21/Hsp90 inhibitor radicicol eliminates TEI of the
predatory mouth form

Next, we tested whether Ppa-daf-21/hsp90 is also involved in TEI of
the Eu mouth form. As previous work in the P. pacificus wild-type
strain PS312 had indicated that CRISPR-induced frameshift muta-
tions in Ppa-daf-21/hsp90 resulting in loss-of-function alleles are lethal
(59), we tried to rebuild the amino acid substitutions in Ppa-daf-21
obtained after EMS mutagenesis using CRISPR editing. However, we
were unsuccessful to rebuild such mutations, and all obtained frame-
shift mutations in Ppa-daf-21 were lethal. Therefore, we used the
HSP90 inhibitor “radicicol” that is known to specifically target only
HSP90 family members in many organisms including P, pacificus (59).
We grew wild-type RSC011 animals on Novosphingobium and added
the radicicol inhibitor during the reversal to E. coli starting in the F5R2
and F10R2 generations, respectively (Fig. 3, E and F). In contrast to
untreated animals (Fig. 3G), addition of radicicol in the F5R2 genera-
tion caused an immediate reduction in the probability of developing
the Eu mouth form from Oy, = 0.874 [0.752 < HDI(8y, ) < 0.975] to
g, = 0.424[0.239 < HDI(6g, ) < 0.609] (Fig. 3E). We found a simi-
lar reduction in Eu frequency when applying radicicol after an expo-
sure to Novosphingobium for 10 generations (Fig. 3F). These results
indicate that, similar to Ppa-EBAX-1, Ppa-DAF-21/HSP90 is required
for TEI of the predatory mouth form.
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Fig. 3. Long-term environmental induction combined with forward genetic screening identifies regulators of transgenerational inheritance. (A) Graphical repre-
sentation of the EMS mutagenesis experiment performed on the F14 generation on a Novosphingobium diet. Screening for transgenerational inheritance-defective (Tid)
mutants was performed after reversal to E. coli, and mutant candidates were rescreened in subsequent generations. Some icons are from BioRender.com. (B) Domain
composition of the substrate-receptor E3 ubiquitin ligase Ppa-EBAX-1 that consists of 1819 amino acids. We generated CRISPR-Cas9-induced mutation in the predicted
intrinsically disordered region of Ppa-EBAX-1 as highlighted (arrow). Insertion of a 10-bp fragment results in a frameshift allele. WT, wild type. (C) Mean probability of the
predatory mouth form in Ppa-ebax-1 mutant animals upon Novosphingobium exposure for 5 generations and (D) 10 generations and reversal to E. coli. (E) Mean probabil-
ity of the predatory morph upon radicicol treatment during reversal (R2) to E. coli after 5 generations and (F) 10 generations of Novosphingobium exposure. (G) Mean
probability of the predatory morph on E. coli supplemented with dimethyl sulfoxide (DMSO) as controls for the radicicol supplementation experiment. Orange and blue
ovals above [(C) to (F)] indicate generations on Novosphingobium and E. coli, respectively. Light blue ovals above [(E) and (F)] show generations exposed on E. coli supple-
mented with radicicol. The 95% HDI for the means is based on Bayesian model and shows the probability of developing the Eu morph inferred from the experimental data.
Yellow area highlights the RSC011 baseline response averaged across 101 generations on E. coli.
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Fig. 4. Ppa-ebax-1 destabilizes levels of miR-2235/miR-35 family in P. pacificus. (A) Molecular model for target-directed miRNA degradation (TDMD) based on recent
studies in mammals and flies. Extensive miRNA-target pairing is recognized by the ZSWIM8/EBAX-1 ubiquitin ligase and results in subsequent polyubiquitination of the
Argonaute (Ago) protein, leading to Ago proteolysis and miRNA decay. Created with BioRender.com. RISC, RNA-induced silencing complex. (B) Experimental design for
small RNA (sRNA) sequencing (sRNA-seq) before, during and after Novosphingobium induction. Worm generations used for sequencing are highlighted in gray. (C) sSRNA-seq of
lines exposed to Novosphingobium for 1, 3, or 10 generations compared with naive unexposed animals (n = 2 biological replicates for F10 Novosphingobium, three biological
replicates for P0). Log,FC, log, fold change. (D) sSRNA-seq of worms after reversal to E. coli for two generations compared with lines exposed to Novosphingobium for 10 genera-
tions (n = 2 biological replicates for each condition). (E) SRNA-seq of Ppa-ebax-1 mutants compared to wild-type controls, both exposed to Novosphingobium for 10 generations
(n =2 biological replicates for each condition). Asterisk *, miRNA isoforms. (F) SRNA generations (n = 2 biological replicates for each condition). Asterisk *, miRNA isoforms.
(G) A schematic representation of the miR-35 family members in C. elegans (miR-35 to miR-41). Gray arrowheads, miR-35 members. (H) A schematic representation of the heavily
expanded miR-2235a/miR-35 locus in P. pacificus. Gray arrowheads, miR-2235a; blue arrowheads, miR-8286b. (1) Mean FPM (fragments per million) counts of miR-2235a on naive
E. coli condition (P0), on Novosphingobium (F1, F3,and F10), and upon reversal to E. coli (F10R2). (J) The miR-2235a promoter region drives ubiquitous expression during embryo-
genesis and early juvenile stages. Ppa-miR-2235ap:TurboRFP transcriptional reporter construct is observed starting from 20-cell stage throughout the embryo.
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A Novosphingobium diet results in up-regulation of the
heavily expanded miR-2235a/miR-35 family

Given the role of Cel-ebax-1 and its Drosophila and human homo-
logs in TDMD (Fig. 4A) (55-57), we wanted to know whether
Ppa-EBAX-1 also affects miRNA expression. Therefore, we first
performed small RNA (sRNA) sequencing of wild-type animals at
five different time points throughout the dietary induction experi-
ment (Fig. 4B). Specifically, we sequenced naive animals at the be-
ginning of the experiment; the F1, F1, and F10 generations on
Novosphingobium; and the F10R2 generation after reversal back to
E. coli. Note that, because of nematode size, all sequenced mixed-
stage samples had to grow for up to two more generations to collect
sufficient material; thus, the “F3” samples were technically F4-F5
generations. To identify diet-sensitive SRNAs, we considered adjusted
P value < 0.05 for capturing differential expression across condi-
tions. Naive worms exposed to Novosphingobium for 10 generations
resulted in the differential expression of 2644 sRNAs, of which 1538
were up-regulated (Fig. 4C and data S1A). For the identification of
miRNAs in this dataset, we used the previously established cata-
logue of P. pacificus miRNAs that are publicly available at miRBase
(65-70) (for details, see Materials and Methods). Among the up-
regulated sRNAs in all tested generations on Novosphingobium were
30 miRNA species, 9 of which belong to the miR-35 family that is
known to be regulated by EBAX-1 in C. elegans (Fig. 4C and data
S1A) (55, 71). After the reversal of wild-type worms to the E. coli
diet, there are only 45 differentially expressed sSRNAs relative to the
Novosphingobium F10 generation, most of which (26 of 45) is down-
regulated (Fig. 4D and data S1B). This group of down-regulated
sRNAs contains six of the nine mir-35 family members that were
previously significantly up-regulated. When we tracked the expres-
sion pattern of the most abundant miR-35/miR-2235a member over
time, we observed an immediate miR-2235a induction in the F1 gen-
eration on Novosphingobium (Fig. 41). This was followed by de-
creased expression in later generations and after reversal in the
F10R2 generation (Fig. 4I). Most of the miR-35 family members are
similarly induced on Novosphingobium, and they are down-regulated
in the F10R2 generation (fig. S4C). Thus, members of the P. pacificus
miR-35 family strongly respond to a change in diet.

In C. elegans, the miR-35 family consists of eight miRNAs (miR-
35-miR-42) whose genes are located on a single chromosome with
seven of them being clustered within a 700-bp region in an intron of
another gene (Fig. 4G) (71, 72). These miRNAs are loaded into the
C. elegans oocyte where they represent the most abundantly ex-
pressed miRNA; however, during embryogenesis, these miRNAs are
largely degraded (71). Deletion of the miR-35-miR-41 family mem-
bers results in strong phenotypic defects, whereas the additional de-
letion of miR-42 causes embryonic lethality (72, 73). In P. pacificus,
several but not all members of the miR-35 family have been anno-
tated in miRBase. When we mapped the entirety of the miR-35 fam-
ily onto the P. pacificus genome, we found three major differences
compared to C. elegans. First, P. pacificus contains many more mem-
bers of this miRNA family, several of which have been designated as
miR-2235a, miR-2235b, and miR-2235¢ (fig. S5A). Second, single
copies of miR-35 family members are found on all but one chromo-
some (fig. S5A). Most notably, however, one locus in the P, pacificus
RSCO011 genome contains 44 identical copies of mir-2235a on chro-
mosome II (Fig. 4H). These copies are evenly spaced with a near-
ly identical spacer of 202 bp. Intriguingly, we observed another
miRNA, miR-8286b, from a different miRNA family in this spacer with
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a total of 42 identical copies (Fig. 4H). As a result, this locus of ~10 kb
in length contains more than 80 miRNAs in an otherwise gene des-
ert (Fig. 4H). Note that, in contrast to miR-2235a, there are no other
copies of miR-8286b elsewhere in the P. pacificus RSC011 genome.
The levels of miR-8286b are also significantly up-regulated when
worms are grown on Novosphingobium (Fig. 4C and data S1A).
Genome-wide analysis revealed that the miR-2235a cluster on chro-
mosome II is the largest cluster detected in the P. pacificus genome
and is unique in harboring identical copies of the same miRNA and
containing another interspersed miRNA in the spacer region (fig.
S5B). Note that a recent developmental SRNA transcriptomic study
in P. pacificus found that miR-2235a is one of the most abundantly
expressed miRNAs and similar to C. elegans, and its expression
ceases during early development (74). Together, dietary changes in
P pacificus result in differential expression of sRNAs including a
heavily expanded family of miRNAs that in C. elegans is destabilized
by the ubiquitin ligase EBAX-1 (55).

Absence of Ppa-ebax-1 results in the up-regulation of the
miR-2235a family

Next, we carried out sSRNA-seq of Ppa-ebax-1(tul754) mutant ani-
mals at the F10 and F10R2 time points during dietary induction and
compared differential expression of sSRNAs to that of wild-type ani-
mals. Growing Ppa-ebax-1(tul754) mutants on Novosphingobium
resulted in 206 sSRNA being differentially expressed relative to wild-
type animals (Fig. 4E and data S1C). Of these 206 sRNAs, 172 were
significantly up-regulated in Ppa-ebax-1(tul754) mutants. All miR-
35 family members, including miR-2235a, that were significantly
up-regulated on Novosphingobium in the wild-type background, are
similarly up-regulated in Ppa-ebax-1(tul754) mutant animals (Fig.
4E and data S1C). In contrast, after reversal to E. coli, in the F1I0R2
generation, there are 35 sRNAs that are differentially expressed in
Ppa-ebax-1(tul754) mutants relative to wild type (Fig. 4F and data
S1D). Of these 35 sRNAs, 31 are significantly up-regulated, includ-
ing three members of the miR-35 family with the exact mature se-
quence of miR-2235¢-3p, miR-2235b-3p, and miR-8283-3p (Fig. 4F
and data S1D).

Recent studies in mice and flies indicated that miRNA process-
ing can result in trimmed and tailed miRNA versions (75). To cap-
ture tailing and trimming events at the 3’ end of miRNAs during
Novosphingobium exposure and reversal to E. coli, we used the first
18-nucleotide (nt) of the mature miRNA sequence in the miR-2235a
locus and combined all miRNA isoforms into single counts. We
found 10 miRNA variants associated with the miR-2235a locus are
also significantly up-regulated in Ppa-ebax-1(tul754) mutants rela-
tive to wild type (Fig. 4F and data S1D). This includes two variants
that are longer (<23 nt) and shorter (21 nt) versions of miR-2235a
and eight variants of miR-8286b that are longer 3’ isoforms (20 to 26 nt
long) (Fig. 4F and data S1D). These variants contain nucleotides
that do not exist in the parental gene sequence and can, therefore, be
considered as non-templated (76). Further analysis revealed that the
tailed and trimmed versions of the mature miR-2235a and miR-8286b
are up-regulated upon the loss of Ppa-ebax-1 (fig. S4, A and B). Last,
the 22-nt mature miR-2235a and 19-nt mature miR-8286b miRNAs
are also up-regulated but not significantly (adjusted P value >
0.05). Together, these findings indicate that the loss of Ppa-ebax-1
results in the up-regulation of several members of the highly ex-
panded and repetitive miR-2235a locus. In addition, the observa-
tion of non-templated nucleotide additions and removals at the
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3’ end of miR-2235a and miR-8286b might suggest that they are
subject to TDMD or TDMD-like processes. This would be consis-
tent with a repressive role of the miR-2235a cluster in TEI of the
predatory mouth form.

Target site prediction and expression of miR-2235a

and miR-8286b

The identification of primary triggers of EBAX-1/ZSWIMS8/Dora-
mediated miRNA degradation has been shown to be challenging
(77). Work in vertebrates so far identified only four (78-80), where-
as studies in Drosophila found six endogenous RNA triggers (57).
While TDMD-inducing targets usually exhibit extended base pair-
ing with the miRNA 3’ end (55-57), studies in C. elegans suggested
that, for the decay of miR-35 family members, the seed sequence of
the miRNA is sufficient (71). Therefore, it is possible that mecha-
nisms involved in the transgenerational inheritance of the predatory
mouth form in P. pacificus might not require extensive pairing be-
yond the 3’ end. We used existing bioinformatic pipelines to search
for potential triggers (77) and found hundreds of predicted matches
with full or partial complementarity to miR-2235a in the P. pacificus
genome (fig. S5C and data S3). Expectedly, relaxation of sequence
complementary from 8 to 6 nt increased the number of seed matches
in predicted 3" untranslated region (3'UTR) binding sites (fig. S5C).
However, we did not identify matches with known genes in the
mouth-form GRN. Note that a similar analysis with miR-8286b
showed higher numbers of potential 3'UTR binding sites, while
the number of potential matches with extended complementarity
(TDMD) is lower for miR-8286D (fig. S5C and data S3).

To study the expression of the miRNAs in the miR-2235a cluster,
we generated a reporter construct using a 1.4-kb fragment upstream
of the first copy of miR-2235a in the cluster fused to a Pristionchus-
codon optimized TurboRFP (81). We detected strong zygotic ex-
pression in early embryogenesis similar to miR-35 expression in
C. elegans (Fig. 4]) (82). In contrast to C. elegans, the red fluorescent
protein (RFP) expression persisted throughout the J1 stage, which,
in P, pacificus, remains in the egg, and the J2 stage after hatching
(Fig. 4]). However, there is no detectable expression in later postem-
bryonic stages, consistent with the miRNA abundance reported in
developmental sRNA transcriptomics (74). The expression of this
reporter responds to the Novosphingobium diet, resulting in a sig-
nificantly higher expression in the F5 generation relative to naive
E. coli-grown cultures when comparing staged J1 juveniles (fig.
S4D). Similar to the miR-2235a reporter construct, a Ppa-ebax-1
transcriptional promoter construct showed a dynamic embryonic
and juvenile expression starting from the comma stage and peaking
in the J1 stage with expression in the pharynx and tail region (fig.
S3H). In adult stages, Ppa-ebax-Ip::TurboRFP is expressed in
pharyngeal neurons, in the vulval region, and in the gonadal tis-
sues (fig. S3,Tand J).

Deletions of the miR-2235a locus are viable

Given the up-regulation of miR-2235a in Ppa-ebax-1 mutants and
the tailing and trimming of miRNAs of the miR-2235a cluster, we
speculate that miR-2235a may play a repressive role in the TEI of the
predatory mouth form. However, to the best of our knowledge,
miRNAs have, so far, not been shown to be involved in transgen-
erational inheritance, which is different from siRNA and Piwi-
interacting RNAs (piRNAs) (19). To study whether miRNA-mediated
gene regulation including miR-2235a is involved in the TEI of the
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predatory mouth form, we targeted the miR-2235a locus. Note that
targeting the miR-2235a locus for deletion by CRISPR is challenging
because large-scale deletions of more than 1 kb have not been regu-
larly reported in P. pacificus (81). Nonetheless, the highly repetitive
nature of the 10-kb locus might allow the use of single guide RNA
(sgRNAs) that can bind repeatedly to target sequences in this re-
gion. We were able to generate a sgRNA that potentially binds to the
miR-2235a sequence (Fig. 5A). To identify deletions of most or even
the entire locus, we designed polymerase chain reaction (PCR)
primers in the flanking regions with unique sequence specificity
(Fig. 5A). Note that PCR experiments with these primers will not
result in PCR products in wild-type animals because standard PCR
conditions do not result in the amplification of 10-kb fragments (fig.
S5D). In contrast, large deletions in the miR-2235a locus might re-
sult in smaller fragments that can be amplified. Using this strategy,
we isolated two mutant lines out of 200 tested progenies of CRISPR-
injected animals with large deletions in the miR-2235a locus.
Sequencing analysis showed that both mutant lines exhibited nearly
a complete deletion of the miR-2235a locus (Fig. 5B). Specifical-
ly, original sequencing of PCR-amplified products revealed that
miR-2235(tuDf9) and miR-2235(tuDf10) carry deletions of 9408
and 9632 bp, respectively, with two and one copies of miR-2235a
remaining (Fig. 5B). Whole-genome resequencing of both mutant
lines confirmed the exact size of these deletions and the fact that
only one and two copies of the miRNA are still present (Fig. 5C).

Both of these deficiencies did not result in the deletion of the
entire cluster maybe because such lines would be embryonic lethal
similar to the knockout of C. elegans miR-35-miR-42. To directly
test this hypothesis, we performed another CRISPR experiments in
the miR-2235a(tuDf9) mutant background to delete the remaining
miRNA copies using the original sgRNA. We were able to isolate a
mutant, miR-2235(tuDf11), in which the entire miR-2235a cluster is
deleted (Fig. 5B). miR-2235(tuDf11) mutant animals are viable and
phenotypically wild type with no obvious growth defects when cul-
tured on a E. coli or Novosphingobium diet. Deficiency alleles with
partial and complete deletions of the cluster showed significant re-
duction of sSRNA expression or negligible miR-2235a and miR-8286b
expression relative to wild-type animals (fig. S5E). In the following,
we used all three deficiencies at the miR-2235a locus to study a po-
tential role of miR-2235a in transgenerational inheritance and to
investigate the effect on global gene expression.

Deletions of the miR-2235a cluster cause precocious and
extended transgenerational inheritance

If miR-2235a expression would repress TEI of the Eu mouth form
after food reversal, then the deletion of the miR-2235a locus might
result in an earlier onset of TEI and/or an extension of TEI after re-
versal. Therefore, we used all three miR-2235a alleles and reverted
them back to E. coli after one and three generation exposures to
Novosphingobium. In addition, we reverted mutants after five genera-
tions to investigate potential longer durations of TEI of the predatory
mouth form. We found that all three miR-2235a mutants show pre-
cocious transgenerational inheritance. Specifically, in the F1R1 and
F1R2 generations, mutants exhibit an elevated probability of devel-
oping the predatory mouth form [0.844 <HDI (eFlRl—tqul 1 ) <0.99%4,

and 0.709 <HDI (eFlRZ—tqull) < 0.957]. However, the F1R3 genera-
tion [0,365 <HDI (eF1R3—tqu11) < 0,738] was not credibly different
from the base line [0.115 <HDI (040 ) <0.436] (Fig. 5D). Thus, a
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Fig. 5. Deletion of the miR-2235a locus results in precocious and extended transgenerational inheritance of the predatory mouth form. (A) Design of the CRISPR-
Cas9 experiment to induce deletions of the miR-2235a locus. A sgRNA with multiple binding sites in miR-2235a was used. Primers flanking the target locus (green arrow-
heads) were designed to amplify shorter fragments as a consequence of large deletions. (B) A schematic for the CRISPR-Cas9-induced deletion for all three deficiency
alleles. (C) Whole-genome resequencing confirms large deletions of the miR-2235a locus in the homozygous viable mutant lines tuDf9 and tuDf10. (D) Mean probability
of the predatory mouth form of all deficiency alleles after exposure to Novosphingobium for one generation, (E) three generations, and (F) five generations followed by
reversal to E. coli. Wild type, gray; blue, tuDf9; green, tuDf10; red, tuDf11. Orange and blue ovals above (D) to (F) indicate generations on Novosphingobium and E. coli, re-
spectively. The 95% HDI for the means is based on Bayesian model and shows the probability of developing the Eu morph inferred from the experimental data. The yellow
area displays the upper and lower limits of the RSC011 baseline averaged across 101 generations on E. coli. (G) Proposed model depicting transgenerational inheritance
of the predatory morph in wild-type animals and ebax-1 and miR-2235a alleles as a result of Novosphingobium induction. A now unknown trigger after Novosphingobium
exposure induces Ppa-ebax-1 activity leading to miR-2235a destabilization. As a consequence of miRNA degradation, target gene(s) will be expressed resulting in TEI of
the Eu morph.
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one-generation exposure to Novosphingobium results in inter-
generational inheritance of the Eu morph that lasts for two gen-
erations. In contrast, reversal after three generation exposure to
Novosphingobium results in precocious transgenerational inheritance
with [0863 < HDI(Ogsg;_upfi1 ) < 0.998,0.688< HDI(Op;p,) < 0.941,
and 0.518 < HDI(0p;z;) < 0.86], whereas wild-type animals showed
no TEI after such early reversals as shown previously (Fig. 5, D and
E). Together, these results indicate that the deletion of the miR-
2235a locus results in precocious transgenerational inheritance.

Given this phenotypic evidence, we assessed the expression dy-
namics of the P. pacificus transcriptome in the miR-2235a mutant
condition. Specifically, we examined the differentially expressed
genes between the miR-2235a(tuDf9) mutant and wild-type ani-
mals during precocious transgenerational inheritance in the F3R5
generation. We found 1714 genes that were differentially ex-
pressed, of which 1050 were significantly up-regulated in the miR-
2235a(tuDf9) mutant (fig. S5F). Of the 1050 up-regulated genes,
only 12 genes overlap with the predicted set of genes whose 3'UTRs
have been predicted to have the miR-2235a TDMD binding site.
However, some of the predicted miR-2235a targets showed a par-
tial induction relative to expression in wild-type animals. We con-
clude that the deletion of the miR-2235a locus has a global effect on
gene expression.

Last, we reverted miR-2235a mutants back to E. coli after 5 gen-
erations to test for a potential extension of the TEI of the predatory
mouth form. We observed TEI of the Eu mouth form lasting for 5
generations [0.524 < HDI(OFSRs_me“) <0.863] (Fig. 5F), whereas
wild-type animals returned to baseline level lower than 50% Eu in
the F5R5 generation (Fig. 5F). Thus, deletions of the miR-2235a lo-
cus not only result in precocious but also extended TEI of the preda-
tory mouth form. Together, our experiments support a role of
miR-2235a as a repressor of transgenerational inheritance, and they
are consistent with Ppa-EBAX-1 being involved in TDMD.

DISCUSSION

This study establishes a synthesis of multiple innovative approaches
to investigate transgenerational inheritance. Conceptually, the cou-
pling of long-term environmental induction experiments with the
analysis of a natural, phenotypically plastic trait and the subsequent
involvement of forward genetic analysis revealed mechanistic in-
sight into the machinery involved in memory transmission. This
methodology will allow a detailed investigation of associated pro-
cesses and signifies P. pacificus mouth-form plasticity as a model to
investigate transgenerational inheritance. The use of forward muta-
genesis provides an unbiased approach to identify genes involved in
the transmission of non-genetic information across generations.
The experiment described in this study used 3000 “F2” progeny of
mutagenized animals and is, thus far, from saturation. However,
saturation mutagenesis is feasible in P. pacificus because of the short
generation time and easy husbandry similar to C. elegans. In addi-
tion, this study relies on a binary readout that builds on the devel-
opmental plasticity of feeding structures. This feeding structure
plasticity is not limited to P. pacificus but is a specific character-
istic of most of nematodes of the family Diplogastridae to which
P, pacificus belongs (83). It is the diversity of feeding structures that
has resulted in an extraordinary ecological diversification of these
nematodes, highlighting the importance of plasticity as facilitator
for evolutionary change (83-85). Therefore, this study provides

Quiobe et al., Sci. Adv. 11, eadu0875 (2025) 12 March 2025

important findings for developmental plasticity, associated TEI, and
the potential role of TEI for evolution.

Mutant analyses described in this work indicate that Ppa-ebax-1
and the miR-2235a locus are involved in TEI of the Eu mouth form
after induction through a Novosphingobium bacterial diet. One way
to explain these findings is that the ubiquitin ligase is required for
the induction of the predatory mouth form and its transgeneration-
al inheritance by repressing miRNAs in P. pacificus, which would,
otherwise, repress the TEI of the predatory morph. We speculate
that this process involves TDMD or a TDMD-like mechanism by
targeting Ago protein(s) that is(are) core component(s) of the RNA-
induced silencing complexes (Fig. 5G). Specifically, a now unknown
trigger, after exposure to Novosphingobium, induces Ppa-EBAX-1
activity on an Ago-miR-2235a complex, which, in wild-type ani-
mals, will cause the degradation of Ago protein(s) and miR-2235a.
This will result in the expression of target gene(s) that will lead to TEI
of the Eu mouth form. In Ppa-ebax-1 mutants, the Ago-miR-2235a
complex is no longer destroyed, target gene(s) is(are) repressed, and
TEI of the predatory mouth form does not occur (Fig. 5G). Simi-
larly, the response to the Novosphingobium diet is incomplete in
Ppa-ebax-1 mutants, indicating a partial role of Ppa-EBAX-1 for the
dietary induction of the predatory mouth form. Consistent with this
model, the large or complete deletion of the miR-2235a locus results
in precocious and extended TEI of the predatory morph, whereas
mutations in Ppa-ebax-1 result in the absence of transgenera-
tional inheritance.

It is important to note that the extent to which the observed phe-
notypes of Ppa-ebax-1 mutants and deletions of the miR-2235a lo-
cus are due to processes involving TDMD with extended pairing of
the miRNA and its trigger remains now unknown. Formally, we
cannot rule out alternative models, in which Ppa-EBAX-1 and miR-
2235a are involved in different molecular processes associated with
TEI of the Eu mouth form. EBAX-1/ ZSWIM8/Dora are known to
be involved in mechanisms of miRNA regulation other than TDMD
(57, 71). Our differential gene expression analysis of miR-2235a mu-
tants indicated global gene expression changes relative to wild-type
animals, which would be consistent with a broader role of miR-2235a.
This differential gene expression analysis, together with our compu-
tational target site prediction pipeline, is essential to prioritize po-
tential miR-2235a target genes that will be systematically tested in
future studies. Note that such experimental validation will require
the generation of (i) deletion mutants of the 3'UTR binding sites,
(ii) knockout mutants in the respective genes, and (iii) additional
overexpression studies of the genes of interest.

While P. pacificus shares with C. elegans the viability of ebax-1
mutants, it displays one genomic feature that partially limits some
aspects of future analysis. C. elegans contains two copies of many
major Ago genes, i.e., alg-1/2 and alg-3/4. Although the reasons for
these gene duplications are unknown, this “double gene set” has re-
sulted in single mutants in these genes being viable in C. elegans [for
review, see (19)]. In P. pacificus, in contrast, only one copy of alg-1/2
and alg-3/4 exists, similar to the miRNA-Ago complex cofactor
ain-1/2 known as GW182 in mammals (86). Any attempt to knock-
out Ppa-alg-1/2 or Ppa-ain-1/2 was unsuccessful as homozygous
mutants are lethal. This genomic composition limits the genetic
analysis of Ago proteins and their involvement in miRNA signaling
and transgenerational inheritance in P. pacificus.

In conclusion, transgenerational phenomena come in different
forms and flavors. Many of them last for three to five generations,
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whereas others have been reported to last for more than 20 or even
300 generations (7, 16, 53, 87, 88). Some cases show stochastic in-
heritance, others exhibit distinct segregation patterns that have been
described to follow major rules (13). The molecular machinery in-
volved in TEI points toward an important role of sSRNA molecules,
Ago proteins, and also histone modifications. Already early studies
suggested a key role of piRNAs (7) in C. elegans; however, a role of
miRNAs has previously not been documented to regulate TEL. Our
findings demonstrate a unique example of developmental plasticity
in an ecologically relevant trait that is accompanied by TEI of previ-
ous environmental information. These findings and the subsequent
genetic and molecular investigations demonstrate a role of miRNAs
in TEL Together, this work provides a platform and adds a distinct
model system to better understand the importance of developmen-
tal plasticity and transgenerational inheritance both from a mecha-
nistic perspective and in its evolutionary context.

MATERIALS AND METHODS

Nematode culture conditions

The ancestral P. pacificus RSCO11 isolate used in this study was fro-
zen within the first 5 to 10 generations after original isolation from
Coteau Kerveguen on La Réunion to minimize domestication and,
thereby, facilitate the investigation of diet-induced plasticity and
TEI. Nematodes were grown under standard nematode growth
conditions on NGM plates seeded with either E. coli OP50 or
Novosphingobium L76 and maintained at 20°C. We refrained from
exposing the RSCO11 stock to all other types of stressors such as
bleaching, starvation, and extreme temperature fluctuations as they
are known to potentially influence mouth-form ratios.

Bacterial strain conditions

All bacterial strains were grown overnight in Lysogeny broth sup-
plemented with kanamycin (50 pg/ml) where required. Bacteria
were grown at 30° or 37°C depending on the species and 6-cmmn NGM
plates were seeded with 300 pl of bacterial overnight cultures and
were incubated for 2 days.

LTEl approach

Long-term experimental evolution (LTEI) was performed using the
ancestral P. pacificus RSCO11 strain that is preferentially St (20 to
40% Eu) on a standard E. coli OP50 diet. Using the complete brood
of a single hermaphrodite, 110 clonal lines were established by pick-
ing single J4 larvae on a Novosphingobium L76 diet. J4 worms were
initially left for at least an hour on a Novosphingobium diet to reduce
traces of E. coli OP50 before transferring to final F1 Novosphingobium
plates. All 110 lines were transferred every 4 days to new plates
by picking a single J4 animal to start the new generation. Rigorous
worm maintenance was carried out for an entire year allowing the
completion of 101 generations on Novosphingobium. Populations on
Novosphingobium were periodically frozen every 10 generations (up
to F100) and stored in liquid nitrogen that allows accurate evalua-
tion of the evolved states.

Dietary reversal experiments

Overnight cultures of E. coli OP50 and Novosphingobium L76 were
spread to NGM plates and incubated at room temperature (RT) for
2 days. Reversal experiments to an E. coli OP50 diet were performed
after exposing of RSC011 worms for 15, 25, 35, 45, 55, 65, 75, 85, and
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95 generations on Novosphingobium L76. Worms were initially
transferred from Novosphingobium L76 to NGM plates supplement-
ed with kanamycin (50 pg/ml) for one generation and then back to
E. coli OP50-seeded NGM plates for subsequent generations. Expo-
sure to kanamycin for a single generation to eliminate traces of
Novosphingobium did not affect mouth-form response. Mouth-form
phenotyping was examined for the entirety of the reversal experi-
ments (all 15 generations).

Mouth-form phenotyping

Mouth-from phenotyping was performed using Zeiss Discovery
V.20 stereo microscope (X150 magnification) by observing the nem-
atode buccal cavity based on mouth-form identities previously de-
scribed (28). Final mouth-form frequencies are the mean of at least
10 to 20 replicates (i.e., 110 replicates for the LTEI experiment; 10 to
20 replicates for genetic mutants, and the radicicol supplementation
experiments). In each replicate, 20 animals from a single plate were
assayed. For the LTEI experiment, phenotyping was done continu-
ously for 25 generations on Novosphingobium and periodically every
5 generations (after F25) until 101 generations for all 110 lines. To
ensure continuous tracking, a subset of 30 of the 110 lines was as-
sayed every generation (F26-F29, F31-F34, etc.).

Statistical analysis

To estimate the probability of developing the Eu mouth form in
P. pacificus (0), we constructed a hierarchical Bayesian model (fig.
S1, A and B)

y;~Bernoulli(6)

O~Beta(w(k —2)+1,(1—w)(xk—2) + 1)

o~ Beta(a, )

k~Gamma(3, 1)

where 0 is calculated for each replicate and hyperparameters m and
Kk link the biological replicates for a given generation under a given
experimental condition (89). The model was fitted to the laboratory
measurements using PyMC (90) in Python 3.11 with Numpy 1.25.2
(91). The mean highest density interval (HDI) for © for a group of
observations was used to visualize the inferred probability of devel-
oping the Eu mouth form. We ensured that the estimated 0 values
were stable using common convergence diagnostics with effective
sample size of > 10,000 (92).

Mutation rate calculation

Paired-end Illumina reads were mapped to the RSC011 PacBio
genome with bwa (version 0.7.17-r1188; algorithm, mem) (93). Sub-
sequently, the germline short variant discovery workflow (85) from
the GATK (4.2.5.0) pipeline was used to mark and remove duplicates
(MarkDuplicatesSpark), locally realign reads, call single-nucleotide
polymorphisms (SNPs), and indels per-sample (HaplotypeCaller) and
perform joint calling across multiple samples (GenomicsDBImport
and GenotypeGVCFs) (94). SNPs were selected with GATK Select-
Variants (--select-type-to-include SNP). Line-specific SNPs were
considered to have arisen through mutation accumulation if the
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alternative allele was homozygous, detected on chromosomes, and
met high-quality criteria [depth (DP) > 5 and genotype quality
(GQ) > 20]. Mutation rate per line was determined by dividing
the number of accumulated mutations in each line by the number
of generation (100) and the sample-specific total length of sufficient-
ly covered genomic regions (genome region with DP > 5 in gVCF
from GATK HaplotypeCaller for each sample). To mitigate potential
biases introduced by problematic genomic regions, the number of
line-specific SNPs in sliding windows (length, 100 bp; step, 20 bp)
across the chromosomes was calculated, and those windows with
more than two line-specific mutations were excluded from the
analysis (95)

EMS mutagenesis

We combined long-term environmental induction to induce heri-
table mutations in P. pacificus and incubated a mixture of RSC011 J4
larvae grown on Novosphingobium L76 for 14 generations in M9
buffer [KH,POy (3 g/liter), Na,HPO, (6 g/liter), NaCl 5 (g/liter),
and 1 mM MgSO4] with 47 mM EMS for 4 hours (96). Subsequently,
worms were allowed to recover on agar plates with Novosphingobium,
and 100 actively moving J4 larvae were singled out. After the muta-
genized PO animals had laid ~30 eggs, they were killed, and F1 prog-
eny was allowed to develop and reach maturity. A total of 500 “F1”
animals were singled out to establish new populations for one more
generation on Novosphingobium before reversal. During reversal
to kanamycin plates, we established 3000 F2 lines (which con-
tained potential homozygous mutants) and allowed to lay F3 popu-
lations for mouth-form screening. Screening was performed for the
progenies of F2 individuals (during reversal) using Discovery V20
stereomicroscope (see above). We searched for lines with Tid phe-
notypes, which show an immediate drop of the Eu response to 10 to
45%, whereas wild-type RSC011 animals keep a mouth-form mem-
ory of around 80 to 100% Eu after reversal. Mutant candidates with
a Tid phenotype and a low Eu mouth-form frequency were trans-
ferred to fresh E. coli OP50 plates, and their progeny was rescreened
for additional generations. Of the 3000 mutagenized F2’s progeny,
75 Tid candidate lines were isolated.

Whole-genome sequencing analysis of mutant lines

Mutant worms were grown on standard NGM plates before DNA
extraction. We rinsed plates with M9 buffer and collected worm pel-
lets by slow centrifugation at 1300 rpm for 3 min at 4°C. DNA was
extracted with the Monarch Genomic DNA Purification Kit follow-
ing the manufacturer’s protocol. Library preparation and sequenc-
ing were done by Novogene. The program BWA mem program
(version 0.7.17-r188) (93) was used to align raw Illumina reads
against the reference genome of the P. pacificus RSCO11 strain. Ini-
tial variant calls were made by the SAMtools mpileup, bcfutils,
and varFilter.pl commands (version 0.1.18-r982:295) (97). For
candidate mutations, we filtered for high-quality, homozygous
single-nucleotide substitutions that are not shared with resequenc-
ing data of the parental strain RSCO011. The effect of mutations on
protein coding genes was assessed by comparison with the RSC011
gene annotations (98). Last, the number of independent alleles per
gene was computed to prioritize candidate genes. Given that classi-
cal mapping experiments are unpractical for such an experimental
design, all mutant candidate lines were whole-genome sequenced.
We considered genes as candidates that had at least three indepen-
dent alleles.
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CRISPR-Cas9-induced mutations

Mutations were induced in candidate genes via CRISPR-Cas9 fol-
lowing the protocol described previously (81, 99). Gene-specific
sgRNAs and universal trans-activating CRISPR RNA were pur-
chased from Integrated DNA Technologies, and 5 pl of each 100 pM
stock was mixed and denatured at 95°C for 5 min. After allowing the
mixture to anneal at RT, Cas9 endonuclease (New England Biolabs)
was added to the hybridized product and incubated at RT for 5 min.
Tris EDTA buffer (TE buffer) was subsequently added to a final con-
centration of 18.1 pM for the sgRNA and 2.5 uM for Cas9. This was
injected into the germline of 40 to 50 P. pacificus RSC011 young
adults. Eggs from injected P0Os were recovered up to 16 hours postin-
jection. Post-hatching and 2 days’ growth, these F1 worms were seg-
regated onto individual plates until they had also developed and laid
eggs sufficiently. The genotypes of the F1 animals were further ana-
lyzed via Sanger sequencing, and mutations were identified before
re-isolation of homozygous mutants. sgRNAs and associated prim-
ers used in this study can be found in table S2. Evidence for the
generation of putative null mutants was based on frame shifts, lead-
ing to premature stop codons in the protein coding sequences.

CRISPR-Cas9-mediated miR-2235 locus deletion

Large deletions in the miR-2235a locus were induced via CRISPR-
Cas9 following the protocol indicated above. We used a sgRNA
against the miR-22335a sequence and injected 60 P. pacificus
RSCO011 young adults. A total of 200 F1 progenies of injected ani-
mals were segregated onto individual plates. After egg laying, these
F1 animals were used for PCR experiments with primers in the
flanking regions of the 10-kb miR-2235a locus. Visualizing of PCR
product was performed on agarose gel electrophoresis. Individuals
with PCR products were considered potential heterozygous can-
didates for deletions at the locus. We found two potential hetero-
zygous individuals with a ~500-bp PCR fragment. Given that
heterozygous and homozygous worms would be indistinguishable
based on PCR and Sanger sequencing, we maintained potential het-
erozygous line by single-worm transfer for several generations and
followed sublines that gave off clean PCR products in all of the sin-
gled progeny. Note that heterozygous animals should segregate 25%
wild-type animals without a deletion that should result in the ab-
sence of the PCR product. The two homozygous mutants were
whole-genome sequenced (see protocol above), which confirmed
original Sanger sequencing results and the deletion at the locus.

Transgenesis

We generated transcriptional reporter constructs to visualize tissues
that actively express Ppa-ebax-1. We not only took the 1065-bp up-
stream sequence of the first methionine but also extend the first 515 bp
of the gene sequence for optimal primer design. For the miR-2235a
locus, the 1455-bp-long putative promoter of the first precursor
miR-2235a sequence was taken. Each of the promoter sequences
was PCR amplified and subsequently assembled into a codon-
optimized pUC19 vector containing TurboRFP and the Ppa-rpl-23
3'UTR (81). Assembly and bacterial transformation were generally
done using the NEBuilder HiFi DNA Assembly Kit and NEB-5-
alpha E. coli cells. Plasmid extraction was done using the QIAGEN
Plasmid Midi Kit. Linearization of the plasmids was carried out with
Pstl enzyme digestion according to the manufacturer’s protocol. Fi-
nal concentration of the injection mix contained the linearized plas-
mids (10 ng/pl) with Pst1-linearized RSCO11 genomic carrier DNA
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(60 ng/pl). Flourescent worms were immobilized on a 5% Noble
agarose pad with 0.3% NaNj; added as an anesthetic and were
screened using a Leica SP8 confocal laser scanning microscope.

Fluorescence imaging and quantification
The transcriptional reporter construct of the heavily expanded miR-
2235a cluster (see above) was grown on Novosphingobium for five
generations before fluorescence imaging. Imaging of the miR-
2235ap::TurboRFP animals was done by comparing J1 embryonic
stages between the naive/unexposed generation on E. coli and
upon Novosphingobium exposure. For imaging experiments, miR-
2235ap::TurboRFP animals were transferred on 5% Noble agarose
pads and anesthetized with 0.3% NaN3. Animals were imaged using
Axiolmager.Z1 (Zeiss, Oberkochen, Germany) with 63x/1.4 objective
at automatic exposure under RFP excitation fluorescence. Quantifica-
tion of the RFP signal was performed using Fiji/Image] by tracing the
regions of J1 animals. Statistical analysis was performed using Wilcox-
on rank test as described in the figure legends. The corrected total fluo-
rescence was calculated using the formula:

Total fluorescence = Integrated density — (Area of selected cell X
Mean fluorescence of background readings).

miRNA target site prediction
The pipeline that searched for TDMD triggers was implemented fol-
lowing previously established in silico approach in Drosophila (57).
A file annotation for all RSC011 3'UTRs was loaded as input to start
the search for miRNA targets. 3'UTR sequences were derived from
RSCO11 transcriptome assemblies or from protein homology with
the P, pacificus PS312 annotations (El Paco V3) by taking the region
downstream of the coding sequence within the assembled transcript
or 100 bp downstream of the annotated gene. Filtering with the raw
RNA-seq data from ebax-1 animals was implemented, retaining
only those reads with more than 10 counts. The input file was que-
ried for binding complementarity toward the 3’ region (starting
from 13th nucleotide until the last miR sequence) of the miR-2235a
(22 nt long) and miR-8286b (extended to 22 nt long). Search for
complementarity sites to the seed sequence (2 to 8 nt of the miR)
was implemented within 30 nt upstream of the 3’ region. Both que-
ries at the seed and 3’ end tolerate a maximum of two mismatches.
To search for canonical miRNA-target pairing sites, the query
was restricted to the seed sequence of the miRNA. Different types of
miR-target searches were performed: 8-nt, 7-nt, A1-7-nt, and 6-nt
types of pairing. The search was done independent of any expression
dataset. All targets are listed in data S3.

Phylogenetic analyses

For P, pacificus genes retrieved from the Tid screen, one-to-one orthol-
ogous gene prediction between P, pacificus and C. elegans was identified
from BLASTP searches. One-to-one orthology was further confirmed
by phylogenetic analyses. Proteins were then aligned by Clustal Omega
(100) and output in FASTA format. FASTA files were uploaded to the
IQ-TREE tool (101, 102) using default settings with the auto substitu-
tion model, and 1000 bootstrap alignments were calculated under the
ultrafast setting. The resulting phylogenetic tree files were visualized
using FigTree (http://tree.bio.ed.ac.uk/software/figtree/).

Radicicol treatment
Radicicol treatment was done as previously described (59, 103).
In brief, Radicicol (Sigma-Aldrich) was dissolved in dimethyl
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sulfoxide (DMSO) and then added to NGM agar to the final concen-
tration of 19 pg/ml. Solution containing the same amount of DMSO
was used as control. Supplementation was done two generations af-
ter reversal to E. coli.

RNA-seq and data analysis

Mixed-staged RSC011 worms grown on Novosphingobium and E. coli
OP50 were collected from three NGM plates. Specifically, worms
were pelleted for RNA certain generations of dietary exposure. Total
RNA was extracted using a Direct-Zol RNA Mini prep kit (Zymo
Research) according to the manufacturer’s guidelines. The RNA-seq
library preparation and sequencing were done by the company
Novogene. Software Hisat2 (version 2.1.0) (104) was used to map raw
reads to the P. pacificus RSC011 reference genome, and feature-
Counts (105) was used to quantify the counts of reads mapped to
the genomic feature based on the RSC011 gene annotations. Tests
for differential expression were performed in R (version 4.0.3) using
DESeq2 (version 1.18.1) (106). Genes with a false discovery rate
(FDR)-corrected P value < 0.01 and fold change cutoft of 2 were
considered as significantly differentially expressed. Tests for over-
representation of protein domains in sets of differentially expressed
genes were performed using a Fisher’s exact test in R. We used
the FDR method as implemented in the p.adjust function in R to
correct for multiple testing and only retained results with adjusted
P value < 0.01.

sRNA extraction

Total RNA was extracted as described above. After RNA extraction,
TAP (Cap-Clip Acid Pyrophosphatase) was performed by adding a
total of 25 U of TAP to <4 pg of total RNA, 5 pl of reaction buffer
(10x Cap-Clip Acid Pyrophosphatase Reaction Buffer), and PCR
water to a total reaction of 50 pl per sample. The reaction was then
incubated for 2 hours at 37°C. RNA clean-up step was done post-
incubation using RNA Clean and Concentrator (Zymo Research) as
per manufacturer’s recommendations. sSRNA-seq library prepara-
tion and sequencing were done by the company Novogene with
50-nt single-end reads.

Analysis of sSRNA-seq data

We trimmed adapters from raw sequencing reads with the software
Cutadapt (version 3.5, options: -a AGATCGGAAGA -m 14) (107).
For each comparison, we counted the number of occurrences for
each unique read across the samples (at least two biological repli-
cates per condition). During this step, we discarded reads that were
present in only a single sample. DE-seq2 was run to identify signifi-
cantly differentially expressed sequences between (corrected P value
< 0.05). To focus on nematode sequences, we removed differentially
expressed sequences that mapped to the genomes of Novosphingobium
or E. coli OP50 by bowtie (version 2.2.3) (108). To visualize the dis-
tribution of miRNAs across the P, pacificus genome, we downloaded
38,589 hairpin sequences from miRBase (release 2023-10-23), which
contained 354 sequences from P. pacificus (65-70, 109). These se-
quences were first clustered on the basis of a 90% nucleotide identity
cutoff using the cdhit-est program (version 4.8.1, option: -c 0.90)
(110). We then ran BLASTN (version 2.10.1; option, -evalue 0.001)
to search for matches of these sequences in the P. pacificus genome
(version El Paco) (111). BLASTN matches with minimum length of
50 nt and a minimum percentage identity of 90% were then visual-
ized in nonoverlapping 100-kb windows.
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For combining all miRNA isoforms into single counts, we used
string-matching to the first 18 nt of the mature miRNA sequence
while also binning reads by lengths from 19 to 30 nt (75). Trimmed
reads were all reads shorter than the mature miRNA length, and
tailed reads were all reads longer than the mature length (as indi-
cated in miRBase). In this manner, we were able to visualize the ag-
gregate number of potential trimmed and tailed reads for each
miRNA in the heavily expanded miR-2235a locus.

Genome assembly and annotation

Raw PacBio reads of P, pacificus RSC011 were assembled by the software
Canu (version 1.4; options, genomeSize = 200 m -pacbio-corrected)
(112). For strain RSCO011, this resulted in an initial assembly of
54 contigs. This assembly was scaffolded using whole-genome se-
quencing data from recombinant inbred lines of the cross between
P, pacificus strains RSC011 and RSA076 (113). Specifically, whole-
genome sequencing data were aligned to the raw assembly by BWA
aln and sampe programs (version 0.7.17-r188) (93). Subsequently,
the SAMtools (version 0.1.18-r982:295) (97) mpileup, bcfutils, and
varFilter.pl commands were run to genotype single-nucleotide vari-
ant markers between the parental strains RSC011 and RSA076
(114). The resulting genotype maps were plotted in R and manually
scaffolded after visual inspection. At this step, one contig spanning
4.6 Mb was identified as E. coli on the basis of a BLASTN search and
was discarded. The resulting genome assembly spans 159.0 Mb of
which 156.4 Mb (98.3%) could be placed onto the six chromosomes.
To annotate protein-coding genes in the RSC011 assembly, we used
the PPCAC pipeline (version 1) (115), which generated evidence-
based gene annotations from existing gene annotations for the
P, pacificus reference strain PS312 (El Paco gene annotations, version
3) (116) as well as from RNA-seq data that were generated for this
study. We refined the RSC011 gene annotations by removing species-
specific orphan genes that overlapped in antisense direction with
conserved genes as we previously observed that coding potential on
the antisense strand can result in gene annotation errors (116, 117).
Evaluating the completeness of the final RSC011 gene annotations
using the BUSCO approach (version 3.1, nematode odb9 dataset)
(118) revealed a completeness level of 89.5%, which demonstrates a
comparable degree of completeness with regard to previously as-
sembled P. pacificus strain genomes (117). Protein domains were
annotated by the hmmsearch program with the Pfam-A database
of the HMMER package (version 3.3; options, -E 0.001) (119).

Supplementary Materials
The PDF file includes:

Figs.S1to S5

Tables S1.and S2

Legends for data S1to S3

Other Supplementary Material for this manuscript includes the following:
Data S1to S3
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Fig. S1. Diet reversal experiments and mutation rate of RSC011 after 100 generations of
single worm transfer.

(A) The Hierarchical Bayesian model used to infer mean probability estimates of the predatory
mouth form. Graphical representation of the model to infer the mean highest density interval
(HDI). (B) Plates represent independent replicates of the actual Eu counts. The probability of
developing the Eu mouth form (60) for each replicate was derived by linking all replicates using the
hyperparameters, ® and k. The prior distribution on the given parameters is described as o~Beta
(o,p) and k~Gamma (3,1). The stability of the estimated 6 values for a given generation was
validated using common convergence diagnostics (see Materials and Methods for details). (C-I)
Mean probability of the predatory mouth form during food reversal experiments back to E. coli
after original exposure to Novosphingobium for 35, 45, 55, 65, 75, 85 and 95 generations. (J) Mean
probability of the predatory mouth form after exposure to kanamycin-resistant E. coli strain for
two generations. The 95% HDI for the means was estimated using a Bayesian hierarchical model
and indicates the probability of expressing the Eu morph inferred from the experimental data. The
yellow area displays the upper and lower limit of the baseline Eu response of RSCO11 (0.115
<HDI (Oconirol) < 0.436). (K) Mutation rate per site per generation for P. pacificus RSC011. Each
dot represents the mutation rate for independent lines sequenced after 100 generations.
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Fig. S2. Gene enrichment analysis upon Novosphingobium exposure.

(A) Gene-enrichment analysis on Novosphingobium for three and five generations. The complete
gene lists are listed in Data S1.
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Fig. S3. Pairwise orthology relationships of the candidate genes and involvement of ebax-1
in transgenerational inheritance of the predatory morph.

(A) One-to-one orthology relationships for EBAX-1 and (B) DAF-21. Both maximum likelihood
phylogenies are based on the genus Pristionchus (P. pacificus, P. exspectatus, P. arcanus, P.
maxplancki, P. japonicus, P. mayeri, P.entomophagus, P. fissidentatus) (some includes its ‘basal’
relative Parapristionchus), C. elegans, mammals, and insects. Nodes with bootstrap support values
of > 90 are labelled with asterisks (*) and arrows indicate P. pacificus genes targeted for functional



analyses. P. maxplancki has two proteins encoding a zinc-finger SWIM-type profile
(PRIMPAX000009140) and a ZSWIM4-8- C-terminal (PRIMPAX000010109), both are included
in the EBAX-1 phylogeny. The top two protein BLAST hits of P. mayeri and P. entomophagus
species against C. elegans DAF-21 are also included. (C) Egg-laying-defective phenotype in Ppa-
ebax-1(tul754) (left). Eggs inside the worm body are outlined in red circles. Average number of
accumulated eggs on day-2 Ppa-ebax-1(tul754) adults compared to wild type (right). (D) Average
number of progeny counts in Ppa-ebax-1 (tul754) and wild type animals. Error bars are
represented in standard deviation. Orange, Ppa-ebax-1(tul754); green, wild type. (E)
Developmental staging of Ppa-ebax-1(tul754) and wild type showing the percentage of J3, J4 and
young adults after 71 and 105 hours on E. coli. (F-G) Mean probability of the predatory morph in
other Ppa-ebax-1 in-frame alleles for 5 generations of Novopshingobium exposure and reversal to
E. coli. Red, Ppa-ebax-1(tul755 and tul756); grey, wild type. The 95% highest density interval
(HDI) was used to visualize the probability of observing the Eu morph. The yellow area displays
the upper and lower limit of the RSCO11 baseline Eu response. More details about the molecular
lesions are listed in Table S2. (H-J) Transcriptional reporter construct of Ppa-ebax-1. (H) Ppa-
ebax-1p::TurboRFP during embryonic development, starting from the comma stage, and J2 stage.
Upper panels are DIC images and bottom panels are fluorescent images of the same embryos.
Scale bars represent 10 um. (I) RFP expression on the pharyngeal neurons, vulval region and gonad
tissue of adults. The double-arrows in a cross indicate anatomical worm orientation: A-anterior,
P-posterior, D-dorsal, V-ventral. (J) Zoom-in on the head region depicted in (I), previous image.
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Figure S4. Influence of ebax-1 on the distribution and patterns of miR-8286b and miR-2235a
isoforms.

(A-B) Tailed and trimmed versions of miR-2235a and miR-8286b during reversal to E. coli (left).
Plotted are the log2 fold change from wild type (blue) and ebax-1(tul754) animals (red). Also
plotted are the length distribution and normalized Fragments per Million (FPM) counts of miR-
2235a and miR-8286b reads (left). M represents the designated mature miRNA lengths for each
strand are shown. (C) Mean normalized FPM counts of miR-35 family members before (PO0),
during (F1, F3, F10) and after (F10R2) Novosphingobium exposure. (D) Fluorescence level of
Ppa-miR-2235p::TurboRFP on F5 generation on Novosphingobium. Wilcoxon signed-rank test
between dietary conditions was performed.
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Figure SS. Earlier and extended predatory mouth form memory of miR-2235a deletion alleles

(A). miR-35/miR-2235a family members distributed in different chromosomes. Grey arrows, miR-
2235a members. Blue arrows, miR-8286b. (B) Graphical representation of precursor miRNA in
clusters across the P. pacificus genome. miR-2235a (red) is identified to be the largest clustered
miRNAs in chromosome 11, followed by the 21 clustered miRNAs in chromosome IV. (C) 3’-UTR
prediction of miR-2235a and miR-8286b targets. Various types of miRNA target sites are shown
with pairings restricted to the seed region and the TDMD-type of pairing with complementarity
extending to the 3’ region of the miRNA. The complete list of predicted targets are compiled in
Data S3. (D) Agarose gel documentation after PCR of progeny individuals from a heterozygous
animal for the miR-2235a cluster deletion. Lanes without bands are wild type (+/+, without the
deletion), with bands of <500 bp are either heterozygous (+/-) or homozygous (-/-) lines for the
deletion (see Materials and Methods for details). More details about the molecular lesions are listed
in Table S2. (E) Mean normalized FPM counts of miR-2235a and miR-8286b upon
Novosphingobium exposure. (F) Overlapping gene sets between the upregulated transcripts on
tuDfY and the predicted genes whose 3’UTRs contain extensive (TDMD) pairing with miR-2235a
and miR-8286b.
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Data S1. Differential gene expression analysis and enriched gene sets after exposure to
Novosphingobium for three and five generations.

(A and B) Upregulated and downregulated gene lists after three and five generations on
Novosphingobium. (C and D) Lists of Pfam-domains enriched in the differentially expressed
gene sets after three and five generations on Novosphingobium.

Data S2. Small RNA sequencing analysis of wildtype and ebax-1 mutant animals. (A) List of
differentially-expressed sSRNAs between PO on E. coli and F10 on Novosphingobium. (B) List of
differentially-expressed SRNAs between F10 on Novosphingobium and two generations on E.
coli (R2). (C) List of differentially-expressed sSRNAs between wild type and ebax-1 on F10
Novosphingobium. (D) List of differentially-expressed sSRNAs between wild type and ebax-1
after reversal to E. coli. (E-F) List of miR-2235a and miR-8286a isoforms during reversal upon
ebax-1 knockout.

Data S3. Genome-wide 3’-UTR prediction of miRNA targets in RSC011.
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SUMMARY

Dietary and, more generally, nutritional effects on trait inheritance are
widespread in animals including human famines. Such effects represent some
of the most severe environmental influences on organismal phenotypes and
can even be transmitted over multiple generations’2. However, the chemical
nature of the stimuli and the downstream events inducing such memory
remain largely elusive. The nematode Pristionchus pacificus exhibits mouth-
form plasticity including predation and was recently shown to respond to a
multigenerational Novosphingobium diet with the induction and subsequent
transgenerational inheritance of the predatory morph?®. Here, we show that
bacteria-derived vitamin B12 is both necessary and sufficient for
transgenerational memory. Specifically, Novosphingobium mutants defective
in vitamin B12 production do not induce transgenerational inheritance, but
vitamin B12 supplementation can rescue the memory phenotype. Different
vitamin B12 concentrations are required for the original induction and
subsequent transgenerational inheritance of the predatory morph. Mutant
analysis revealed that vitamin B12 functions through methionine-synthase and
involves methionine but not folate. The inherited effect acts through increased
multigenerational vitellogenin transcription suggesting elevated nutrient
provisioning. Consistently, mutants in the vitellogenin receptor Ppa-rme-2 are
memory-defective indicating that a vitamin acts through maternal provisioning
to progeny. Thus, vitamin B12 induces vitellogenin provisioning to control

organismal physiology and behavior.

Keywords: Transgenerational epigenetic inheritance, developmental plasticity,

Pristionchus pacificus, Caenorhabditis elegans, vitamin B12, vitellogenin
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Dietary and nutritional effects can alter organismal phenotypes and influence trait
inheritance over generations, so-called transgenerational epigenetic inheritance
(TEN'2. A large body of evidence indicates that dietary factors can induce various
morphological, physiological and behavioral changes which are often transmitted for
three generations or more. However, the chemical nature of the inducing agents and
downstream events following the original dietary stimuli are largely unknown. One
major obstacle in identifying inducing stimuli from the diet and the genetic machinery
underlying TEl in the receiving organism is the lack of model systems with robust
phenotypes to be analyzed under laboratory conditions. However, nematodes such
as Caenorhabditis elegans and Pristionchus pacificus with their short generation
time, isogenic propagation and simple husbandry have started to provide
mechanistic insight (for review see*7).

For instance, P. pacificus exhibits a mouth-form dimorphism that is an
example of developmental plasticity with morphological and behavioral implications
and therefore, provides a robust system to analyze dietary effects and TEI-1°.
During postembryonic development, genetically identical P. pacificus worms adopt
either the narrow-mouthed ‘stenostomatous’ (St) morph with a single dorsal tooth, or
the wide-mouthed ‘eurystomatous’ (Eu) form with a claw-like dorsal and an opposing
sub-ventral tooth (Fig. 1a). Importantly, only the Eu morph allows omnivorous
feeding including predation on other nematodes (Fig. 1a). Mouth-form plasticity is
characterized as a bi-stable developmental switch allowing the underlying gene
regulatory network (GRN) to be elucidated in detail'®'3. Additionally, multiple
environmental cues influence mouth-form development including changes in diet,
establishing an easy study system for experimental manipulation.

A recent study introduced a long-term environmental induction experiment
with distinct diets by propagating 110 P. pacificus isogenic lines for 101 generations
with associated food-reversal experiments (Fig. 1b)3. In addition to the standard
nematode laboratory food Escherichia coli OP50, this study used the Pristionchus
environment-derived bacterium Novosphingobium L76 that was originally shown to
increase killing efficiency of P. pacificus'. The long-term environmental induction
experiment study revealed diet-derived induction of the Eu mouth form during
Novosphingobium L76 exposure and subsequent TEI of this predatory phenotype
when worms were reverted to an E. coli diet (Fig. 1b). Interestingly, TEI of the Eu

morph requires a minimal exposure of five generations on the inducing
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Novosphingobium L76 diet, which is phenomenologically different from most other
examples of TEI that require only a short-term stimulus. Subsequent genetic studies
identified a previously unknown mechanism in the regulation of TEI®. Forward
genetic screens for mutants defective in transgenerational inheritance indicated an
essential role of the ubiquitin ligase EBAX-1/ZSWIM8 and the destabilization of
clustered microRNAs of the miR-2235/miR-35 family for transgenerational memory.
Specifically, Ppa-ebax-1 mutants show no memory whereas deletions of the miR-35
cluster result in precocious and extended TEI of the predatory mouth form (Fig. 1b).
While these studies start to provide molecular mechanisms underlying TEI, nothing
is known about the factors from Novosphingobium that induce the predatory mouth
form and its subsequent TEI. In this work, we studied bacterial metabolites and
found that vitamin B12 is both necessary and sufficient to induce the predatory
mouth form and its subsequent memory in a concentration-dependent manner. This
effect is inherited through increased vitellogenin transcription and consistent with this
finding, mutations in the single vitellogenin germline uptake receptor Ppa-rme-2 are
memory-defective. Thus, vitamin B12 induces vitellogenin provisioning in a

multigenerational manner to control organismal physiology and behavior.
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RESULTS

Vitamin B12 supplementation induces the predatory mouth form and its

subsequent transgenerational memory

Long-term environmental induction is performed by switching naive P.
pacificus RSC011 cultures that were always grown on the standard laboratory food
source E. coli OP50 to Novosphingobium L76 (Fig. 1b). This P. pacificus strain from
La Réunion Island is preferentially non-predatory (30%Eu:70%St) when grown on E.
coli. The original long-term environmental induction experiment with 110 isogenic
lines derived from the same ancestral RSC011 individual revealed dietary induction
of the predatory mouth form (Fig. 1b). This dietary effect is i) immediate (in
generation 1 on Novosphingobium), ii) complete (100% Eu progeny), iii) systemic (in
all 110 lines), and iv) permanent (throughout the entire experiment of 101
generations). Following the reversal from Novosphingobium back to the standard E.
coli OP50 diet, we observed TEI of the predatory mouth form (Fig.1b). Importantly,
such TEl is only seen after a minimal exposure to Novosphingobium for five
generations, whereas a shorter exposure will not result in memory of the predatory
morph.

We wanted to determine the molecular nature of the dietary stimulus inducing
the predatory mouth form and its transgenerational inheritance in P. pacificus
RSC011. The Novosphingobium L76 strain used in this experimental setup was
originally isolated from a Pristionchus-associated environment and was shown to
enhance killing efficiency of the P. pacificus wild type strain PS312, which is naturally
100% Eu'®. This study also identified bacterial vitamin B12 production to cause
enhanced predation, to accelerate worm development and increase brood size'®.
Therefore, we wanted to know if vitamin B12 would also play a role in dietary
induction of the predatory mouth form and TEI in P. pacificus RSC011 animals. For
that, we transferred single naive J4 animals to vitamin B12-supplemented agar
plates with E. coli OP50 as food source (Fig. 2a). It is important to note that E. coli
OP50 does not produce vitamin B12 but rather obtains its vitamin B12 from the
tryptone in the agar'®-'7. We originally used final concentrations of 500 nM, 1,000 nM
and 1,500 nM of one of the two active forms of vitamin B12, methyl-Cobalamin (Me-

Cbl), for supplementation, similar to previous studies in P. pacificus'. Note that
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these concentrations are substantially higher than those used in previous work in C.
elegans'’. Strikingly, we observed an immediate induction of the Eu mouth form after
vitamin B12 supplementation at all three concentrations used (Fig. 2b-d;
Supplementary Fig. 1b-d). However, vitamin B12 supplementation results in a strong
but not a complete induction of the Eu mouth form. Specifically, in three independent
biological replicates with a total of 60 assay plates we found high but incomplete

induction in the first generation after vitamin B12 supplementation (0.878

<HDI( 6 )< 0.994, where 0 is the inferred probability of developing the predatory
mouth form). This effect was seen over a period of 5 and 10 generations and was
observed in all lines (Fig. 2b-d; Supplementary Fig. 1b-d). Thus, vitamin B12 mimics
Novosphingobium-based induction of the predatory mouth form in P. pacificus.

To determine if vitamin B12 would also induce TEI of the predatory mouth
form, we established a mini-assay with a 5-generation or 10-generation exposure of
worms to a vitamin B12-supplemented E. coli diet, followed by 5 generations on an
un-supplemented diet (Fig. 2a-d; Supplementary Fig. 1a-d). Indeed, we observed
TEI of the predatory mouth form (Fig. 2b-d; Supplementary Fig. 1b-d). Animals
supplemented with 1,000 nM and 1,500 nM vitamin B12 showed TEI of the Eu mouth
form similar to animals that were exposed to Novosphingobium for 5 or 10
generations (Fig. 2b, c; Supplementary Fig. 1b, c¢). In contrast, a supplementation
with 500 nM of vitamin B12 only caused the induction of the predatory mouth form
but no full TEI of the Eu morph (Fig. 2d). Specifically, the response during reversal

only lasted for two generations, with all following generations being down to baseline
Eu frequencies (0.841 <HDI(Br4)< 0.987, 0.52
<HDI(Br,)=< 0.842, and 0.305 <HDI(Br3)< 0.637) (Fig. 2d and Supplementary Fig.

1d). Such a response is referred to as ‘intergenerational’, but not transgenerational
inheritance*. These results allow two major conclusions. First, vitamin B12
supplementation mimics diet-derived induction of the predatory mouth form and its
subsequent transgenerational inheritance. Second, the effect of vitamin B12 is
concentration dependent with only 1,500 and 1,000 nM but not 500 nM of vitamin
B12 causing TEI. To our knowledge, this is the first example of vitamin-induced

transgenerational memory.
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Novosphingobium and vitamin B12 supplementation induce limited

overlapping transcriptomic changes

Next, we wanted to know whether vitamin B12 supplementation can elicit
similar effects on gene expression as those caused by the Novosphingobium diet. In
principle, the Novosphingobium diet and vitamin B12 supplementation might induce
similar transcriptomic responses or alternatively, have limited overlap in individual
genes only. We examined the overlap of differential gene expression (DGE) found
between vitamin B12 supplementation on E. coli OP50 with Novosphingobium-
induced gene expression changes in RSC011 animals by using single worm
transcriptomics of day 1 adult individuals (Fig. 2g). After three generations of
exposure, Novosphingobium-upregulated genes were in parts also upregulated upon
vitamin B12 supplementation (Fig. 2g; Supplementary Data 1). Specifically, of the
530 upregulated genes after a three-generation vitamin B12 supplementation, 103
(12.2% of all uniquely upregulated genes) were also upregulated on
Novosphingobium. Notably, these shared genes correspond to 19.4% of the vitamin
B12-induced and 24.6% of the Novosphingobium-induced transcriptional responses.
Analysis of PFAM enrichment among these shared genes revealed that Lipase
GDSL (PF00657.26) and Lectin_C (PF00059.25) were enriched in both conditions,
suggesting that lipid metabolism and carbohydrate-binding/cell-surface
signaling form a core transcriptional response. Beyond this overlap, vitamin B12-
specific genes were uniquely enriched for CUB (PF00431.24), associated with
extracellular protein interactions, whereas Novosphingobium-specific genes were
enriched for Yae1_N (PF09811.13) and EryClllI-like_C (PF06722.16),
reflecting ribosome-associated functions and secondary metabolite biosynthesis,
respectively. These results highlight both conserved and condition-specific molecular
programs activated in response to vitamin B12 supplementation
and Novosphingobium exposure. (Fig. 2g; Supplementary Data 1). Thus, vitamin
B12 supplementation to the E. coli OP50 diet exhibits limited overlap with

Novosphingobium-induced gene expression changes.

Vitamin B12 is both necessary and sufficient to induce the predatory mouth

form and subsequent TEI
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Previous studies that established a role of dietary vitamin B12 on life history
traits in P. pacificus and C. elegans were based on screening Tn5-based bacterial
mutant libraries'®>'”. We used a Novosphingobium vitamin B12-deficient mutant to
study the effect of Novosphingobium-derived vitamin B12 on mouth-form plasticity
and TEI of the predatory morph. Using the 5-generation mini-assay described above,
we found that a Novosphingobium vitamin B12-deficient diet would still induce the Eu

mouth form (Fig. 2e). However, in contrast to a wild type Novosphingobium diet, the
induction is not complete and plateaus ~ 0.95% Eu (0.818 <HDI(6¢4)< 0.98 and
0.883 <<HDI(Br5)< 0.999). These results indicate that additional factor(s) besides

vitamin B12 are able to induce the predatory mouth form. Thus, the complete (100%)
induction of the Eu morph of P. pacificus RSC011 on Novosphingobium is due to
multiple factors.

In contrary, we found that the Novosphingobium vitamin B12-deficient diet
would not cause TEI of the predatory mouth form. When we reverted worm lines that
were exposed to the Novosphingobium vitamin B12-deficient diet for 5 generations

back to E. coli, we observed an immediate return to the base line response level

(0.135 <HDI(Br1)=< 0.47) (Fig. 2e). Similarly, when we reverted RSC011 lines that
had been exposed to this diet for 10 generations, we also did not observe TEI of the
predatory mouth form (Supplementary Fig. 1e). In contrast, vitamin B12
supplementation for 5 or 10 generations to the Novosphingobium vitamin B12-

deficient diet restored the normal TEI response after reversal to E. coli OP50 (0.772
<HDI(Br1)=< 0.971, 0.65 <HDI(Bg,)< 0.919, and 0.47 <HDI(6r3)< 0.832) (Fig. 2f;

Supplementary Fig. 1f). These results indicate that vitamin B12 is both necessary

and sufficient to induce the TEI of the predatory mouth form.

Vitamin B12-induced TEI of the predatory mouth form requires metr-1

In animals including humans, vitamin B12 acts as a cofactor of two enzymes,
methionine-synthase in the cytoplasm and methylmalonyl coenzyme A (CoA) mutase
in mitochondria (Fig. 3a)'8. In P. pacificus as in C. elegans, the methionine-synthase
is encoded by Ppa-metr-1. To manipulate the methylmalonyl coenzyme A (CoA)
mutase pathway, we targeted the upstream factor Ppa-mce-1, that is one-to-one

orthologous to Cel-mce-1. We targeted Ppa-metr-1 and Ppa-mce-1 in P. pacificus
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RSC011 by CRISPR to study a potential role in dietary induction and TEI of the
predatory mouth form (Fig. 3b). We obtained two frameshift alleles of Ppa-metr-1
and Ppa-mce-1 each, and tested all of them in our standard assay (Fig. 3b). First, we
studied the response of Ppa-metr-1 mutants to an E. coli diet supplemented with 500
nM, 1,000 nM and 1,500 nM vitamin B12. Ppa-metr-1 mutant animals failed to
respond to vitamin B12 indicating that the role of vitamin B12 in inducing the Eu
mouth form requires Ppa-metr-1 (Fig. 3c). Second, we grew Ppa-metr-1 mutants on
Novosphingobium and observed a mean induction of 8=0.96 throughout the
exposure of 5-10 generations (Fig. 3d; Supplementary Fig. 2a, b). This result is likely
due to the other Novosphingobium factor(s) that can induce the Eu mouth form as
indicated in the experiments using the Novosphingobium vitamin B12-deficient diet
(Fig. 2e; Supplementary Fig. 2e). Importantly, when we reverted Ppa-metr-1 mutants
from Novosphingobium back to E. coli, we observed no TEI of the predatory mouth
form (Fig. 3d; Supplementary Fig. 2a, b). These findings indicate that vitamin B12
acts as a cofactor of methionine-synthase in the transgenerational inheritance of the
Eu mouth form. Third, we tested Ppa-mce-1 mutants and observed an induction of
the Eu mouth form on Novosphingobium similar to wild type animals (Fig. 3e;
Supplementary Fig. 2d, e). After reversal, Ppa-mce-1 mutant animals responded
similar to wild type controls indicating that Ppa-MCE-1 is not involved in the TEI of
the predatory mouth form (Fig. 3e; Supplementary Fig. 2d, e). Note however, that the

response of Ppa-mce-1 mutants to vitamin B12-supplemented E. coli diet only

resulted in a partial Eu induction (0.256<HDI(8)< 0.616 for the highest vitamin B12
concentration) (Supplementary Fig. 2c). Together, our mutant analysis identifies a
requirement of Ppa-metr-1 for the vitamin B12-mediated induction of the predatory

mouth form and its subsequent TEI.

The Eu morph is already induced by 0.1 nM vitamin B12 supplementation

Given that the induction of the Eu morph and the transgenerational memory of
the predatory mouth form require different concentrations of vitamin B12, we next
wanted to know the minimal amount of vitamin B12 necessary to induce the Eu
morph. While our original experiments used a final concentration between 500 and

1,500 nM Me-Cbl (Fig. 2), we now reduced the concentration of vitamin B12 for



272
273
274
275
276
277
278
279
280

281

282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299

300
301
302
303
304

several orders of magnitude (Fig. 4). Supplementation experiments using 250 nM
and 125 nM vitamin B12, resulted in an immediate Eu mouth-form induction, but
reversal experiments after 5 or 10 generations resulted in an even shorter memory
than supplementation with 500 nM vitamin B12. Specifically, the response seen after
250 nM, 125 nM and 50 nM vitamin B12 lasted for only one generation (Fig. 4a-c;
Supplementary Fig. 3a, b). When we reduced the concentration of vitamin B12 even
further and supplemented with 10 nM, 5 nM, 2 nM and 0.1 nM vitamin B12, all four of
these concentrations still resulted in a strong induction of the Eu mouth-form

(Supplementary Fig. 3c-f). In contrast, worms had lost their memory already in the
F5R2 generation (for 50nM, 0.276 <HDI(6r,)< 0.655, for 10 nM, 0.238
<HDI(Bry)=< 0.612, and for 5 nM, 0.27 <HDI(Br,)=< 0.645) (Supplementary Fig.

3c-f). Thus, the reduction of vitamin B12 concentration in supplementation
experiments results in the loss of TEI of the predatory mouth form, while the
induction of the Eu morph remains high. When we reduced the vitamin B12
concentration even further, we found no induction of the predatory mouth form at a
concentration of 0.01 nM vitamin B12 (Supplementary Fig. 3g). Instead, worms
treated with this amount of vitamin B12 stayed at the baseline level of Eu mouth-form
similar to un-supplemented growth conditions. Therefore, TEI of the predatory mouth
form requires a substantially higher vitamin B12 concentration than the initial

induction of the Eu mouth form.

Transgenerational inheritance of the predatory morph requires methionine but

not folate

Next, we used supplementation experiments with two major metabolites in the
one-carbon cycle (Fig. 3a). First, we used 10 yM, 50 yM and 100 pM of folate
(vitamin B9) for supplementation of standard E. coli plates using similar range of
concentrations as a previous study in C. elegans*'. However, we found no credible
induction of the predatory mouth form (e.g., for 100 uM, 0.384 <HDI(6g,)< 0.755,
Fig. 4d-f). Note that this might be due to the micromolar doses of folate that had to
be used in these experiments due to solubility. In contrast, methionine
supplementation resulted in the induction of the predatory mouth form and

subsequent TEI; however, with different dynamics than what is observed after
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vitamin B12 supplementation. Specifically, supplementation with 5 mM, 10 mM and
20 mM methionine resulted in the induction of the Eu mouth form after several
generations of exposure (Fig. 4g-i). Note that this supplementation does not result in
100% Eu animals similar to supplementation with lower concentrations of vitamin
B12 (Fig. 4). However, reversal after five generations of exposure to methionine
indicates a TEI of the predatory mouth form that lasts for three generations (Fig. 4g-
i). Given that methionine significantly alters osmolarity, we controlled for this effect
using sorbitol'®. However, sorbitol supplementation did not induce the Eu morph,
indicating that the observed response is specific to methionine rather than osmotic
changes (Supplementary Fig. 3h). Overall, these results suggest that vitamin B12
might exert its function through methionine in the one-carbon cycle.

Given that vitamin B12 and methionine supplementations can both cause TEI
of the predatory morph, we performed single worm transcriptomic analysis of
methionine supplemented worms of day 1 adult individuals. The overlap of
upregulated genes between methionine supplementation
and Novosphingobium exposure was limited (6.8%), whereas vitamin B12
supplementation showed a larger overlap with Novosphingobium (12.2%), indicating
that vitamin B12 recapitulates a larger subset of the bacterial-induced transcriptional
program (Fig. 4j). Notably, the overlap between significantly upregulated genes after
vitamin B12 and methionine supplementation represents the largest fraction of 19%
(Fig. 4j). Together, these patterns suggest that vitamin B12 accounts for a larger

fraction of the Novosphingobium-induced transcriptional responses,

Vitamin B12 causes elevated nutrient provisioning

It is important to determine what type of changes act downstream of the
original stimulus to cause the inherited effect. This is of particular importance given
the different vitamin B12 concentrations necessary to induce the predatory mouth
form and its TEI. One possibility would be that vitamin B12 is directly transmitted
from the mother to the offspring. Alternatively, TEI might be a consequence of
factors acting downstream of vitamin B12. To test for the former possibility, we
generated mutants in mrp-5, a gene that was shown in C. elegans to be responsible

for the transport of vitamin B12 from mother to the offspring?°. Indeed, P. pacificus
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has a 1:1 ortholog of mrp-5 and we were able to create two mutations in Ppa-mrp-5
that result in frameshifts (Fig. 5a). However, Ppa-mrp-5 mutants show a normal TEI
of the predatory mouth form (Fig. 5b,c). These findings suggest that TEl is unlikely to
be driven by direct vitamin B12 transmission and instead depends on downstream
factors or alternative transport mechanisms.

In principle, a multigenerational vitamin B12-rich diet could induce a plethora
of transcriptional changes in the worm. Therefore, we extended our gene expression
analysis to cultures after reversal and compared transcriptional profiles of single
naive, F3 and F5 generation worms on Novosphingobium with F3R2, F4R2, F5R2
and F10R2 generations after reversal to E. coli (Fig. 5d). We used FnR2 rather than
FnR1 generations to rule out any effect of the kanamycin treatments in the FnR1
generation. Note that we could not use single worm transcriptomic analyses for this
large set of conditions and instead, performed these experiments by harvesting
cultures with preferentially adult individuals. We found a consistently strong increase
in the expression of vitellogenin genes, encoding the nematode yolk proteins, after
Novosphingobium exposure with multiple vitellogenin genes remaining at higher
expression levels in comparison to naive animals (FDR-corrected p value <0.01)
(Fig. 5e). Note that vitellogenin genes were also upregulated in our single worm
transcriptomic dataset described above (Fig. 2g), but several of them were not
significant. As vitellogenins are transmitted from mothers to offspring, they represent
potential candidates for a function in TEI of the predatory mouth form.

P. pacificus shows a more complex vitellogenin composition when compared
with C. elegans. While the C. elegans N2 genome contains six vitellogenin genes, P.
pacificus RSC011 has 9 genes all of which are most closely related to Cel-vit-6 (Fig.
5f, g). We therefore named these genes Ppa-vit-6-A to Ppa-vit-6-1 based on their
location along the chromosome (Fig. 5f, g). While more similar to one another in
sequence than the Cel-vit genes, the divergence between the Ppa-vit genes still
allows the distinction of individual genes in gene expression analysis (Fig. 5e). We
found that 8 of the 9 vitellogenin genes are upregulated upon Novosphingobium
exposure, four of which show an increased expression of at least eightfold in the F10
generation (Fig. 5e; Supplementary Data 2). A similar increase in expression was
seen in all other tested generations on Novosphingobium. After reversal to E. coli the
majority of vitellogenin genes were less expressed than on Novosphingobium;

however, expression remained substantially higher than in naive animals that had
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never been exposed to Novosphingobium (Fig. 5e). Thus, exposure to a
multigenerational Novosphingobium diet and subsequent reversal to E. coli cause

elevated vitellogenin transcription resulting in increased nutritional provisioning.

Receptor-mediated endocytosis (rme-2) mutants have no memory

The correlation between elevated vitellogenin expression and the formation of
the predatory mouth-form during and after Novosphingobium exposure suggests a
role of nutritional provisioning in transgenerational memory. To provide mechanistic
evidence for this hypothesis, we investigated the receptor involved in vitellogenin
uptake into the germline. In nematodes, vitellogenin is produced in the intestine and
the low-density lipoprotein receptor (LDLR) encoded by rme-2 (receptor-mediated
endocytosis protein) was shown to represent the single protein involved in
vitellogenin uptake into the germline?'?2. In C. elegans, rme-2 mutant embryos
contain no detectable yolk and the brood size of homozygous mutant animals is
strongly reduced?'. In P. pacificus, there is a 1:1 ortholog Ppa-RME-2 with a 55%
amino acid sequence similarity (Fig. 6a). Strikingly, we had isolated three mutant
alleles of Ppa-rme-2 in our EMS mutagenesis screen for predatory mouth-form
Transgenerational-inheritance-defective (Tid) mutants reported previously (Fig. 6a;
Supplementary Table 2)3. This finding would be consistent with a role of vitellogenin
in memory formation.

To rule out the possibility that EMS-induced mutations in genes other than
Ppa-rme-2 have resulted in the observed Tid phenotype, we generated an additional
knock-out mutation by CRISPR engineering. The Ppa-rme-2(tu2155) allele has a 16
bp insertion that results in a premature stop codon (Fig. 6a). When we tested the
Ppa-rme-2(tu2155) allele in a 5 generation Novosphingobium assay, we observed an
incomplete induction of the Eu morph for all five generations of Novosphingobium
exposures (0.64 <HDI(Op1.4,2775)< 0.928, 0.664
<HDI(Bf;)=< 0.94, and 0.628 <HDI(8¢5)< 0.921) (Fig. 6b). This result indicates that
in the absence of RME-2 and vitellogenin uptake into the germline, the predatory
mouth-form can still be induced, which is likely due to other Novosphingobium-
derived factors as previously indicated (Fig. 2c). In contrast, after the reversal to E.

coli, Ppa-rme-2(tu2155) did not show transgenerational memory of the predatory
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morph (0.12 <HDI(8psgy.mz175)< 0.431, 0.147 <HDI(Bpsp,)< 0.484) (Fig. 6b). Thus,

vitellogenin is involved in the formation of transgenerational memory of the predatory

mouth-form in P. pacificus indicating a role for nutrient provisioning in this process.
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DISCUSSION

This work demonstrates that a food-derived vitamin can cause transgenerational
memory of a morphological trait and its associated behavior over multiple
generations. The identification of vitamin B12 as inducing stimulus for the TEI of the
predatory mouth form in P. pacificus after multigenerational exposure to
Novosphingobium indicates the significance of bacterial metabolites for animal
development, growth and behavior and provides links to vitamin B12 deficiency in
humans. Vitamin B12 (cobalamin) is the largest and most complex vitamin'823,
Exclusively synthesized by bacteria and some archaea, vitamin B12 is essential for
animals including humans. However, not all bacteria produce vitamin B12 and the
standard C. elegans/P. pacificus food source, E. coli OP50, is a non-vitamin B12
producer. Therefore, under standard laboratory growth conditions, vitamin B12 is
one of the growth-limiting factors for E. coli bacteria and worms, and both obtain
vitamin B12 exclusively from the tryptone in the agar plates'®. Consistently, previous
work indicated that vitamin B12 supplementation or a vitamin B12-rich Comamonas
or Novosphingobium diet affect several C. elegans life history traits and killing
efficiency in P. pacificus'®1724.25,

Bacterial and animal requirement for vitamin B12 is low. For example, for E.
coli it was estimated that only 20 cobalamin molecules per cell are sufficient to
support growth?®. In humans, the total body content of vitamin B12 is estimated to be
1-5 mg with a daily requirement of 2-3 ug?’?8. In C. elegans, studies by Bito and co-
worker have shown that culture of worms under strict vitamin B12-deficient
conditions will result in a gradual decrease of the vitamin B12 content over five
generations’®. In the fifth generation, C. elegans had only 4% of vitamin B12 relative
to worms growing under standard conditions and started to show a loss of fertility
and reduced lifespan at these reduced concentrations'®. These findings are
consistent with three of our observations; i) the multigenerational exposure to a
Novosphingobium diet being necessary to induce TEI of the predatory mouth form, ii)
the capability of vitamin B12 supplementation to induce TEI of this phenotype, and
most importantly iii) the concentration-dependent effect of vitamin B12
supplementation. It is important to note that most studies in nematodes used un-
physiological amounts of vitamin B12 supplementation and in P. pacificus, we have

to use even higher concentrations than in C. elegans to see TEI of the predatory
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morph. However, vitamin B12 is not directly taken up by the worms from the agar
and instead is ingested through the E. coli diet. Given that the direct measurement of
vitamin B12 still represents a major challenge, the exact amount of vitamin B12 in C.
elegans or P. pacificus after a Comamonas or Novosphingobium diet is currently
unknown, a limitation that is common to all studies on vitamin B122°.

The experiments with Ppa-mrp-5 mutants show a normal TEI suggesting that
it is not the direct transmission of vitamin B12 but a downstream factor causing the
observed memory. However, the transgenerational effect is slightly decreased
compared to wild type and one possibility that cannot be completely ruled out is that
multiple transporters in addition to Ppa-mrp-5 are involved in vitamin B12
transmission. Nonetheless, Ppa-mrp-5 is one-to-one orthologous to Cel-mrp-5; thus,
there are no additional copies of this transporter in the P. pacificus genome.

In P. pacificus, the inherited effect of vitamin B12 acts through vitellogenin.
Vitellogenins are a family of yolk proteins representing the most abundant proteins in
oviparous animals. Previous work in C. elegans had indicated a role of vitellogenins
for post-embryonic development and fertility?°. Increased vitellogenin provisioning is
associated with several post-embryonic phenotypic alterations, i.e. advanced
maternal age. Specifically, young C. elegans mothers provide less embryonic
vitellogenin resulting in early-hatched larvae being smaller and slower to reach
adulthood. In contrast, older mothers provide more vitellogenin resulting in larger
larvae that are also more starvation resistant, indicating an intergenerational signal
that mediates the influence of parental physiology on progeny?2. In addition, it is
important to note that vitellogenins are part of a lipoprotein complex which also
carries lipids. These lipids are also dependent on RME-2 and recent studies in C.
elegans have indeed indicated that they are involved in intergenerational
inheritance3'32,

The work described in this study has to be seen in the context of the ecology
of P. pacificus nematodes. The majority of Pristionchus species is found in
association with scarab beetles, where nematodes attach as dauer larvae to adult
beetles33. After the death of the insect in the soil, Pristionchus and other nematodes
compete for the limited food source on the beetle carcass. Through the ability to
consume bacteria, fungi and other nematodes, Pristionchus has an advantage in this
heterogeneous environment, a phenomenon referred to as intraguild predation3*.

Therefore, the observed transgenerational memory might represent an advantage for
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subsequent generations. Interestingly, we have previously shown that P. pacificus
can selectively feed on vitamin B12-producing bacteria in a semi-natural beetle
carcass habitat®®. In conclusion, our work extends recent findings indicating that
nutrient provisioning affects organismal physiology and behavior involving
transgenerational inheritance and requires epigenetic factors. This multigenerational
effect highlights the significance of exceptions to the Weissmann barrier and
suggests the transmission of vitellogenin and potentially other lipids from somatic
tissues into the germline to have important consequences for development and

evolution.
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Methods

Data and code availability
All the code and data for Bayesian analysis are available at

https://qithub.com/shielapearl18/Bayesian-estimates-of-mouth-form-responses-in-

vitamin-B12-enriched-environment.

Sequencing data that was generated for the current study has been submitted to the

European Nucleotide Archive under the project accession PRJEB74486.

Experimental model and subject details

The ancestral P. pacificus RSC011 isolate used in this study was frozen within the
first 5-10 generations after original isolation from Coteau Kerveguen on La Réunion
to minimize domestication and thereby, facilitate the investigation of diet-induced
plasticity and transgenerational epigenetic inheritance. Nematodes were grown
under standard nematode growth conditions on NGM plates seeded with either
Escherichia coli OP50 or Novosphingobium L76 and maintained at 20°C. The
RSC011 stock was not subjected to bleaching, starvation, extreme temperature

fluctuations as they are known to influence mouth-form ratios.

Bacterial strains conditions

All bacterial strains and mutants were grown overnight in LB (Lysogeny broth)
supplemented with 50 ug/ml kanamycin where required to initiate food reversal.
Bacteria were grown at 30 °C or 37 °C depending on the species and 6 cm nematode
growth medium (NGM) plates were seeded with 300 ul bacterial overnight cultures

and were incubated for 2 days.
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Nematode culture and dietary reversal experiments

Overnight cultures of E. coli OP50 and Novosphingobium L76 were spread to NGM
plates and incubated at room temperature for 2 days. The P. pacificus RSC011
strain is preferentially St (20-40% Eu) on a standard E. coli OP50 diet.
Novosphingobium exposure is performed by picking single J4 larvae onto a
Novosphingobium L76 diet. J4 worms were initially left for at least an hour on an
initial Novosphingobium diet to reduce traces of E. coli OP50 before transferring to
final F1 Novosphingobium plates. Reversal experiments to an E. coli OP50 diet were
performed after exposing of RSC011 worms for various numbers of generations, i.e.
1, 3, 5, 10 or 15 generations on Novosphingobium L76. Worms were initially
transferred from Novosphingobium L76 to NGM plates supplemented with 50 ug/mi
of kanamycin for one generation, then back to E. coli OP50-seeded NGM plates for
subsequent generations. Exposure to kanamycin for a single generation to eliminate

traces of Novosphingobium did not affect mouth-form response?®.
Mouth-form phenotyping

Mouth-from phenotyping was performed using Zeiss Discovery V.20 stereo
microscope (X150 magnification) by observing the nematode buccal cavity based on
mouth-form identities previously described®. Final mouth-form frequencies are the

mean of at least 20 replicates, each assaying 20 animals from a single plate.
Statistical analysis

To estimate the probability of developing the probability of developing the Eu mouth
form in P. pacificus (0), we constructed a hierarchical Bayesian model as previously
described?

y,~Bernoulli(8)

8~Beta(w(k-2)+1, (1-w)(k-2)+1)
w~Beta(a,B)

k~Gamma(3, 1)
where 0 is calculated for each replicate and hyperparameters » and « link the
biological replicates for a given generation under a given experimental condition?®.

The model was fitted to the laboratory measurements using PyMC3" in Python 3.11
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with Numpy 1.25.2%8. The mean highest density interval (HDI) for @ for a group of
observations was used to visualize the inferred probability of developing the Eu

mouth form. We ensured that the estimated 8 values were stable using common

convergence diagnostics with effective sample size (ESS) =10000%°,
CRISPR/Cas9-Induced Mutations

Mutations in candidate genes were generated using CRISPR/Cas9 following the
previously described protocols*®. Gene-specific crRNAs and universal trans-
activating CRISPR RNA (tracrRNA) were obtained from Integrated DNA
Technologies. Equal volumes of (5 ul) of each 100 uM stock were mixed and
denatured at 95 °C for 5 min, then allowed to anneal at room temperature. Cas9
endonuclease (New England Biolab) was added to the hybridized product and
incubated at room temperature for 5 min. TE buffer was used to adjust to final
concentrations of 18.1 uM for the sgRNA and 2.5 uM for Cas9. The resulting mixture
was microinjected into the germline of 40-50 P. pacificus RSC011 young adults.
Eggs from injected POs were collected up to 16 hours post-injection. After hatching
and two days of growth, the F1 progeny was segregated onto individual plates until
they had fully-developed and laid eggs sufficiently. F1 genotypes were screened
using Sanger sequencing and mutations were identified prior to isolation of
homozygous mutants. Details of sgRNAs and primers used in this study are provided
in the supplementary table. Evidence for null alleles was based on frameshift

mutations causing premature stop codons in protein coding sequences.
Metabolite supplementation assays

Methylcobalamin (Vitamin B12 CAS No. 13422-55—4), L-methionine (CAS No. 63—
68-3) and folate (CAS No. 59-30-3) were purchased from Sigma and dissolved in
water at the highest possible soluble concentrations to prepare stock solution. To
quantify real phenotypic effects and control for altered NGM osmolarity, D-sorbitol
(CAS No.) was added'® at a final working concentration of 5 mM, 10 mM and 20 mM.
All stocks were prepared fresh before use in each experiment. Metabolite solutions
were mixed with NGM agar at the required concentration just before pouring to 6 cm
plates. Plates were allowed to dry at room temperature for two days and then

spotted with E. coli OP50. We first tested different concentrations of vitamin B12 and
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found the strongest and most reliable transgenerational epigenetic memory effect
with a concentration of 1000 nM and 1500 nM, which is most likely un-physiological.
Similarly in C. elegans, dose-dependent effects have been seen for vitamin B12.1”
Different concentrations for methionine and folate supplementation were based on

previous studies’41.
RNA sequencing and data analysis

We used single worm transcriptomics (SWT) of naive, and RSC011 worms reared
on Novosphingobium for three generations using five independent replicates, similar
to previously established protocols*?. E. coli OP50 supplemented with vitamin B12
and methionine were also processed with the SWT protocol. In contrast, we used
mixed cultures for assaying independent generational datapoints during
Novosphingobium induction and reversal experiments in F3R2, F4R2, F5R2 and
F10R2 generations. For that, worms were harvested from three NGM plates. In
general, worms were pelleted for RNA extraction and total RNA was isolated using
Direct-Zol RNA Mini prep kit (Zymo Research) following the manufacturer's
instructions. The RNA-seq library preparation and sequencing were performed by
the company Novogene. Raw reads were aligned to the P. pacificus

RSCO011 reference genome using Hisat24® (version 2.1.0), and read counts were
quantified with featureCounts** based on the RSC011 gene annotations. For the
analysis of vitellogenin expression, we combined raw counts of the three transcripts
(RSC011000007769, RSC011000004509 and RSC011000017258) into a single vit-
6-B count. Differential gene expression analysis was performed in R (version 4.0.3)
using DESeqg2 (version 1.18.1)%. For single-worm RNA-seq samples, genes with
padj < 0.05 were considered differentially expressed to account for higher inter-
individual variability. For mixed-worm RNA-seq samples, a more stringent cutoff of
padj < 0.01 was applied, reflecting the lower variability and increased confidence in
expression differences. Tests for overrepresentation of protein domains in sets of
differentially expressed genes were performed using a Fisher’s exact test in R. We
used the FDR method as implemented in the p.adjust function in R to correct for

multiple testing and only retained results with adjusted P-value < 0.01.

Phylogenetic analysis
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One- to- one orthologous genes between P. pacificus and C. elegans was identified
from BLASTP searches and were validated by phylogenetic analysis. Proteins were
aligned using Clustal Omega*® and the output FASTA file was uploaded to the IQ-
TREE tool*"#®. Analysis was performed under default settings using the auto
substitution model, and 1000 bootstrap alignments were calculated with ultrafast
setting. FigTree was used to visualized the resulting phylogenetic tree

(http://tree.bio.ed.ac.uk/software/figtree/).
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Figure Legends

Figure 1. A role for the ubiquitin ligase EBAX-1/ZWSIM8 in dietary-induced
transgenerational inheritance of the predatory mouth form in Pristionchus
pacificus

a, Mouth dimorphism of P. pacificus. The eurystomatous (Eu) morph has a wide
mouth with two teeth and feeds on bacteria and nematodes, whereas the
stenostomatous (St) morph has a narrow mouth with a single tooth and feeds only
on microbes. Right picture: Adult Eu P. pacificus devouring a C. elegans larval prey.
b, Graphical representation derived from Quiobe et al., 2025. Using long-term dietary
induction and food-reversal experiments across 110 isogenic P. pacificus lines
propagated for 101 generations demonstrated dietary induction and
transgenerational inheritance of the predatory mouth form. Further studies identified
EBAX-1/ZSWIM8-mediated destabilization of the expanded miR-2235a/miR-35
mMiRNA cluster as a key mechanism underlying this inheritance, consistent with a role

for target-directed miRNA degradation.

Figure 2. Diet-derived vitamin B12 induces the predatory mouth form and its
transgenerational inheritance

a, Schematic diagram for vitamin B12 supplementation showing five generations on
vitamin B12-supplemented plates and subsequent exposure to non-supplemented E.
coli plates. b-d, Vitamin B12 supplementation mimics induction and subsequent
transgenerational inheritance of the Eu mouth form. Mean probability of predatory
mouth form for five generations on 1,500 nM, 1,000 nM, and 500 nM vitamin B12-
supplemented E. coli and five generations on non-supplemented E. coli. e,
Novosphingobium vitamin B12-deficient mutant induces the predatory morph but not
its transgenerational inheritance. Mean probability of the predatory mouth form on a
Novosphingobium vitamin B12-deficient mutant and reversal to E. coli. f, Rescue of
transgenerational inheritance of the predatory mouth form by supplementing
exogenous vitamin B12 to Novosphingobium vitamin B12-deficient mutant. Mean
probability of predatory mouth form for 5 generations on vitamin B12-supplemented
Novosphingobium mutants and subsequent reversal to E. coli. g, Differential gene
expression and enrichment analyses through single-worm transcriptomics. Exposure

to Novosphingobium and vitamin B12 supplemented E. coli revealed overlapping
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differentially-expressed transcripts relative to worm cultures grown on a standard E.
coli diet. The pathways with most significant enrichment (FDR-corrected p value
<0.01) for three generations on Novosphingobium and B12-supplemented E. coli are

shown. See also Supplementary Fig.1.

Figure 3. Vitamin B12 functions as a cofactor for methionine synthase metr-1
in the transgenerational inheritance of the Eu morph

a, Requirement for vitamin B12 as cofactor for two enzymes in the cytosol and
mitochondria. In the cytoplasm, it acts as cofactor of methionine synthase (metr-1)
as part of the one carbon cycle. In the mitochondria, vitamin B12 is a co-factor of
methylmalonyl coenzyme A mutase. Both genes (metr-1 and mce-1) encoding the
metabolic enzymes in which vitamin B12 acts as a cofactor are shown. Red, vitamin
B12; Blue, vitamin B6. b, CRISPR/Cas9-induced mutations in Ppa-METR-1 and
Ppa-MCE-1 with target locations indicated in respective protein domains (sgRNA,
arrow). Molecular lesions of isolated mutations via CRISPR/Cas9 are also shown. c-
d, Requirement of Ppa-metr-1 in transgenerational inheritance of vitamin B12-
induced Eu mouth form. ¢, Mean probability of predatory mouth-form in Ppa-metr-1
mutant animals on vitamin B12-supplemented E. coli compared to wild type. d, Mean
probability of the predatory mouth form in Ppa-metr-1 mutant animals on a
Novosphingobium diet and reversal to E. coli compared to the wild type response. e,
Mean probability of the predatory mouth form in Ppa-mce-1 mutant animals exposed
to Novosphingobium and reversal to E. coli compared to wild type response. See

also Supplementary Fig. 2 and Supplementary Table 1.

Figure 4. Memory of the induced predatory mouth form after supplementation
with different concentrations of vitamin B12, methionine and folate.

a-c, Concentration-dependent effect of vitamin B12 on memory transmission. (a)
Mean probability of predatory mouth-form after a 5-generation exposure to 250 nM
vitamin B12 shows Eu memory for two generations. Further reduction of vitamin B12
concentration to (b) 125 nM, (c¢) 50 nM, shows a single generation of Eu memory on

un-supplemented E. coli diets. nM, nanomolar. d-f, Mean probability of the predatory

mouth form on folate-supplemented E. coli plates with (d) 100 v M, (e) 50 uM and (f)
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10 uM working concentration of folate. g-i, Mean probability of the predatory mouth
form on methionine-supplemented E. coli plates with (g) 20 mM, (h) 10 mM and (i)
5mM working concentration of methionine. mM, millimolar; uM, micromolar. j,
Differential gene expression and enrichment analyses. Exposure to methionine-
supplemented E. coli showed upregulated overlapping transcripts with
Novosphingobium and vitamin B12 supplemented E. coli. Differentially-induced
genes are identified relative to worm cultures grown on a standard E. coli diet. The
pathways with most significant enrichment (FDR-corrected p value <0.01) for three
generations on methionine-supplemented E. coli are shown. See also

Supplementary Fig.3.

Figure 5. Ppa-MRP-5 is dispensable in TEI of the predatory morph and
vitellogenin gene cluster organization.

a, CRISPR/Cas9-induced mutations in Ppa-MRP-5 with target locations indicated in
respective protein domains (sgRNA, arrow). Molecular lesions of isolated mutations
via CRISPR/Cas9 are also shown. b-c, Mean probability of predatory mouth-form in
Ppa-mrp-5 mutant animals (tu2061 and tu2062) on Novosphingobium for 10
generations compared to wild type. d, Graphical representation of the experiment.
Generations highlighted in grey indicate worm populations sent for RNA sequencing.
e, Vitellogenin expression of all 9 genes under different wildtype conditions:
Log2FoldChange (log2FC) values are shown for worms on a Novosphingobium diet
(F3, F4, F5, F10) and reversal to E. coli (F3R2, FAR2, F5R2, F10R2). Naive animals
on E. coli (PO) were used as reference to generate log2FC values. f, P. pacificus
RSCO011 has 9 vitellogenin genes all located on the X chromosome distributed over a
17 Mb range. These genes are named Ppa-vit-6-A to Ppa-vit-6-1 based on their
location along the chromosome. Note that there are three transcripts that encodes
for Ppa-vit-6-B. g, Phylogeny of the P. pacificus and C. elegans vitellogenin genes.
In C. elegans, six vitellogenin genes show higher sequence divergence with the Cel-
vit-6 gene being the most diverse gene copy. Note that it is Cel-vit-6 that is most
similar to the individual genes in P. pacificus and also other nematodes. Nodes with

bootstrap values of >90 are labelled with asterisks (*).
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Figure 6. The low-density lipoprotein receptor related protein RME-2 is
required for vitamin B12 transmission and transgenerational inheritance of the
predatory morph

a, Domain architecture of C. elegans and P. pacificus RME-2, sequence similarity
and position of molecular lesions in three Ppa-rme-2 mutants are highlighted. Three
alleles isolated in a forward genetic EMS mutagenesis screen carry point mutations
resulting in amino acid changes as indicated. See also Supplementary Table 2 for
the isolated alleles from the genetic screen. We designed a sgRNA in the C-terminal
region where two of the original EMS alleles carry their mutation. The frameshift
allele tu2215 was used for further analysis. b, Mean probability of the predatory
mouth form of Ppa-rme-2(tu2215) after a Novosphingobium exposure of 5 (left) and

10 (right) generations.
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Supplementary Figure 1. Induction of the predatory mouth form by vitamin
B12- supplemented E. coli, Novosphingobium vitamin B12-deficient mutant

and vitamin B12 rescue.

a, Schematic diagram of worms grown on E. coli supplemented with vitamin B12 for
10 generations and reversal to un-supplemented E. coli. b-d, Mean probability of the
predatory mouth form after 10 generations of vitamin B12 supplementation with
1,500 nM (b), 1000 nM (c) and 500 nM (d) vitamin B12 and reversal to un-
supplemented E. coli. e, Mean probability of the predatory mouth form after 10
generations on a Novosphingobium vitamin B12-deficient mutant and reversal to E.
coli. e, Mean probability of the predatory mouth form after 10 generations on a
Novosphingobium vitamin B12-deficient mutant supplemented with exogenous
vitamin B12 and reversal to E. coli. e, Overlap of downregulated transcripts during
induction on Novosphingobium and vitamin B12-supplemented E. coli for three
generations.
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Supplementary Figure 2. Ppa-metr-1 and Ppa-mce-1 response on

Novosphingobium and reversal to E. coli.

a,b, Mean probability of the predatory mouth form in Ppa-metr-1 mutant animals on

Novosphingobium after 10 generations of exposure and reversal to E. coli. ¢, Mean

probability of the predatory mouth form in Ppa-mce-1 mutant animals on vitamin

B12-supplemented E. coli plates. d,e, Mean probability of the predatory mouth form

in Ppa-mce-1 mutant animals on Novosphingobium after 10 generations of exposure

and reversal to E. coli. More details about the molecular lesions are listed in

Supplementary Table 1.
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Supplementary Figure 3. Vitamin B12 supplementation on the induced
predatory mouth form and its maternal effect after reversal on E. coli.

a-b, Mean probability of predatory mouth-form on (a) 250, (b) 125 nanomolar (nM) of
vitamin B12 supplementation for 10 generations and subsequent exposure to un-

supplemented E. coli. c-e, Mean probability of predatory mouth-form on (c) 10, (d) 5,
(e) 2 nM of vitamin B12 supplementation for 5 generations and subsequent exposure
to un-supplemented E. coli. f-g, Mean probability of predatory mouth-form on (f) 0.1,
(g9) 0.01 nM. of vitamin B12 supplementation for 2 generations. i, Mean probability of

predatory mouth-form on sorbitol-supplemented E. coli plates.



Alleles Gene ID; C. Molecular sgRNA(PAM) Forward primer Reverse primer
elegans best hit lesions

tu2063 RSC011000010081; 10 bp net
metr-1 insertion
AGAAATGAGACCATTCGTAG(AGG) GAGAACCACACTCCGATACG CAACTTGACTACGAGCTATTG

tu2064 55 bp net
insertion

tu2059 RSC011000034399; 13 bp CGCCACTCCGGACATCGAGA(AGG) CGCCAATCTTACCAGAGTGA CATTGATGTCCTTGACCTAC
mce-1 insertion

tu2060 28 bp
deletion

Supplementary Table 1. Molecular lesions of Ppa-metr-1 and Ppa-mce-1.

C. elegans 1:1 Nucleotide
Alelle Gene ID ortholog Position Reference Variant Mutation type substitution
RSC011000018058 rme-2 12582507 G A nonsynonym [R>K] AGG>AAG
RSC011000018058 rme-2 12582467 C T nonsynonym [L>F] CTT>TTT

tu797 RSC011000018058 rme-2 12579999 C T nonsynonym [L>F] CTC>TTC

Supplementary Table 2. Ppa-rme-2 alleles isolated from the genetic screen by EMS mutagenesis.
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Abstract

Continuous developments in sequencing technologies have led to the generation of
chromosome-scale genome assemblies across the whole tree of life, but our ability to
annotate genomes has lacked behind. One major problem consists in the fact that typically
not all genes are expressed at detectable levels at any given life stage or environment.
Therefore, available transcriptome data needs to be complemented by gene prediction
programs and protein homology evidence. However, how to optimally combine these
different data types is not well understood. Here, we present a case study, where we
community curated gene annotations of the Pristionchus pacificus strain RSC011. By
incorporation of new Iso-seq and RNA-seq data and genome-wide screening, we identified
and corrected more than 7,500 (~24%) gene models. While the improved gene annotation
for the RSCO011 strain will be useful for the P. pacificus community, our study reveals several
gene annotation problems that may affect data from other species. Among these, we
identified assembly errors, artificial transcript fusions resulting from overlapping genes and
polycistronic RNAs, falsely called open reading frames, and error propagation based on
homology data as frequent sources of gene annotation errors. Thus, our findings may be

helpful in guiding future efforts to annotate genomes across different taxonomic groups.

Introduction

The nematode Pristionchus pacificus is an established model for investigating
developmental plasticity [1,2], host microbe interactions [3,4], and behavior [5,6]. It
complements Caenorhabditis elegans by virtue of additional ecological and behavioral traits
—most notably, a feeding-structure polyphenism in which individuals adopt either a narrow,
bacteriovorous stenostomatous form or a wide, predatory eurystomatous form [7,8]. This

discrete mouth form switch, conditioned by a combination of environmental cues and genetic
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regulators, makes P. pacificus especially amenable for dissecting how organisms sense and

integrate environmental signals resulting in developmental decisions [2,9].

P. pacificus is a cosmopolitan species and ongoing field trips have collected more
than one thousand natural isolates of which hundreds have available whole genome
resequencing data [10-12]. Among the diverse natural isolates of P. pacificus, the strain
RSCO011 is of particular interest. In contrast to many strains that are biased toward the
eurystomatous morph under laboratory conditions, RSC011 maintains a relatively high
baseline frequency of the stenostomatous form [7,13]. Previously, we exploited this feature
in order to dissect the genetic basis of natural variation in the mouth form plasticity [13]. In
that study, we crossed strains differing in mouth form frequencies, created recombinant
inbred lines, and performed QTL mapping. This identified a multigene locus including the key
regulator eud-1 whose cis-regulatory architecture was found to modulate the frequency of
the predatory morph [13]. More recently, we leveraged the P. pacificus RSC011 strain in an
experimental evolution study to explore environmental influences on mouth form plasticity
and associated transgenerational epigenetic inheritance [14]. Using long-term environmental
induction and food-reversal experiments, we observed the dietary induction and subsequent
transgenerational inheritance of the eurystomatous morph. By forward genetic screening, we
identified a role of ubiquitin ligase EBAX-1/ZSWIM8 in this process. Ppa-ebax-1 mutants are
transgenerational inheritance defective, and Ppa-EBAX-1 regulates a microRNA cluster of
the family miR-2235a/miR-35. One byproduct of that work was the assembly and annotation
of the RSC011 genome, which provided a critical resource for identifying regulators of
transgenerational inheritance [14]. The RSC011 genome could be assembled and
scaffolded to the level of chromosomes and evidence-based gene models were generated
by the PPCAC pipeline (‘PPCACL’, Table 1) that uses transcriptomic and homology data to
guide the annotation process [15]. However, the quality of these automatically generated

gene annotations is likely inferior to the gene annotations of the commonly used P. pacificus
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83 ‘wildtype’ reference strain PS312, which had been subject to two rounds of extensive

84 community curation [16,17]. In these two studies, we manually inspected thousands of

85 suspicious candidate loci and could identify and correct artificial gene fusions and add

86 missing genes [16,17]. Similar approaches were more recently adapted by different groups
87 in order to improve the quality of gene annotations of other nematode species [18—-21]. Here,
88 we report a community curation effort to improve the quality of the RSC011 gene

89 annotations. This will make the RSC011 genome a better resource for future experimental
90 studies and at the same time, our findings may be used to guide and improve gene

91 annotation processes for other genomes.

92 Results

93
94 Retained introns, overlapping genes, polycistronic reads, and assembly errors cause

95 gene models with unusually long UTRs

96 In order to improve the gene annotations for the P. pacificus strain RSC011, we generated

97 Iso-seq data of mixed-stage populations and RNA-seq data of different developmental

98 stages (eggs, J2, J3, J4, and adult worms). All transcriptomic data were generated using

99 nematode cultures that were grown on E. coli OP50 bacteria as diet. Overall, we obtained
100 1.37 million HiFi reads with a median length of 2.1 kb. These Iso-seq reads were aligned
101 against the RSC011 genome assembly by the software GMAP and then assembled by the
102 software stringtie [22,23]. lllumina RNA-seq data was first assembled into longer transcripts
103 using the software trinity [24], and then processed in the same way as the Iso-seq data. We
104 adapted the PPCAC annotation pipeline [15] to incorporate these transcriptomic gene
105 models (Fig 1). Thereby, we noticed that 4113 gene models had more than three exons that
106 were annotated as untranslated regions (UTR) either as 3’ or 5’. Following previously

107 established protocols for community curation, we inspected several hundreds of such cases
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108 manually in the genome browser [16,17,25]. This showed that those unusually long UTRs
109 were frequently caused by retained introns, overlapping genes, polycistronic reads, and

110 assembly errors (Fig 2A-C). Note that nematodes have operon-like structures that produce
111 polycistronic transcripts which are later processed into mature moncistronic transcripts by
112 trans-plicing [19]. Most cases of polycistronic reads in the RSC011 genome appear to be
113 derived from such immature operon transcripts. While in many cases, community curation
114 was able to replace problematic cases with alternative gene models, this method could not
115 easily correct misannotations resulting from assembly errors. Therefore, we decided to

116 create a polished version of the RSC011 genome.

117

118 Genome assembly polishing greatly reduced the humber of problematic gene models
119 To correct potential assembly errors in the RSC011 genome, we leveraged existing whole
120 genome sequencing data from over 160 mutant lines that were derived from the RSC011
121 strain [14] and searched for substitutions and indels that were found in more than 100 of
122 these mutant lines. This resulted in 1883 substitutions and 42,138 indels that likely

123 represented assembly errors. We generated a polished version of the RSC011 genome

124 assembly using the software mutsim [26]. Generating gene annotations for the polished

125 genome assembly using the same computational procedures as described above (‘PPCAC2
126 vanilla’, Tablel) reduced the numbers of problematic gene models (gene models with either
127 more than three 3'UTR or 5’UTR exons) from 4113 to 2819. This reduction in the number of
128 problematic gene models was also observed when running the original annotation procedure
129 as described previously [14,15] on the polished genome (‘PPCACL polished’, Table 1). In
130 addition, both sets of annotations showed a pronounced increase in the completeness value
131 (Table 1), suggesting that even genome assemblies that were generated using HiFi reads

132 may still contain substantial numbers of assembly errors. These errors will affect over one
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133 thousand gene models and additional genome assembly polishing can thus also improve the
134 quality of gene annotations.

135

136 Community curation corrects more than two thousand problematic gene models

137 In order to correct the remaining problematic gene models, we employed a community

138 annotation effort where the list of 2819 problematic gene models were shared as an online
139 spreadsheet among four community curators who inspected these cases in the genome
140 browser and selected alternative gene models from various computationally derived models
141 (RNA-seq gene models, Iso-seq gene models, RNA-seq derived ORFs only, gene models
142  with truncated UTRs). This approach is different from platforms such as web apollo [27],
143  which allow very flexible modifications of individual gene models. Only allowing curators to
144 choose among predefined gene models, requires less training and makes this approach
145 more scalable to larger numbers of candidate sets. In hindsight, many cases will remain
146 uncorrected as the predefined gene models often do not allow a satisfiable solution. For
147 those cases, the curators could note this as an additional comment. In most cases, the

148 curators had to frequently decide whether a locus encoded two genes or one. Two or more
149 genes can be merged due to overlapping transcribed loci (Fig 2A,B) or due to incorrectly
150 predicted gene boundaries in homology derived models. During the community curation, we
151 used clearly separated transcriptomic alignments between two neighboring gene models or
152 opposite strand orientation with additional conservation in C. elegans (BLASTP e-value <
153 0.001) as strong indicators supporting the presence of two genes. Furthermore overlapping
154 ORFs, RNA-seq coverage differences, and conservation in C. elegans were used as weaker
155 evidence to support either the presence of one or two genes at a locus. After manual

156 inspection and correction of all 2819 problematic gene models, the number of genes with

157 more than three UTR exons could be reduced to 697. This confirms our previous experience
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158 that community-based curations are an effective means to reduce the number of problematic
159 gene models [16,17].

160

161 Genome-wide screens identify roughly 24% of gene models as problematic

162 During the community curations, we occasionally observed erroneous annotations of

163 neighboring genes (e.g. artificially fused genes not resulting in multiple UTR exons,

164 predicted antisense ORFs, homology derived gene models with neither transcriptomic

165 support nor conservation in C. elegans). To screen and correct additional gene annotation
166 errors, we scanned the complete RSC011 assembly in the genome browser at 20 kb

167 resolution. This also allowed us to recheck and eventually modify curations from the first
168 round. For the whole genome, this resulted in a total of 7528 corrections (S1 Table).

169 Automated classification of these changes yielded 3562 removals, 2928 single gene

170 replacements, 835 splits, and 204 added genes (Fig 3A). Note that some of those cases
171 actually represent gene fusions (Fig 3B), but in the shared spreadsheet, such fusions were
172 recorded as two independent corrections: one replacement and one removal. Overall, these
173 results suggest that roughly 24% of the 31,726 automatically annotated gene models have
174 obvious problems that could be easily detected by visual inspection in the genome browser.
175

176 Antisense coding potential frequently causes misannotated ORFs
177

178 The largest class of corrections corresponds to removed gene models. We subdivided this
179 class based on exonic overlaps with gene models in our final gene annotation (‘PPCAC2
180 cream’, Table 1). Notably, the largest group consists of removed genes that overlap with

181 protein coding exons on the opposite strand (Fig 3C,D). In many of those cases, one of the
182 overlapping gene models shows conservation with C. elegans, suggesting that the antisense
183 gene model is a result of misassigning the ORF to the wrong strand. In many cases, sense

184 and antisense models share the same exon-intron structure suggesting that coding
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185 sequences frequently have antisense coding potential, which can lead to incorrectly

186 annotated ORFs. The second most abundant group of removed genes consists mostly of
187 gene models that do not have homologs in C. elegans and show very little expression

188 evidence in our transcriptomic data sets (Fig 3E). Many of those poorly supported gene

189 models were already captured in the candidate set with multiple UTR exons as they are

190 unlikely functional and intraspecies variation frequently introduces premature stops during
191 the liftover of gene models from the P. pacificus reference strain PS312. Note that removing
192 gene models based on the absence of transcriptomic inherently comes with the caveat that
193 we can never be absolutely sure that a locus does not encode a gene. Eventually, such

194 models will be reactivated if future studies provide more robust evidence that they are largely
195 correct.

196

197 Among the removed gene models with same strand overlaps, we found many partial
198 ORFs orisoforms that are part of other better supported gene models. However, such cases
199 are far less abundant than the spurious antisense gene models. We encountered the

200 problem of spurious antisense gene models already previously and therefore incorporated
201 the removal of species-specific orphan genes with antisense overlaps in the annotation

202 process for different P. pacificus strain genomes [17,28,29], but it appears that antisense
203 coding potential is not only generating species-specific orphan genes, but can also create
204 gene models with apparent protein conservation across species. This problem could in

205 future be alleviated by incorporating homology information in the ORF prediction or by only
206 using strand-specific RNA-seq data.

207

208 Heuristics favoring longer genes cause propagation of gene fusions errors

209 One of the most abundant gene annotation problems in the genome of the P. pacificus

210 reference strain PS312 consisted in artificial gene fusions that likely resulted from failure of
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211 gene prediction programs in identifying the exact gene boundaries [16]. While we have

212 corrected thousands of those instances in our latest set of P. pacificus PS312 gene

213 annotations (El Paco gene annotation 3) [16,17], it cannot be excluded that this set of gene
214  annotation still harbors some artificially fused gene models [30]. Using this gene set as

215 homology data to annotate the genome assemblies of other P. pacificus strains and other
216 Pristionchus species may lead to propagation of these gene annotation errors, especially,
217 when combined with a heuristic to choose the longest ORF per locus as representative gene
218 model [15]. This likely explains the presence of 835 corrections that were classified as splits
219 (Fig 3A). However, we need to emphasize here that the use of the El Paco annotations as
220 homology data is still needed to annotate genes without any expression evidence (Fig 4A) or
221 genes where transcriptomic data is not sufficient to generate a complete gene model (Fig
222 4B). Thus, future annotation pipelines need to be optimized in how they combine

223 transcriptomic and protein homology evidence. Alternatively, an even better reference data
224  set might prevent further error propagation issues.

225

226 The community curated RSC011 gene annotations exhibit the highest level of

227 completeness

228 The primary focus of the previous RSCO011 gene annotation was to identify protein-coding
229 genes. Given that many assembled transcripts might be incomplete, ORFs were sometimes
230 extended over the starting methionine as long as no inframe stop codon were encountered
231 [14,15]. For this reason, many protein sequences did not start with methionine. In addition,
232 generally no UTR regions were annotated. With the additional transcriptomic data generated
233 for this study, we incorporated many more complete gene models, which should facilitate a
234  better annotation of the starting methionine and the 3'UTR. To systematically compare the
235 final community curated gene annotation with different automatically generated gene

236 annotations, we calculated the number of genes with annotated 3'UTRs, the number of
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237 problematic gene models, the number of protein products that start with a methionine, and
238 the completeness value as estimated by the benchmarking of universally single-copy

239 orthologs (BUSCO) approach (Table 1) [31]. This showed that polishing the genome

240 assembly led to a pronounced reduction in the number of problematic gene models and a
241 substantial increase in the BUSCO completeness. In comparison, the effect of community
242  curations on the BUSCO completeness was rather minor. Furthermore, incorporation of
243 additional transcriptomic data and restricting the ORF prediction to complete ORFs

244  drastically increased the number of gene models with a starting methionine and a 3'UTR. At
245 the same time, this additional transcriptomic data increases the chance that an assembled
246 transcript will contain a retained intron. Also, prioritizing ORFs with a starting methionine and
247 an annotated 3’ UTR can sometimes lead to the selection of genes with shorter ORFs.

248 These two problems largely explain the slight decrease in BUSCO completeness between
249 ‘PPCACI1 polished’ and ‘PPCAC2 vanilla’ (Table 1). Thus, despite a reduction in gene count
250 by more than two thousand, the community curated RSC011 gene annotations shows the

251 highest level of completeness.

252 Discussion

253 In this study, we present an improved version of the genome for the P. pacificus strain

254 RSCO011. The improvements were achieved through multiple steps, such as genome

255 assembly polishing, incorporation of additional transcriptomic resources, and manual

256 curation. The fact that even after the first two steps of improvement, manual inspection

257 identified around 24% of gene models as problematic, clearly highlights the need for manual
258 curation. The resulting improved gene annotations will be an essential resource for future
259 genomic and experimental research on transgenerational epigenetic inheritance [14]. In

260 addition, this work represents a case study summarizing problems in gene annotation and

261 might be useful for developers and users of gene annotation pipelines [32—-38]. As such our

10
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262 study highlights several problems that may impact gene annotation. First, genome assembly
263 polishing is an important first step to improve gene annotation quality. Second, problems in
264 transcriptome assembly may arise due to incompletely spliced reads, polycistronic

265 transcripts, and overlapping genes. Such problems could be patrtially mitigated by the use of
266 RNA-seq read coverage and homology data to separate such fusions at the transcript level.
267 Third, antisense coding potential may cause ORFs to be misassigned to the wrong strand.
268 This can be alleviated by the use of homology data during ORF prediction or strand-specific
269 RNA-seq data. In addition, the ORF prediction should incorporate the possibility that a

270 transcript could encode multiple ORFs. Fourth, it is not totally clear how to best integrate
271 homology and transcriptomic data. While homology data can cause error propagation

272 problems it may be helpful to fully annotate genes with no or only incomplete transcriptomic
273 evidence. Finally, in the context of antisense transcripts, we saw a lot of transcripts where
274 exons are located in introns of genes on the opposite strand, but encountered very little

275 evidence for antisense overlap between exonic regions. This is consistent with previous

276 analysis of strand-specific RNA-seq data in P. pacificus [39] and suggests that at least for
277  Pristionchus species it should be legitimate to prohibit antisense exonic overlaps during the
278 gene annotation process.

279 Notably, many if not all of our findings are not new. The difficulty of gene annotation
280 and the problem of error propagation has been acknowledged previously [40]. Genome

281 assembly polishing has been routinely applied to improve the quality of newly assembled
282 genomes [41,42]. Also, the presence of polycistronic transcripts among Iso-seq reads [43]
283 and spurious antisense gene models was known before [17]. Thus, it could have been

284 possible to anticipate each of these problems in advance without the need to screen a whole
285 genome for annotation artifacts and manually correct thousands of gene models. Confucius
286 once said: “By three methods we may learn wisdom: First, by reflection, which is noblest;

287 Second, by imitation, which is easiest; and third by experience, which is the bitterest.”

11
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288 However, we consider as a major outcome of this study that we bring together all these
289 different findings in a single study and highlight their impact on gene annotation. We hope
290 that this knowledge will be helpful for future efforts in annotating genomes across the tree of

291 life.

292 Methods

293

294

295 Worm culturing and transcriptome sequencing

296

297

298 In order to obtain stage-enriched transcriptomes for the P. pacificus strain RSC011, we

299 prepared initial cultures by putting four J4 worms onto each of five 6¢cm plates with 300pl of
300 E. coli OP50. After nine days the plates were full of eggs. We washed one of those plates
301 with M9 to obtain a transcriptome representing mostly eggs. The other plates were grown for
302 an additional day. Here two plates were washed with M9 for the J2 stage. The remaining two
303 plates were washed using M9 into 15ml Falcon tubes and let stand for 5 min. Supernatant
304 containing mostly J2 worms were distributed to fresh 6cm plates with 300ul OP50. After 24h
305 we collected developmental stage J3, after 48h J4 and after 60h young Adult. The pellets of
306 each developmental stage were frozen at -80°C until further use. RNA was extracted using
307 the Zymo Direct-zol RNA Miniprep Kit. RNA was sequenced with Novogene. For the Iso-seq
308 experiment worm pellets were prepared from mixed-stage cultures and RNA was extracted
309 with the Zymo Direct-zol RNA Miniprep Kit. We then quantified the total RNA and quality-
310 controlled it using the Bioanalyzer® RNA Pico Kit. All processed samples had a RIN number
311 >9.0. We prepared Iso-Seq libraries using the following protocol: “Procedure & Checklist -
312 Preparing Iso-Seg® libraries using SMRTbell® prep kit 3.0 (PN 102-396-000 REV02

313 APR2022)". We used 500ng of total RNA as input amount and performed duplicates of each
314 sample to obtain enough cDNA. Briefly: we synthesize cDNA according to the protocol

315 above and amplified it with 12 PCR cycles. We pooled together the duplicates of the same

12
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316 sample. We indexed individual libraries using SMRTbell barcoded adaptors during the
317 adapter ligation step of the library prep protocol. After the indexed libraries were quality-
318 controlled using the Bioanalyzer® High Sensitivity DNA kit, we pooled the libraries by
319 combining an equal mass of each barcoded library. We sequenced all the libraries on a
320 Sequel® Il system, using the Sequel Il Sequencing Plate 2.0 and the Sequel Il binding kit
321 3.1, which is recommended for libraries with fragments shorter than 3 kb.

322

323 Transcriptome analysis

324

325 From the raw PacBio reads, consensus HiFi reads were generated with the ccs software

326 (version: 6.4.0 with —min-rg 0.99 option) and demultiplexed by lima (version: 2.7.1 with —
327 split-bam-named —same —dump-removed options). HiFi reads were then aligned against the
328 RSCO011 genome assembly by the software GMAP (version: 2024-02-22 with -max-intron-
329 length-middle=10000 option) and then assembled intro transcripts by stringtie (version:

330 v2.2.1)[22,23]. To annotate ORFs we modified the ppcac_generate_annotations.pl script of
331 the PPCAC software to only consider ORFs with a starting Methionine. Raw RNA-seq reads
332 from multiple developmental stages of P. pacificus strain RSC011 were assembled using the
333  Trinity software (version: 2.2.0 with —normalize_reads option) [24]. Subsequently, the

334 assembled transcripts were aligned against the polished RSC011 genome by GMAP. The
335 resulting alignment file was taken as input to stringtie and was processed in the same way
336 as the Iso-seq data. For visualization purposes, raw RNA-seq reads were also aligned

337 against the polished RSC011 assembly by the software STAR (version: 2.7.10b with)

338 and .bam files were created by samtools (version 0.1.18) [44,45)].

339

340

341 Genome assembly polishing

342

343 In order to reduce the number of problematic gene models, we employed whole genome

344 resequencing data from more than 160 mutant lines in the RSC011 to screen for

13
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345 substitutions and indels that were called in more than 100 mutant lines [14]. This identified
346 1883 substitutions and 42,138 indels that were corrected in a new polished version of the
347 RSCO011 genome assembly (version 2) using the software mutsim [26].

348

349 Gene annotation
350
351 During the course of this study, we generated three alternative versions of gene annotations

352 for the new RSCO011 genome assembly. In order to assess the effect of genome assembly
353 polishing on gene annotation, we reran the original PPCAC gene annotation pipeline on the
354 polished assembly using the same input data sets and parameters as described previously
355 [14,15]. Specifically, these annotations were generated from transcriptomic evidence (ORFs
356 in Trinity assembled transcripts) and homology data from the P. pacificus PS312 El Paco
357 gene annotations (version 3) [17]. One representative gene model per 100-bp window was
358 chosen by selecting the gene model with longest ORF while all other intersection gene

359 models were then discarded [15]. This version is labeled as PPCAC1 polished (Table 1).
360 Next, we integrated the newly generated transcriptome data by providing them as additional
361 input data into the PPCAC pipeline and prioritizing these gene models by adding a value of
362 100 to their ORF length. This version was labeled as PPCAC2 vanilla (Table 1) and formed
363 the initial version for community curation. The final community curated version was labeled
364 as PPCAC2 cream (Table 1).

365

366 Community curation

367 For initial community curation, we defined problematic gene models as genes with more than
368 three exons that were either annotated as 3'UTR or 5’UTR. After an initial assessment of
369 hundreds of candidates by an experienced curator, three other community curators were
370 then recruited from within the laboratory. These curators were then trained in a dedicated

371 seminar where typical errors, evidence types, and solutions were presented and discussed.

14
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372 The list of problematic gene models genes was then shared as an online spreadsheet

373 across all community curators who could manually inspect the problematic locus in the

374 genome browser (jbrowse on pristionchus.org) [25]. Different tracks in the genome browser
375 included the alignment files for Iso-seq and RNA-seq data, as well as alternative gene

376 models that were either created by stringtie or by exonerate. In addition, we labeled gene
377 models based on the best BLASTP hit (e-value < 0.001) in C. elegans to visualize ORFs that
378 are highly conserved. Using these data, the curators eventually proposed alternative gene
379 models for a given candidate genes. Note that the curators were explicitly asked to skip

380 problematic cases where different evidence types (RNA-seq alignments, gene orientation,
381 homology information) did not point towards a clear solution. After the curation of the gene
382 models with long UTRs, we implemented all suggested changes in an intermediate

383 annotation and then scanned the whole genome at 20 kb resolution for any obvious

384 annotation problems and proposed additional corrections. This also served to detect and
385 correct any inconsistencies in the first round of community curation (e.g. addition of

386 overlapping redundant gene models). After both rounds of curation, we compiled the final set
387 of gene annotation and assigned new gene identifiers to the new gene models (S2 Table).
388 To facilitate comparisons between the previously published gene annotation (PPCACL1,

389 Table 1) [14] and the current one (PPCAC2 cream, Table 1), we generated a mapping

390 between gene models using an approach to identify syntenic orthologs between genomes

391 [28].

392

393

394

395 Table 1. Comparison of different gene annotations.

396
Gene Number Number of | BUSCO with with
annotation | of gene problematic | (C[S,D])/F/M) % starting annotated
set models models Methionine | 3'UTR
PPCAC1 30,074 2138 81.5[79.0,2.5]/1.9/16.6 14,016 3156

15
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PPCAC1 31,701 1114 87.4[84.5/2.9]/1.2/11.4 14,231 2019
polished

PPCAC2 31,726 2819 86.9[84.1/2.9]/1.6/11.5 22,921 16,049
vanilla

PPCAC2 29,497 697 88.6[85.6/3.0]1.2/10.2 22,096 16,265
cream

397

398 The table summarizes features of different gene annotations for the P. pacificus strains

399 RSCO011. The gene set ‘PPCAC1’ denotes the previously published gene annotation [14],
400 The gene set ‘PPCAC1 polished’ represents the reannotation of the polished genome

401 assembly using the same protocol and data sets as in Quiobe et al. [14]. ‘PPCAC2 vanilla’
402 denotes a fully automated gene annotation that incorporates newly generated RNA-seq and
403 Iso-seq data. ‘PPCAC2 cream’ denotes the final manually curated gene annotation.

404 Problematic gene models were defined as gene models with three or more 3'UTR or 5’UTR
405 exons. Completeness values were calculated using BUSCO (version 5) against the

406 nematode odbl10 data set. Note that the number of missing BUSCO genes is an

407 overestimate as it has been demonstrated that extensive sequence divergence can result in
408 afailure to detect orthologs [15].

409

410

411 Supporting information

412
413
414 S1 Table. Community curations.

415 The table summarizes the updates to the PPCAC2 vanilla gene set by the community

416 curators together with their classification.

417

418 S2 Table. Gene Identifier conversion table.

419 The table shows the mapping between the new gene identifier in the PPCAC2 cream gene
420 set and the original sequence identifier.

421

422 S3 Table. Gene Identifier mapping across versions.
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423 The table shows a mapping between gene identifiers of the PPCAC2 cream annotation and
424  the previous annotation [14]. This mapping was generated by a method to identify syntenic
425 orthologs between genomes [28].

426

427 Data access

428 All transcriptomic data sets that were created for this study, have been submitted to the
429 European Nucleotide Archive under the study accession PRJEB101809. The P. pacificus
430 RSCO011 genome assembly and gene annotations are also available on pristionchus.org.
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Figure legends

Figure 1 Gene annotation workflow. The flow diagram shows the simplified workflow for

annotating the P. pacificus RSC011 genome using the PPCAC pipeline [14,15]. For this

study, we extended this workflow in order to integrate newly generated Iso-seq and RNA-seq

data.

Figure 2 Retained introns, overlapping genes, polycistronic reads, and assembly

errors cause gene models with unusually long UTRs. A) The genome browser

screenshot shows a roughly 10 kb region in the RSC011 genome assembly with the original

annotation as topmost track [14]. BLASTP searches of the two paralogous genes against C.

elegans support that these are two separate genes since both copies are homologous to the
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606 same part of the C. elegans gene C18B12.4. The new annotation (PPCAC v2), the raw Iso-
607 seq alignments together with the assembled transcripts are shown in separate tracks. While
608 both copies are at least partially covered by Iso-seq reads, both genes appear to overlap in
609 the UTR sequences. Together with frequently retained introns, this leads to a transcript

610 assembly with unusually long 5’ UTR sequence (STRG.1366.1). B) This genomic region
611 encodes two genes that are homologous to two different C. elegans genes. However, some
612 polycistronic Iso-seq reads span both genic loci. C) This genome browser screenshot shows
613 a gene model with a long UTR sequence. The additional RSC011 SNPCoverage track

614 summarizes whole genome resequencing data at this locus and reveals SNPs and indels
615 that likely introduce frameshifts and early stop in the ORF.

616

617 Figure 3 Roughly 24% of gene models are problematic. A) Genome-wide screening for
618 obvious gene annotation artifacts led to over 7500 proposed corrections. Those corrections
619 were classified into replacements, splits, removals and additions. B) At this locus,

620 C11PPCAC1000027860 was chosen initially as the gene model with the longest ORF.

621 Subsequently, only smaller gene models were added in order to prevent overlaps. However,
622 transcriptomic data supports two genes at this locus. This could be corrected by one

623 replacement and one fusion. C) Removed genes were further subgrouped based on

624 overlaps with the final community curated gene annotations. The largest group consisted of
625 antisense gene models and poorly supported gene models without any overlaps. D) This
626 genome browser screenshot shows an example of an antisense gene model that has very
627 similar gene structure with a gene on the opposite strand that encodes a protein with a

628 homolog in C. elegans. E) This region shows a poorly supported gene model that was

629 removed after community curation.

630
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631 Figure 4 Homology data and gene prediction program help to annotate genes without
632 complete transcriptomic support. A) This genomic region shows an example of a gene
633 that has no transcriptomic support in our data, but has a homolog in C. elegans. B) This
634 genomic locus shows a gene with nearly complete homology in C. elegans, but without full

635 transcriptomic support.
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Mutation is a major force of evolution and its accumulation is suggested to be influenced by environmental and genetic factors in both
unicellular and multicellular species. While ample of evidence showed an effect of temperature on mutation rate, the influence of diet is
less well characterized, especially in multicellular organisms. Here, we present mutation accumulation (MA) rate differences for the same
nematode species comparing a variety of bacterial diets. MA rates were estimated from whole-genome sequencing data of MA lines of
different natural isolates of the free-living nematode Pristionchus pacificus on various bacterial diets isolated from Pristionchus-associated
environments. Average single-nucleotide mutation rates varied between 1.69 x 107 and 2.23 x 1077 nucleotide site™" x generation™’,
whereas the average insertion rates varied between 1.53 x 107'% and 2.90 x 107'° nucleotide site™" x generation™" and the average dele-
tion accumulation rates varied between 3.01 x 107"° nucleotide site™ x generation™" and 4.51 x 107'° nucleotide site™" x generation™.
We observed around a 1.4-fold mutation rate difference among groups on bacterial diets. Despite mutation-rate differences, the mutation
spectra are largely unchanged. These results suggest that bacterial diet influences MA rate without drastically changing other mutational

features.

Keywords: Pristionchus pacificus; Caenorhabditis elegans; mutation accumulation; mutation rate; nematodes; dietary influence

Introduction

Mutations are one of the major evolutionary forces and they are
influenced by environmental and genetic factors in both unicel-
lular and multicellular organisms (Matsuba et al. 2013; Lynch
etal. 2023). Mutation accumulation (MA) experiments represent
a powerful approach to study the influence of various factors on
mutation rate and mutation spectra with many case studies in
various organisms (Denver et al. 2012; Matsuba et al. 2013;
Weller et al. 2014; Ness et al. 2015; Liu and Zhang 2019;
Waldvogel and Pfenninger 2021; Lynch et al. 2023). For example,
genetic factors were shown to influence mutation rate up to
seven-fold in the green alga Chlamydomonas reinhardtii (Ness
et al. 2015).

Among environmental factors potentially influencing MA,
temperature has been studied in multiple animal species
(Matsuba et al. 2013; Waldvogel and Pfenninger 2021). The influ-
ence of high temperature is suggested to be achieved through the
increased level of stress on the organism in the nematode model
organism Caenorhabditis elegans (Matsuba et al. 2013). In contrast
to temperature, the influence of dietary conditions on MA is less
studied, in particular in animals. Previous studies in Drosophila
melanogaster suggest that poor nutritional conditions can con-
tribute to the accumulation of deleterious mutations (Agrawal

and Wang 2008). However, it is currently unclear whether diet
has an influence on MA in nematodes.

In multicellular organisms, MA experiments are performed by
propagating organisms for a certain number of generations, with
only one or two individuals picked for establishing the next gener-
ation (Denver et al. 2012; Matsuba et al. 2013; Weller et al. 2014;
Waldvogel and Pfenninger 2021). Experiments are often per-
formed in the laboratory under highly controlled environmental
conditions and with ample resources to reduce competition
(Denver et al. 2012; Matsuba et al. 2013; Weller et al. 2014
Waldvogel and Pfenninger 2021). Usually, MA experiments are
performed in species with a short generation time and simple
maintenance. Meeting those criteria, MA experiments can be per-
formed in the nematode Pristionchus pacificus, a free-living species
with a generation time of around four days. This species has re-
cently been established as a model organism for studying devel-
opmental plasticity of two alternative mouth forms, potential
predation on other nematodes and self-recognition largely by
using the laboratory strain P. pacificus PS312 (Sommer et al. 1996;
Lightfoot et al. 2019; Schroeder 2021; Sommer 2025). As P. pacificus
is often found in association with scarab beetles, a multitude of
wild isolates is available for this species (McGaughran et al.
2016). In recent times, several of these wild isolates were started
to be used in natural variation studies (Dardiry et al. 2023).
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To investigate how diverse dietary sources contribute to MA,
we used P. pacificus strains of different genetic backgrounds and
exposed worms of one of these strains to distinct bacterial diets.
In this study, we performed MA experiments of the P. pacificus
wild isolate RSCO019 on different bacteria isolated from
Pristionchus-associated environment. Specifically, MA data were
newly generated for P. pacificus RSC019 on 3 bacterial diets, E. coli
OP50, Hafnia alvei LRB17 (H. alvei LRB17), and Agrobacterium tumefa-
ciens L27 (A. tumefaciens L27). H. alvei LRB17 is also known to reduce
predation and life span compared to E. coli OP50 in P. pacificus P312,
while A. tumefaciens L27 increased the predation but did not show
any influence on life span (Akduman et al. 2018, 2020). We also ob-
tained MA data of P. pacificus RSC011, a wild isolate that was sub-
ject to a recent long-term environmental induction experiment,
which used a similar experimental setup as MA experiments
(Quiobe et al. 2025). In this experiment, P. pacificus RSC011 were
raised on an alternative diet Novosphingobium sp. L76 (referred to
as “N. sp. L76’ for the rest of the manuscript) for 100 generations.
N. sp. L76 is known to have multiple influences on the laboratory
strain P. pacificus PS312 including increased predatory behavior
and reduced adult lifespan (Akduman et al. 2018, 2020). N. sp.
L76 can also increase brood size, developmental speed and the
probability of producing the predatory mouth form in P. pacificus
RSCO11 (Dardiry et al. 2023; Quiobe et al. 2025; Quiobe and
Sommer 2025). Comparing MA properties in those newly gener-
ated data together with the MA data generated previously in P. pa-
cificus PS312 on E. coli OP50 (Weller et al. 2014), we compared MA
properties in P. pacificus from three different genetic backgrounds
and raised on four bacterial diets. In total, we observed a 1.4-fold
change in accumulation rate of all three types under different
dietary conditions. However, between the 2 different genetic back-
grounds we observed no difference in single-nucleotide variation
(SNV) accumulation rate, a two-fold change in insertions accumu-
lation and 1.4-fold in deletion accumulation.

Materials and methods
Generation of MA lines

Al P. pacificus and bacterial strains were from the Sommer lab col-
lection (McGaughran et al. 2016; Akduman et al. 2018). Except for
the standard E. coli OP50, bacterial strains used in this study were
isolated from Pristionchus-associated environments (Akduman
et al. 2018). Note that the original taxonomic assignments of L27
and LRB17 in Akduman et al. (2018) were revised to A. tumefaciens
L27 and H. alvei LRB17 after whole genome sequencing (Akduman
et al. 2018; Athanasouli et al. 2025).

To generate MA lines of P. pacificus RSC019, J4 progenies of a sin-
gle hermaphrodite of RSC019 were grown on the standard lab food
source E. coli OP50 following a protocol similar to Molnar et al.
(2011). For P. pacificus RSC019 MA lines propagated on non-E. coli
OP50 diets, the F1 worms were moved as J4 progenies of the
same single hermaphrodite to the new diets. To remove remnants
of E. coli OP50 cells F1 worms were transferred to new plates five
times. In each transfer, worms were let to feed on the new bacteria
for at least 15 min. From F2 to F100, all MA lines were raised at 20
°C and only one hermaphroditic J4-stage individual was trans-
ferred every generation in each line. Two previous generations
of each line were kept and used to rescue when necessary (due
to contamination of plates or the reduction of brood size). In P. pa-
cificus RSC019, 20 lines each were grown on E. coli OP50, A. tumefa-
ciens L27,and H. alvei LRB17. All lines were frozen in liquid nitrogen
every 10 generations. At the start of the experiments, the parental
line was also frozen.

The MA experiment in RSC011 was done as described previous-
ly (Quiobe et al. 2025). In short, to initiate the experiment, 110 clo-
nal lines were established by isolating individual J4 larvae onto N.
sp. L76 and 10 lines onto E. coli OP50 from the complete brood of a
single hermaphrodite. Each line was transferred every 4 days by a
single J4 animal with fresh N. sp. L76 or E. coli OP50, resulting in a
continuous propagation for 1 year (101 generations). Populations
were cryopreserved in liquid nitrogen every 10 generations (up
to F100). For this study, we randomly selected 20 lines on N. sp.
L76 and eight lines (out of the 10 original lines) on E. coli OP50 after
100 generations.

Whole-genomic sequencing (WGS) library
preparation

To gain enough material for WGS for the frozen ancestral line and
MA lines of P. pacificus RSC019, five hermaphroditic J4 individuals
were picked from each line transferred to five 6-cm nematode
growth medium (NGM) plates. Progenies were collected for DNA
extraction after the bacteria were depleted. DNA extraction and
genomic sequencing were done at the same time for all the lines
of P. pacificus RSC019 including the ancestral line to avoid potential
batch effects. WGS library preparation was done using the
Monarch Genomic DNA Purification Kit. The manufacturer’s
protocol was followed with some adjustments for nematode tis-
sues. Briefly, each sample was lysed with 250 pl of tissue lysis buf-
fer and 15 pl of proteinase K at 56 °C and kept agitated at 400 rpm
for 1-1.5 h. It was then centrifuged for 3 min at maximum speed
and supernatant was transferred to a new Eppendorf tube. Five mi-
croliters of RNase was added to the lysate that was then lightly and
thoroughly mixed and kept agitated at 400 rpm for 10 min at 56 °C.
Afterward, 400 ul of gDNA binding buffer was added to the sample.
After mixing thoroughly, the sample was loaded onto the gDNA
purification column. This was followed by a 3-min centrifugation
to bind to the purification column at 100xg. Then, the same was
centrifuged for 1 min more at maximum speed to remove the
supernatant. The washing step was repeated twice with 500 pl of
gDNA wash buffer and 1-min centrifugation at maximum each
time. Finally, 32 ul of pre-heated elution buffer at 60 °C was added
to the sample, which was allowed to stand for 1 min at room tem-
perature. The elution was done by centrifuging the sample at max-
imum speed. WGS libraries of P. pacificus RSC011 MA lines were also
generated with Monarch® Genomic DNA Purification Kit and in a
separate single batch, following the manufacturer’s instructions.
All sequencing of lines of P. pacificus RSC019 and RSC011 were con-
ducted by Novogene. Raw WGS data for P. pacificus PS312 on E. coli
OP50 and P. pacificus RSCO11 on N. sp. L76 were obtained from a pre-
vious publication (Weller et al. 2014; Quiobe et al. 2025).

Generation of a reference genome for RSC019

To reduce the influence of the divergence of genetic background on
mutation detection, all resequencing data were mapped to the
PacBio genomes of the corresponding genetic backgrounds.
Specifically, the El Paco genome was used for P. pacificus PS312,
and the PacBio genome generated previously was used for
RSCO11 (Rodelsperger et al. 2017; Quiobe et al. 2025). To generate
a genome assembly of the P. pacificus RSC019, we followed previous-
ly established protocols (Roseler et al. 2024). In short, sequencing of
a PacBio library yielded 15 Gb HiFireads that were assembled into a
raw assembly by the software Canu (version 1.4) (Korean et al.
2017). This assembly was scaffolded by the software RagTag
(version 2.1.0), which used the chromosome-scale P. pacificus as-
sembly for the strain PS312 (version El Paco) as reference
(Rodelsperger et al. 2017, Alonge et al. 2022). Evidence-based gene
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annotations were generated by the software PPCAC based on
strain-specific RNA-seq data and the community curated P. pacificus
gene annotations (version El Paco annotations 3) (Athanasouli et al.
2020; Rodelsperger 2021). The transcriptomic data for the RSC019
strain were generated as described previously (Sun et al. 2021).
The final assembly spans 152.6Mb with an N50 value of 23.3Mb.
The resulting 27,588 gene models showed a BUSCO completeness
of 94.9% (version 3 with the nematode odb9 data set) (Simao et al.
2015).

Raw data analysis

Mutation detection was performed following the GATK pipeline
(version 4.2.5.0) for germline short variant discovery (SNPs +indels)
(Poplin et al. 2018). Specifically, alignment of raw sequencing data
to the corresponding reference genome was done with bwa mem
(version 0.7.17) (Li 2013). HaplotypeCaller, GenomicsDBImport,
and GenotypeGVCFs in the GATK pipeline were used separately
for variant calling for each sample, further consolidate GVCFs,
and the final VCFs (Poplin et al. 2018).

Mutation sharing detection

To detect if there were oversharing among lines in the same group,
we compared the number of shared alternative homozygotes loci
among pairs of line in the three genetic background separately.
To have a fair comparison among pairs and remove the influence
of potential background heterozygosity, we only counted loci with
all lines covered by more than five reads less than 30% alternative
homozygotes. Results are shown in Supplementary Figs. 1-3.

Mutation detection

Line-specific mutations following similar criteria to those previ-
ously described, including SNPs and indels, were identified as
accumulated mutations (Weller et al. 2014). Specifically, accu-
mulated mutations were defined if one meets the following
criteria: (i) only one type of homozygotes genotype exists with
more than one line on the focal site; (ii) the alternative homozy-
gotes only occurred in one line with no less than five reads in to-
tal supporting the genotype (DP in the vcf file); (iii) no
alternative heterozygotes were inferred in any other line in
the same group; (iv) at least 10 lines of the group had the refer-
ence homozygotes with support from more than five good qual-
ity reads; (v) genotype quality of the accumulated homozygotes
was larger than 20 (GQ in the vcf file); and (vi) no other linking
accumulated SNVs or indels in the same line. To reduce the in-
fluence of group size on mutation detection, lines were grouped
into P. pacificus PS312 on E. coli OP50, RSCO11 on N. sp. L76,
RSC019 on E. coli OP50, RSCO019 on H. alvei LRB17, and RSC019 on
A. tumefaciens L27, allowing each group having animals within 19
to 22 lines. Potential cross contamination occurred among lines
would reduce the number of detected accumulated mutations.
Therefore, we removed PT34 in RSC019 on A. tumefaciens L27, PT7
in RSCO19 on E. coli OP50, MAN_44 in RSC011 on N. sp. L76, and
all eight lines in the whole group of RSCO11 on E. coli OP5O0.
Mutations were filtered in each group separately.

To compare the MA rate between RSC011 on the two bacterial
diets, we separately grouped the eight lines from RSCO011 on E.
coli OP50 with 19 lines of RSC011 on N. sp. L76 to avoid the influ-
ence the potential cross contamination among lines. The esti-
mated mutations of the 19 lines of RSC011 on N. sp. L76 showed
no difference indicating comparable estimated mutation rates
among analysis. The estimated SNV accumulation rates were
higher and deletion accumulation rate were lower in RSC011 on
E. coli OP50 (Supplementary Fig. 4, Supplementary Table 5).

Calculation of mutation rate

To reduce the influence of sequencing depth on MA rate calcula-
tion, the MA rate in each line was calculated as the total number
of mutations divided by the generations and length of genomic re-
gions with more than half lines in the group having more than
five reads mapped to the loci. The influences of mutations were
annotated with the bcftools (version 1.15) csq function (Danecek
and McCarthy 2017). Mutations were defined as coding ones if
their annotation contained one of the following consequences:
missense, synonymous, or stop_gained.

Statistical test

A Wilcoxon rank sum test was applied to test if MA rates were dif-
ferent among groups with wilcox.test function in R, an F-test was
applied to test if variants of MA rates were different with var.test
functioninR, and a fisher’s exact test was applied for testingif the
mutation spectra were different among groups with fisher.test
function in R.

Estimation of false positive and false negative
mutation rates

To estimate the false-positive (FP) and false-negative (FN) rate for
mutation detection, we employed both experimental and compu-
tational methods. Experimentally, we tested the detection of 16
randomly picked accumulated mutations from PT9 and PT10 in
the group of P. pacificus RSC019 on E. coli OP50 with Sanger sequen-
cing. Two of those mutations were in a distance of 2 bp, so the se-
quenced region was largely overlapping and covered both
mutations. In total, 15 regions on the genome from the two lines
were tested. Information about the primers and mutation detec-
tion in those two lines can be found in Supplementary Table 7.
Sanger sequencing results were transformed to fasta format using
the Bio.SeqlO package in python with the first and last 50 bp se-
quence with potentially low quality being removed. The generated
sequences in fasta format were then used as query to blast to the
reference genome of P. pacificus RSC019 for testing the mutation
detection. Both FP and FN rates in those two lines could be esti-
mated from Sanger sequencing of those regions in both lines.
The only case with a discrepancy between the Sanger sequencing
result and GATK reported mutations was found in the tested re-
gion with two mutations within a 2 bp distance (mutation set
number 12 in Supplementary Table 7).

To estimate FP rates computationally, we used the WGS data of
the ancestral line of P. pacificus RSC019 (PT1) on E. coli OP50. The FP
rate of the ancestral line was calculated as the proportion of alter-
native homozygotes that were only detected in the ancestral line
among all (3 out of 5,101 alternative homozygotes in the region
with the potential to call mutations in the group of P. pacificus
RSCO019 on E. coli OP50).

To estimate FN rates computationally, we introduced random
mutations into the reference genome of all three P. pacificus genet-
ic backgrounds. We calculated the FN rate of insertions and false
recall rates of deletions as the proportion of inserted mutations
that were not detected after applying the same mutation detec-
tion pipeline among all inserted ones in the region with enough
coverage for each sample. We randomly inserted SNVs, insertions
and deletions to the chromosomes of all three reference genomes,
and rerun the GATK pipeline with the edited reference genome
and WGS of P. pacificus PS312, RSC011, and RSC019 on E. coli. To
simplify mutation detection, we only inserted mutations in the re-
gion where there was no mutation detected within 200 bp in the
flanking region. Inserted SNVs were considered as detected if
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Table 1. Statistics of the number of mutations and properties of accumulated mutations in each mutation accumulation groups.

Strain Bacteria SNV Insertion Deletion ts/tv Coding/Noncoding Genic/Intergenic ATBias uSNV (x10™°) ulnsertion uDeletion
(x107%)  (x107'9)
PS312  E. coli OP50 944 243 253 0.79 0.43 2.59 560 235+1.14 5.95+0.92 6.18+5.73
RSCO11 N.sp.L76 484 66 123 1.03 0.34 2.72 330  1.88+0.65 2.57+243 478+442
RSCO19 A. tumefaciens L27 431 56 77 1.30 0.41 1.99 4.66 1.69+£055 219+2.09 3.01+£3.01
RSC019 E. coli OP50 569 74 115 1.21 0.41 2.16 5.24 2.23+0.70 290+2.70 4.51+3.66
RSCO19 H. alvei LRB17 466 41 89  0.96 0.39 1.93 524  1.74+0.69 153+1.87 3.32+2.86

Note: The unit of mutation rates are per-site, per-generation. 95% confidence of mutation rates are shown in the table.

the alternative homozygotes with the same changes were de-
tected in the same loci as they were inserted. Inserted indels
were considered to be detected if alternative homozygotes of mu-
tations as the same type were detected within 5bp upstream,
since assigning indels uniquely is not always possible.

Results

Mutation accumulation experiments in different
P. pacificus isolates

Diet is an important environmental factor for all animals. In this
study, we investigated MA in P. pacificus under different bacterial
diets and genetic backgrounds. Specifically, MA data were gener-
ated for P. pacificus RSC019 on three bacterial diets and for RSC011
on two bacterial diets, propagating worms for 100 generations via
single-worm descend under laboratory conditions. The P. pacificus
RSCO019 data is described here for the first time, whereas the
P. pacificus RSC011 lines on E. coli OP50 and N. sp. L76 were previously
generated in a long-term environmental induction experiment in
the context of developmental plasticity. The whole-genome se-
quencing data for the RSC011lines on N. sp. L76 had been character-
ized previously (Quiobe et al. 2025), whereas the corresponding data
on E. coli OP50 is described here for the first time. In total, 20 lines of
P. pacificus RSCO11 on N. sp. L76, 8 on E. coli OP50, and 60 lines of
RSCO019 separately on E. coli OP50, H. alvei LRB17, and A. tumefaciens
L27 and the ancestral line of RSC019 were sequenced. Those data
were combined with previously published MA data of the standard
laboratory strain P. pacificus PS312 on E. coli OP50 propagated for
142 generations (Weller et al. 2014). To reduce the influence
of difference in genetic backgrounds on mutation detection, raw se-
quencing data were mapped to the reference genome for the corre-
sponding P. pacificus strains. Published reference genomes were
used for P. pacificus PS312 and RSCO11 (Rédelsperger et al. 2017;
Quiobe et al. 2025), while the PacBio genome assembly for RSC019
was newly generated for this study using previously established
protocols (Roseler et al. 2024). Detection of mutations followed
the GATK pipeline (Poplin et al. 2018). While analyzing the data,
we observed pairs of samples with higher number of shared muta-
tions, indicating potential sample swap/cross contamination dur-
ing the experiment (Supplementary Figs. 1-3). Therefore, one
RSC019 sample on E. coli OPS0, one on A. tumefaciens L27, one
RSCO011 sample on N. sp., and eight in RSC011 on E. coli OP50 were
removed from the main analyses of our study. SNVs and indels
which were only detected in one line in each group were identified
as accumulated mutations and used for the following analysis. In
total, 2,894 SNPs and 1,138 indels were detected for 99 samples in
total (Supplementary Tables 1 and 2).

Mutation rates are largely consistent between
two genetic backgrounds

To study the influence of genetic background on the MA, we com-
pared the accumulation rates of SNVs and indels of groups of

P. pacificus PS312 and RSCO019 on E. coli OP50. For P. pacificus strain
PS312, the average MA rate of SNVs is 2.35 + 1.14 x 10~ nucleo-
tide site™ x generation™ with an average insertion rate of 5.95 +
5.92 x 107*° nucleotide site™* x generation™ and a deletion rate of
6.18 £5.73x 107'° nucleotide site™* x generation™" (Table 1). For
RSC019, the MA rate of SNVsis 2.23 +0.70 x 10~ nucleotide site ™" x
generation™" with an insertions rate of 2.90 +2.70 x 107 nucleo-
tide site™® x generation™ and a deletion rate of 4.51 + 3.66 x 107°
nucleotide site™ x generation~" (Table 1). Thus, we observed differ-
ences in MA rates for insertions and deletions but not for SNVs be-
tween these two groups (Fig. la, Wilcoxon rank sum tests,
Supplementary Table 4). The variance of mutation rates of P. pacifi-
cus PS312 raised on E. coli OP50 is higher than RSC019 on the same
bacteria for insertions as well as SNVs but not deletions
(Supplementary Table 4, two-sided F-test).

We further tested differences in other properties of those three
types of mutations. We found a significant difference in mutation
spectrum between P. pacificus PS312 and RSC019 (P-value =0.015,
Fisher’s exact test, Fig. 2, Supplementary Table 4). The ratios of
transitions and transversions were also significantly different be-
tween P. pacificus PS312 and RSC019 (P-value=5x 107>, Fisher’s
exact test, Supplementary Table 4), whereas the distribution of
mutations across coding and noncoding regions and genic and in-
tergenic regions were not (P-value>0.05, Fisher's exact test,
Supplementary Table 4). Length distribution of deletions but not
insertions in P. pacificus PS312 was different from thatin P. pacificus
RSCO019 (P-value <0.05 with Fisher’s exact test, 5.1 bp for PS312
and 8.1 bp for RSC019, Supplementary Tables 3 and 4). These re-
sults show that the indel properties also had subtle changes.

Mutation accumulation rate changed with
bacterial diet

To study the effect of bacterial diet on the mutation rate, we com-
pared the MA rates of P. pacificus RSC019 on different bacteria
(average MA rates on E. coli OP50: SNV: 2.23 + 0.70 x 10~ nucleotide
site™ x generation™?, insertion: 2.90+2.70x 107 nucleotide
site™* x generation™?, deletion: 4.51 +3.66 x 107 nucleotide site™*
x generation™, on A. tumefaciens L27: SNV: 1.69 +0.55 x 107 nu-
cleotide site™* x generation™!, insertion: 2.19 +2.09 x 107'° nucleo-
tide site™ xgeneration™", deletion: 3.01+3.01x 107*° nucleotide
site™ x generation™", and on H. alvei LRB17: SNV: 1.74 +0.70 x 10~°
nucleotide site™ x generation™, insertion: 1.53 +1.87 x 10~*° nu-
cleotide site™* x generation™*, deletion: 3.32 +2.86 x 10~ nucleo-
tide site™ x generation™, Table 1). In P. pacificus RSC019, the SNV
accumulation rate of worms grown on E. coli OP50 was detected to
be higher than those on the other two bacterial diets (Fig. 1a,
Table 1, P-value <0.05 compared to RSCO19 on A. tumefaciens L27
and H. alvei LRB17, Wilcoxon rank sum test, Supplementary
Table 4). The insertion accumulation rates of P. pacificus RSC019
on E. coli OP50 showed significantly higher accumulation rates of in-
sertions compared to those on H. alvei LRB17, and higher deletion
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Fig. 1. Summary of mutation accumulation rates across different conditions. Accumulation rates of a) single-nucleotide variations (SNVs), b) insertions,
and c) deletions. The color in the background indicates the genetic background of each group, and the color indicates the bacterial diet. Unit of y-axis is
nucleotide site™ x generation™". P-values are shown for each pair of comparisons, and statistical tests were done with the Wilcoxon’s rank sum test.
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Fig. 2. Summary of the mutation spectra across different conditions. a) Spectra of SNV and length distribution of b) insertion and c) deletions of each
group. Color in the background indicates the genetic background, and color corresponds to the types of mutations.

accumulation rates compared to A. tumefaciens L27 (Fig. 1, b and c,
Table 1). The length distributions of insertions and deletions were
detected to be different between P. pacificus RSC019 on E. coli OP50
and those on H. alvei LRB17 (P-value < 0.05, Fisher’s exact test, 2.8
and 8.1bp for E. coli OP50 group and 4.4 and 10.8 bp for H. alvei
LRB17 group, Supplementary Table 4), but not between the other
two groups. The difference in mutation rate between diets is also
supported by a separate comparison of our RSC011 data on N. sp.
L76 and E. coli OP50 (Supplementary Fig. 4, Supplementary
Table 5). Thus, while the SNV mutation rates are largely consistent
across genetic backgrounds, we observe an up to 1.3-fold increase in
mutation rates between bacterial diets.

Estimation of false positive and false negative
mutation detection with GATK

Finally, we wanted to validate the quality of our mutation detec-
tion by performing false-positive (FP) and false-negative (FN) ana-
lyses. For estimating the FP and FN rates, we employed both
experimental and computational strategies. Experimentally, we
estimated FP and FN rates within two lines (PT9 and PT10) in the
group of P. pacificus RSC019 on E. coli OP50 as described in more
details in Materials and Methods. We investigated mutation de-
tection in both lines in 15 regions covering six SNVs, six insertions

and four deletions Sanger sequencing (Supplementary Table 6).
All mutations were detected as originally reported except for
two closely located indels where the discrepancy in results could
be attributed to the ambiguity in indel annotation. Therefore, we
did not consider that specific case as FN. Given that this experi-
mental validation did notidentify any FP or FN, we would estimate
the associated FP and FN rates to be close to 0%.

In addition, we computationally estimated the FP and FN rates
in all three P. pacificus genetic backgrounds. We randomly inserted
around 400 SNVs, around 3,000 insertions and deletions into the
reference genome of those three genetic backgrounds and tested
the detection of this set of mutations with those edited reference
genome in around 20 lines from each genetic background
(Supplementary Table 7). The FN rates were defined as the ratio
of simulated mutations that could not be detected in the regions
covered by sufficient reads in each line. We observed FN rates var-
ied within 0-5.8% for SNVs, and false recall rates of 3.9-17.2% for
insertions and 2.7-9.1% for deletions amonglines (Supplementary
Table 7), and estimated lower number of FN rates for insertions
and deletions. To estimate the FP rates, we incorporated WGS
data of the ancestral line of RSC019 (PT1), the only sequenced an-
cestral line among all three groups. The FP rate of the ancestral
line was 0.06% and was calculated as the proportion of alternative
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homozygotes that were only detected in the ancestral line among
all when comparing to the group of P. pacificus RSCO019
(Supplementary Table 7). Thus, the experimental validation and
computational evaluation points toward low error rates of our
mutation detection procedure.

Discussion

In this study, we compared SNV and indel accumulation rates of P.
pacificus nematodes between genetic backgrounds and various bac-
terial diets. The average SNV accumulation rates observed in this
study (1.08-3.34 x 10~° nucleotide site™* x generation™?) span a simi-
lar range with previously reported rates in two free-livingnematodes
of the genus Caenorhabditis (0.78-2.14 x 10~ nucleotide site™ x gen-
eration™) (Denver et al. 2012). When further split SNVs based on
their mutation and sequence context, we observed similar trends
of an excess of mutations between T and A under the sequence con-
text of TTA or TAA between P. pacificus groups and C. elegans N2
(Supplementary Fig. 5, Konrad et al. 2019). Thus, our results suggest
that the magnitude of mutation rates and fold changes appears to be
conserved across the two nematode genera Caenorhabditis and
Pristionchus, which were recently estimated to have diverged roughly
300 MYA (Qing et al. 2025). This indicates that mutation rates and
spectra can overall be stable during nematode evolution, and we
therefore speculate that these values can serve as a first estimate
of mutation rate even for more distantly related free-living
nematodes.

While we could not detect significant differences in the average
SNV accumulation rates between genetic backgrounds, we observed
significant differences in the mean and variance of indel frequencies
between PS312 and RSC019. However, we would like to point out that
our data sets for PS312 and RSC019 on E. coli are not completely com-
parable, as both experiments have not been carried out for the same
number of generations (142 generations in the case of PS312 vs 100
generations for RSC019) and previous comparisons of first-order
and second-order MA lines have identified significant differences
in indel frequencies between both regimes of MA lines pointing to-
ward the evolvability of the mutational process (Saxena et al.
2019). Thus, we cannot completely rule out an effect of such a pro-
cess on the mean and variance of the observed results.

Previous studies have indicated that organisms under stressful
conditions such as high temperature or poor diet quality resulting
in lower fecundity or body mass can experience increased muta-
tion rate (Agrawal and Wang 2008; Sharp and Agrawal 2012;
Matsuba et al. 2013; Waldvogel and Pfenninger 2021). In our study,
we showed, to the best of our knowledge for the first time, that diet
caninfluence the MA in nematodes. One potential explanation for
the difference in MA rateis the physiological stress caused by diet.
Among all tested bacteria, N. sp. L76 and H. alvei LRB17 could po-
tentially cause stress responses in P. pacificus PS312, since they in-
duced reduced adult survival compared to the other tested
bacteria (Akduman et al. 2018). In contrast, P. pacificus RSC019
on H. alvei LRB17 had a slightly lower mutation rate compared to
that on E. coli OP50. Thus, the biological processes that affect mu-
tation rates across different microbiota remain to be elucidated.

Data availability

The Pacbio genome assembly of P. pacificus RSC019 and WGS data
for P. pacificus RSC011 on E. coli OP50 and all P. pacificus RSC019 are
newly generated for this study and available on European
Nucleotide Archive under the study accession PRJEB94012. The
RSCO019 genome assembly and gene annotations are available at

http://www.pristionchus.org. All strains used in this study area
available upon request from the corresponding author.
Supplemental material available at G3 online.
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Supplementary Material

Supplementary Figure 1: Number of shared alternative homozygotes in pairs in PS312 on E.

coli OP50. Results indicate little mutation sharing among lines.

Supplementary Figure 2: Number of shared alternative homozygotes in pairs in RSC019.
Results indicate large proportion of mutation sharing between PT33 and PT34, and mild

mutation sharing between PT6 and PT7.

Supplementary Figure 3: Number of shared alternative homozygotes in pairs in RSC011.
Results indicate mild mutation sharing between MAN_35 and MAN_44, and large proportion of
mutation sharing among MAE lines (RSC011 on E. coli OP50).

Supplementary Figure 4: Mutation rate comparison between RSC011 on E. coli OP50 and N.
sp. L76. Each line of RSC011 on E. coli OP50 were group with the group on N. sp. L76
separately for accumulated mutation detection and mutation rates calculation. Mutation rates of

RSCO011 on N. sp. L76 were also estimated in these eight groups and shown.

Supplementary Figure 5: Mutational spectra across 96 SNV types in P. pacificus and C.
elegans N2. SNVs are divided into 96 types based on the mutation and the nucleotide 1 bp up
and down stream of it. a-f) mutation spectra of P. pacificus groups and g) mutation spectra of C.

elegans N2.

Supplementary Table 1: Summary information of all mutations.

Supplementary Table 2: Summary information of all lines.

Supplementary Table 3: Full list of statistics of mutations in all five groups.
Supplementary Table 4: p-values of comparisons of mutation properties among groups.

Supplementary Table 5: Mutation rates estimated for RSC011 on E. coli OP50 and on N. sp.
L76.

Supplementary Table 6: Primers used for sanger sequencing.

Supplementary Table 7: Computational estimation of FN rates.
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Abstract

Epigenetic inheritance of environmentally-induced phenotypes across generations has
been observed across taxa. However, the dynamics of non-genetic inheritance as a
consequence of environmentally variability remains poorly understood. Here, we take
advantage of the transgenerational epigenetic inheritance (TEI) of an
environmentally-induced cannibalistic trait in the nematode Pristionchus pacificus.
Using alternative environmental induction (AIE) and superinduction experiments, we
illustrate how environmental variability regimes influence TEI and uncover the
dosage-dependent nature of the trigger molecule — vitamin B12 — on the onset of TEL
Our study provides a unique example of the dynamics of TEI of an ecologically

consequential trait as a consequence of environmental variation

Keywords: Transgenerational epigenetic inheritance, dynamics of non-genetic

inheritance, cannibalism, developmental plasticity, nematode
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Introduction

Epigenetic inheritance has been reported in a plethora of organisms, ranging from
inheritance of odor sensitivity in mice and longevity in Caenorhabditis elegans to
famine-induced epigenetic changes in humans (1-3). Despite these examples, the
importance of epigenetic inheritance in evolution remains disputed (4-6). Importantly,
the inheritance of epigenetic changes across three generations or more following the
exposure to an environmental cue — referred to transgenerational epigenetic inheritance
(TEI) (7, 8) — is thought to provide evolutionary benefits in fluctuating environment.
However, there are few experimental studies of the dynamics of TEI (e.g., (9)) and, to
our knowledge, there have been no case studies which investigated the pattern of TEI in

response to environmental variability for an ecologically-relevant phenotype.

The nematode Pristionchus pacificus provides a perfect model to study TEI (10).
This worm exhibits developmental plasticity of its mouth parts with two alternative
forms in response to environmental variation (11). Specifically, P. pacificus individuals
adopt a stenostomatous (St) morph with a single tooth and a narrow buccal cavity, or
alternatively, a eurystomatous (Eu) morph with two teeth and a broad cavity (Figure
1A). This developmental decision is irreversible and affects the feeding capabilities of
adult worms. St individuals are strict bacterial feeders, whereas Eu animals are
omnivores that can also kill other nematodes (12, 13). As P. pacificus is a
self-fertilizing hermaphrodite with many of the same appealing characteristics as
Caenorhabditis elegans (short generation time, easy husbandry and isogenic
propagation), the regulatory mechanisms controlling mouth-form plasticity have been
investigated by forward and reverse genetics. By now, a detailed gene regulatory
network has been identified (14-18). Importantly, the mouth-form decision in P.
pacificus is in parts stochastic in nature, and is deeply influenced by a slew of
environmental factors, most notably diet (19, 20). Together, this mouth form

polyphenism results in intraguild life-history predation that could greatly shape the

ecological dynamics of communities of P. pacificus and its relatives in the wild (13, 21).

In nature, P. pacificus is found in association with beetles of the family

February 27, 2026

2/29

10

20

21

22

23

24

25

26

27

28

29

30

31



Scarabaeidae (22). Specifically, dauer larvae of P. pacificus and other nematodes reside
on adult beetles (for review see (23)). Following the natural death of a beetle in the soil,
dauer larvae develop into adults, forming a short-lived community sustained by bacteria
and other microbes that decompose the insect carcass. Subsequently, new dauer larvae
dispers into the environment in search for new beetle hosts. In the context of the beetle
life cycle, mouth-form polyphenism in P. pacificus with its associated predation, is
expected to greatly affect the dynamics of the transient ecological competition that
unfolds on the decaying carcass. However, despite multiple recent studies on the
ecological significance of phenotypic plasticity in P. pacificus in promoting and / or
hindering co-existence (20, 24, 25), little is known about the role of epigenetic processes
and potential TEI in the wild, particularly in the context of the decaying beetle

carcasses.

Recently, we demonstrated that dietary induction of the predatory mouth form can
be transgenerationally inherited for multiple generations (26). Using a wild isolate of P.
pacificus from a high altitude location on La Réunion Island, RSC011, a long-term
environmental induction experiment has been performed. When grown on the standard
laboratory food source E. coli OP50, a P. pacificus PSC011 adult has around 30%
chance of developing the Eu mouth form (20). In contrast, exposure of these worms to
Novosphingobium L76 — a bacterium derived from Pristionchus’s natural environment
on La Réunion (19) — increases the probability of developing the Eu mouth form to
100% (26) (Figure 1B). Specifically, this dietary induction of the predatory mouth form
is immediate (in the first generation of exposure), systemic (found in all the lines
exposed to the inducing diet), and complete (all the progeny of an exposed mother show
the Eu morph). Strikingly, dietary reversal from Nowvosphingobium L76 to E. coli OP50
will result in the TEI of the predatory mouth form (26) (Figure 1B). This
transgenerational memory was observed for a minimum of four generations, but
required an original exposure to Novosphingobium L76 for at least five generations.
This pattern of TEI is phenomenologically different from the majority of examples of
TEI observed in C. elegans (26). Subsequently, we have shown that bacterial-derived
vitamin B12 — through its role in bringing about vitellogenin provisioning — is necessary

and sufficient to induce TEI of predatory mouth form in P. pacificus (27).
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It is important to note that these laboratory studies do not mimic the conditions in
nature. In the ecological context of decaying scarab beetles, spatial and temporal
variability with respect to diversity of bacteria in the growing microbial biomass on the
carcass is expected. To explore how such variability in the exposure to the inducing
agent might affect the TEI of the predatory morph in P. pacificus, we designed multiple
alternative induction experiments in which P. pacificus are alternatively exposed to

Novosphingobium L76 or E. coli OP50 for different numbers of generations.

In this manuscript, firstly we develop simple theoretical models that indicate the
potential patterns of TEI in P. pacificus as a function of environmental variability.
Secondly, we introduce a two-pronged experimental approach to understand which
theoretical model better explains the TEI of mouth-form polyphenism. Our approach
relies on two experimental designs: (a) alternative induction experiment, which enables
a systematic exploration of how TEI behaves as a function of environmental variability
and (b) superinduction experiment, designed to assess the behavior of TEI with respect
to the intensity of the environmental cue. Taken together, our results shed light on the
dynamics of TEI as a function of environmental variability, and they link the observed
changes to a theoretical framework, thus adding to a growing body of mechanistic

understanding of the TEI of the predatory morph in P. pacificus.

Methods

Maintenance of nematodes

The ancestral P. pacificus RSCO11 isolate was cryopreserved within the first 10
generations after its initial collection from Coteau Kerveguen, La Réunion. Worms were
reared at 20°C under standard conditions on Nematode Growth Medium (NGM) plates
seeded with either E. coli OP50 or Novosphingobium L76. Bacterial strains were
cultured overnight in Lysogeny Broth (LB) with kanamycin (50ug/ml) when required.
Specifically, OP50 was grown overnight at 37°C in LB without shaking while

Novosphingobium L76 was grown at 30°C at 180 rpm. NGM plates were seeded with
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300u] of overnight cultures and incubated for 2 days prior to use.

Dietary induction and food reversals

Worms were propagated on Novosphingobium for 5 and 10 generations, respectively. To
transfer from nematodes from Nowvosphingobium L76 to E. coli OP50 , worms were first
transferred from Novosphingobium L76 to NGM plates supplemented with (50pug/ml) of
kanamycin with a kanamycin resistant F. coli strain as food for one generation, before
being reintroduced to standard E. coli OP50-seeded NGM plates for subsequent

generations.

Mouth-form phenotyping

Mouth-from phenotyping was performed by observing the nematode buccal cavity using

a Zeiss Discovery V.20 stereo microscope (x150 magnification) based on mouth-form

identities as described before (14). On each plate, 20 young-adult animals were assayed.

Dietary supplementation

Methylcobalamin (Vitamin B12 CAS No. 13422-55-4) — from Sigma — was dissolved in

water to prepare the stock solution shortly before each experiment. solutions were

mixed with NGM agar at the required concentration just before pouring to 6 cm plates.

Plates were allowed to dry at room temperature for two days and then spotted with

Nowvosphingobium LT6.

Statistical analysis

The probability of assuming the predatory mouth form by the adult nematodes was

calculated using the following hierarchical bayesian model (Figure S1A):
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y; ~ Binomial(N, 6;)
0; = logit™*(m;)
= 1+ 20

z; ~ Normal(0, 1)

p ~ Normal(0, 2)

o ~ HalfNormal(2)

Using the inferred parameters, the predictive probability for the development of the

predatory mouth form is calculated:

Z ~ Normal(0, 1)
0 = logit ™ (1 + zo)

The 95% highest density interval (HDI) for 0 is used to visualize the inferred

probability of developing the Eu mouth form.

The effect of TEI is quantified using the risk difference (RD) between generation 4

and the first generation following reversal as baseline:

RD = 51 - ébaseline

The model was fitted to the laboratory measurements using PyMC (28) using

Python 3.12 with Numpy 2.3.0 (29). We ensured that the estimated values were stable

using common convergence diagnostics (30) (Figure S1B).

The TEI models

Systems of ODEs, representing different models of TEI dynamics, were numerically

integrated in Python 3.12 using SciPy 1.15.3 (31).
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Results

The expected dynamics of TEI

There have been several theoretical attempts to incorporate epigenetic inheritance in an
evolutionary framework (5, 32). However, such models are primarily concerned with the

potential role of epigenetic inheritance as an additional source of correlation between

parents and offspring and its consequence on the response of the population to selection.

In contrast, we are interested in the dynamics of TEI itself, as a function of the
environment. A suitable model in this context was previously introduced (9):

n

dz
az _ 2 4
Frink A pra el (4)

where z is the state of a gene which has been silenced by trigger x, which is present
only at ty and decays with rate c. This model is based on three rules observed with
respect to the TEI of gene silencing induced by double-stranded RNA in Caenorhabditis
elegans: (1) correlation between offspring response and parental state, (ii) stochastic

inheritance state (y) in parents that are exposed to the trigger, and (iii)

transgenerational momentum, i.e., the likelihood of TEI increases the longer it persists.

The TEI of mouth-form state in P. pacificus seems to deviate from rules (ii) and
(iii): the response to the environmental trigger (Novosphingobium L76) was systemic,
resulting in all the lines assuming predatory mouth form, and little variation was
observed in TEI amongst lines that were exposed to trigger from 5 to 95 generations
(26). For an individual i of strain j, its mouth-form state X;, in environment F; can be
described as X; ~ Binom(P;|g, ), and when exposed to Ey, X; ~ Binom(P; g, ), where
P; is the probability of developing either of the two mouth forms in a given
environment. However, TEI implies P g, should be affected by the environment
experienced by the parent. We propose a model of TEI in P. pacificus (26), represented

by a causal network:

Trigger — X—AY— 27 | (5)

where an unknown trigger induces the activity of enzyme X (EBAX-1 ubiquitin
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ligase), which suppresses the microRNA Y (miR-2235a/miR-35). In the absence of the
trigger or following the degradation of enzyme X, Y degrades a micoRNA target (Z),
which prevents the TEI of the predatory mouth-form in P. pacificus. Although more
mechanistic details of this process — at least for the moment — remain elusive, this
causal model can enable us to construct a phenomenological model. A simple circuit

could be specified as

d
L axult) - By,
dy_ Qy
E_ ( T )TLXY _ﬁyy)
1+ K
XY (6)
dR 1—-R
— = — kru(t)R
dt TR RU() ’
dz
%—azu(t)R—ﬁZz. ,

where u(t) is the trigger at time ¢, « indicates maximum production, and § reflects
degradation. An additional component R is added, simply to enable an explicit
inclusion of history in the system. We construct two variations of the above model to
investigate three possible TEI regulatory circuits: (i) The constant TEI circuit, which
repeatedly exhibits the same TEI pattern regardless of its history of past exposures to
the trigger, (ii) the acclimating TEI circuit, which exhibits a weaker TEI pattern given
a history of intermittent exposure to the trigger, and (iii) the sensitizing TEI circuit,
which exhibits stronger patterns of TEI if it was exposed to the trigger in the past
(Figure 1C, Table S1).

These models illustrate three general patterns of TEI that one could observe in P.
pacificus (Figure 1D). Neither of the three models can a priori be ruled out, and all
could be justified in an ecological and/or evolutionary context. Although, the details of
these models are not a direct reflection of data, they provide us with toy models in

order to guide our experimental design.
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A black-box approach to relate theory to reality

To relate these theoretical expectation to reality, we designed two types of experimental
approaches: an alternative induction experiment and a superinduction experiment. The
reasoning behind these designs are to treat the gene regulatory circuitry responsible for
the induction of the predatory Eu mouth form in P. pacificus as a black box (33): since
the inner workings of the molecular machinery are not fully understood, by
manipulating the input (environmental cue) and observing the output (the pattern of

TEI) we aim to reveal the dynamics of this system.

The design of the alternative induction experiment

At the start of the experiment, a single self-fertilizing hermaphrodite of P. pacificus
RSCO011 is transferred from the standard E. coli OP50 (non-inducing environment) to
Novosphingobium L76 (inducing environment). In each generation, a single healthy J4
juvenile progeny was moved to a new plate. The single-worm bottleneck means that the
population genetic changes are driven by drift; following the same procedure as
described in (26). After propagation on Novosphingobium L76 for n generations, the
next generation would be propagated on E. coli OP50, with the following generation
being transferred back to Novosphingobium 176. The alternative exposure to
Novosphingobium L76 determines the number of generations during which the worms
are exposed to the trigger, before the interruption of the exposure for a single generation

(Figure 2A). We use alternative induction experiments (AIEs) with n =1,2,3,4,5 to

illustrate the dynamics of TEI in P. pacificus when exposed to changing environments.

The design of the superinduction experiment

In contrast to the AIE, in which the duration of the induction is manipulated, in a
superinduction experiment, we manipulate the intensity of the environmental cue.
Previously, we have shown that vitamin B12 is both necessary and sufficient to induced
TEI of the predatory mouth form in P. pacificus (27). To increase the intensity of the
inducing agent, we supplement Novosphingobium L76 with 1500nM vitamin B12. We
hypothesized that the manipulation of the concentration of trigger in the superinduction

experiment supplement the AIE design to reveal the dynamics of TEI in P. pacificus.
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The TEI of cannibalism in P. pacificus follows a mixed model.

In AIE with n =1, i.e., a single generation of exposure, a sensitizing TEI would result
in an increasing probability of developing the predatory mouth form in the non-inducing
environment. However, in such an AIE, no clear trend is observed in 18 generations
(Figure 2B). This lack of pattern becomes evident when comparing the predictive risk
difference (RD) for the probability of developing the predatory mouth form between
generations grown on the non-inducing diet (Figure S2). Similarly, no such trend was
observed in n = 2 (Figure 2C, S3A). These results hint at a history-independent TEI
that only switches on following a minimum of 5 generations of exposure to the inducing
environment, as previously observed in (26). The AIE with n = 3 and n = 4, both were
consistent with this model (Figure 2D,E). However, for n = 3, comparison between
generation 4 and 12, 0.076 <95%HDI(RD) > 0.34, suggesting an effect on the response
on non-inducing diet (Figure S3B). In contrast, AIE with n = 5 — which corresponds to
the minimum number of generations required for TEI of predatory mouth form in P.
pacificus — exhibited a pattern consistent with a sensitizing TEI: a second exposure to
the inducing environment for five generations increased the probability of assuming the
predatory mouth form on the non-inducing environment (0.17 <95%HDI(RD) > 0.43
when comparing generation 12 with 6) (Figure 2F, S3D) (RD for all experiments in 2B —
F are found in Figures S2 and S3).

Trigger concentration modulates TEI of cannibalism in P.
pacificus.

We have previously proposed that the key trigger of the TEI of mouth-form
polyphenism in P. pacificus is vitamin B12, which is produced by Novosphingobium 176
(27). Consequently, provided that the uptake of the trigger by the worm is not the
limiting factor, supplementing the inducing diet (Novosphingobium L76) with additional
B12 would increase the concentration of the trigger that the worm encounters. Increase
in the concentration of the trigger can result in the early onset of TEI and/or change

the duration of TEI. To test our hypothesis, we designed the superinduction experiment.

In the superinduction experiment, we exposed P. pacificus RSC011 worms to either
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Novosphingobium L76 (inducing condition) or Novosphingobium L76 plus 1500nM
vitamin B12 (superinducing condition) and then transferred them back to the
non-inducing environment (E. coli OP50). In the absence of any information in regard
to the effect of B12 concentration on TEI, we explored a range of induction and
superinduction periods ranging from one to five generations (Figure 3). We have
previously reported that a minimum of five generation of exposure to Novosphingobium

L76 is required to induce TEI in P. pacificus RSCO011 (26).

A single generation of exposure under inducing or superinducing conditions has no
credible effect on the predictive probability of developing the predatory mouth form in
the non-inducing environment (Figure 3A, B, S4A, and S4B). Exposure for two
generations to the superinducing condition elevates the predictive probability of
developing the predatory mouth form in the first generation in the non-inducing
environment (For inducing, 0.45 < 95%HDI(0~R1) > 0.72; for superinducing,

0.62 < 95%HDI(§R1) > 0.84) (Figure 3C,D,S4C, and S4B). The RD for the
superinducing condition suggest an effect when comparing the first generation on
non-inducing diet (R1) and the third generation (R3)

(—0.38 <95%HDI(RDRg3 vs r1) > 0.0) (Figure S4D).

The effect of superinduction in early onset of TEI becomes evident when comparing
experiments in which induction or superinduction was carried out for three generations
(Figure 3E and F). Whereras Or; shows a minor effect following induction, in the
superinduction case, 0.69 < 95%HDI(§R1) > 0.92, which remains high for the second
generation in the non-inducing environment (0.66 < 95%HDI(fr2) > 0.88), before going

to levels comparable to the inducing case (Figure S4E and S4F).

Induction and superinduction for four generations results in a striking pattern: the
probability of developing the predatory mouth form on the non-inducing diet
immediately after superinduction is very high (0.63 < 95%HDI(§R1) > 1 compared with
the inducing case (0.45 < 95%HDI(Ar;) > 0.7) (Figure 3G, H, S5A, and S5B). However,
the second generation in the non-inducing environment following superinduction shows

a decline in the probability of developing the predatory mouth form
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(0.55 < 95%HDI(fro) > 0.77), which is followed by an increase in the following
generation (0.66 < 95%HDI(Ar3) > 0.9) (Figure S5B). It remains to be seen, to what
extent such effects on TEI can be attributed to the broader effects of vitamin B12 on

the nematode.

Induction and superinduction for five generations clearly demonstrates the effect of
the concentration of the trigger molecule on the duration of the TEI of mouth-form
polyphenism (Figure 3I and J). Consistent with our previous findings (26), five
generation of exposure to the inducing conditions results in an elevated probability of
developing the predatory mouth form immediately following induction
(0.87 < 95%HDI(0gy) > 0.1). This response gradually declines, finally reaching
0.29 < 95%HDI(fr4) > 0.74 in our experiment (Figure 3I and S5C). However, the
superinduction slows the rate of decline of the TEI, resulting in
0.49 < 95%HDI(0r4) > 0.75 after four generations on the non-inducing environment
and remains relatively high in the subsequent generation

(0.4 < 95%HDI(Ags5) > 0.7)(Figure 3J and S5D).

Discussion

In this study we investigated the logic and dynamics of TEI of a predatory trait. The
nematode P. pacificus is well suited to investigate TEI in response to environmental
variability because it exhibits one of a few cases of TEI with an ecologically-relevant

phenotype. Building on simple theoretical models indicating the potential patterns of

TEI of the predatory mouth form in P. pacificus, we performed two sets of experiments.

Alternative induction experiments revealed that TEI of the predatory morph is largely
history-independent. Superinduction experiments on the other hand indicated that an
earlier onset of TEI is possible, suggesting that the nematode itself is not the limiting
factor of the initial TEI. These findings help to further increase our understanding of
this complex memory phenotype and add information necessary to better understand

the relevance of this phenomenon in nature.

Alternative induction experiments followed a mixed model with AIE with n < 5 are
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history-independent, whereas AIE with n = 5 exhibited a sensitized TEI (Figure 2).
The pattern in AIE with n = 5 is puzzling: why didn’t the interruption in this ATE
reset the effect in non-inducing environment, but it was enough in AIEs with n < 5 to
disrupt the memory? One possible strategy to resolve this puzzle is to conduct AIEs on
a longer temporal scale to see if enough trigger accumulates over longer periods.
However, that solution complicates the issue since random mutations can fix in AIEs,

given its similarity to a mutation-accumulation experiment. Previously (26), we

documented such mutations during the long-term experimental induction in that study.

We reasoned that the pattern observed in AIEs, with clear sensitization in AIE with

n = 5, can be explained by two alternative hypotheses: (i) there is a limit to the
amount of trigger absorbed by a worm per generation and five generations are needed to
accumulate enough trigger across generations to switch on the TEIL, or (ii) the
concentration of the trigger in Novosphingobium L76 is not enough, and if presented
with higher amount of trigger, P. pacificus would express TEI after shorter exposure to

the inducing environment.

Our superinduction experiments strongly favor the second model as vitamin B12
supplementation on top of a Novosphingobium diet will result in higher transmission of
the predatory mouth form (Figure 3). It has to be noted that the exact concentrations
of vitamin B12 in individual worms cannot be determined as reliable vitamin B12
sensors are still not available (34, 35). While the concentrations of vitamin B12 in these
supplementation experiments followed those of previous studies on surplus killing (19)
and transgenerational memory (26), Pristionchus vitamin B12 applications have to use
higher doses than those used in C. elegans (1000 or 1500 nM versus 63 nM).
Interestingly, previous studies showed that the induction of the predatory mouth form
requires much less vitamin B12, i.e. supplementation of around 1nM is sufficient,
whereas only very high, in parts, supraphysiological concentrations can cause the TEI

after vitamin B12 supplementation.

Transgenerational plasticity (TGP) is a broad term that describes non-genetic
inheritance when the effect of the environment in one generation affects a subsequent

generation (36). Such a broad concept is adequate when discussing our results,
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especially the results of the superinduction experiments, where TEI, with its strict 326
criterion concerning the number of affected generations, does not reflect the intricacies s
of the observed dynamics. Additionally, our results illustrate the insights gained from  ss
our experimental designs reveals the intricacies beneath these terms once one delves into 3z
the detailed behavior of an exemplar of TGP. Specifically, our results indicate how the s
induction of developmental plasticity in P. pacificus and the patterns of TGP are not s
one and the same. Rather, while the induction of the predatory mouth form is systemic s»
and immediate, the onset of TGP is both influenced by the number of generations 333

during which the worms are exposed to the environmental trigger and the concentration 33

of that trigger, best described as combination of the constant and sensitizing TEI 335
models (Figure 1D). 336
%

It is assumed that the evolution of TEI is directly dependent on environmental 338
variability, where the evolution of developmental plasticity itself is possible when 330

withing generation environmental variability is low and between generation variability s«
exists and TEI requires longer periods of stability (37). Our exploration of TEI of a 341
cannibalistic trait in P. pacificus provides a unique example to understand how 32
epigenetic inheritance unfolds in a trait that directly affects competition via predation s
in an organism that lives in a complex yet tractable ecological settings (Figure 4). 344
Luther Burbanks’ use of “ever-moving life forces” in his description of the role of us
environment on heredity (38) is an apt description of the attempt to better understand s
the dynamics of non-genetic inheritance, a necessity if we are to characterize the role of  su

non-genetic inheritance in ecology and evolution. 348

Data availability o

Code and data are available on the Github repository associated with this manuscript  sso

(https://github.com/Kalirad/NematodeSuperinduction) 351
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Figure 1 caption

(A) The nematode Pristionchus pacificus develops either of two mouth forms: a wide
eurystomatous (Eu) form which enables predation of other nematodes in addition to
bacterivory, and a narrow non-predatory stenostomatous (St) form. The irreversible
decision to express a mouth form is taken during the development from juvenile to adult
stage. (B) The mouth-form polyphenism in P. pacificus is characterized by change in
the probability of the developmental switch between the predatory and non-predatory
mouth forms depending on the environmental conditions (I), and transgenerational
epigenetic inheritance (TEI), where an exposure for at least five generations to an
inducing environment results in epigenetic inheritance for three generations in the
non-inducing environment (IT). (C) We have previously suggested a hypothetical causal
model which connect the environmental trigger to TEI (26). However, different
regulatory models can be constructed based on our causal model. A constant TEI
model describes a case where TEI is independent of environmental variability. An
acclimating TEI describes a scenario in which repeated exposure to the environmental
trigger dampens the TEI. Finally, in a sensitizing TEI model, the TEI amplifies with
more periodic exposure to the inducing environment. (D) The dynamics of the three

models of TEI with periodic exposure to the environmental trigger.
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Figure 2 caption

(A) In the alternative induction experiment (AIE), nematodes are grown for n
generations to the inducing environment (Novosphingobium L76), followed by a single
generation of growth on the non-inducing environment (Escherichia coli OP50). This
pattern is repeated during the experiment, to infer the dynamics of the TEI of
mouth-form state as a function of environmental variability. A single hermaphrodite is
used to established new population in each generation, ensuring that the observed
patterns are not due to selection. (B) AIE with n = 1 result in no accumulating of TEI
over the course of the experiment, suggesting that in this scenario the TEI does not
sensitize and instead resets by the removal of the environmental trigger. In AIE with
n=2(C),n=3 (D), and n =4 (E), the same constant response in TEI, independent
of the duration of exposure to the environmental trigger, is observed. However, with

n =5 (F), a sensitizing dynamics is observed, as the TEI is elevated after the second
phase of exposure. In (B) — (F), vertical lines indicate the 95% highest density interval
(HDI) inferred using a bayesian model fitted to observed number of predatory adults out
of 20 adults assayed per plate (see Methods). Foe each experiment in (B) — (F), > 6000

nematodes were phenotyped.
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Figure 3 caption

The pattern of TEI in induction (A, C, E, G, and I) or superinduction experiments (B,
D, F, H, and J). In each experiment, worms were propagated on Novosphingobium L76
(induction) or Novosphingobium L76 plus 1500nM vitamin B12 (superinduction) for n
generations before being transferred back to the non-inducing environment (E. coli
OP50). To illustrate the pattern of TEI in each experiment, we measured RD by
comparing the posterior predictive for 6 after m generations in the non-inducing
environment (Rm) relative to that of the first generation grown on the non-inducing
environment following induction or superinduction (R1). The posterior predictive for
RD for each experiment is shown as histograms, with the red line indicating zero —i.e.,
no difference— and the horizontal bar indicating the 95% HDI for RD for a given
comparison. The orange text indicates the percentage of the distribution for RD that is
lesser or greater than zero. Foe each experiment, between 1120 to 2280 nematodes were

phenotyped.
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Figure 4 caption

Mouth-form polyphenism in P. pacificus provides a unique case where the molecular
underpinnings of this case of developmental plasticity is tractable — given the wide array
of tools available to study this phenomenon in a nematode. We have outlined an
approach where hypothesized phenomenological models enable understanding the
dynamics of TEI in P. pacificus using two experimental designs. Crucially, the observed
dynamics is related to competition on a decaying beetle, suggesting a framework

suitable to place developmental plasticity and TEI to its ecological context.
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Supplementary information

The logic of transgenerational inheritance of cannibalism

Table S1. Parameters used in three models of TEI (Figure 1C)

Component Parameter Value Model(s)
X Dynamics Production rate (ax) 2.0 All
Decay rate (8x) 1.0 All
Y Dynamics Production rate (ay ) 1.5 All
Decay rate (8y) 0.2 All
Repression coefficient (Kxy) 0.3 All
Hill coefficient (nxy) 3.0 All
Z Dynamics Base production rate (az) 1.5 All
Base decay rate (8z) 0.5 All
Resource (R) Recovery timescale (Tg) 25.0 Al
Depletion rate (kg) 0.3 All
Trigger Pulse period (Tperiod) 15.0 Al
Pulse width 4.0 All
Acclimation (A)  Production rate (k,) 0.2 Acclimating TEI

Decay timescale (74) 30.0  Acclimating TEI
Repression strength (v4) 2.0 Acclimating TEI
Sensitization (S) Production rate (kg) 0.2 Sensitizing TEI
Decay timescale (7g) 40.0  Sensitizing TEI
Sensitization strength (cg) 3.0 Sensitizing TEI
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Figure S1 caption

(A) The structure of the bayesian hierarchical model (equations (1) and (2)). The
number of predatory adults per plate is used as the input, resulting in inference of 6; for
plate i. (B) An example of the typical output of the model, visualized using ArviZ
0.21., which represents the posterior density plots (left column) for chains, including for
parameters that are estimated on the plate level, and the trace plots (right columns)

indicating the convergence of the model.
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Figure S2 caption

The expanded analysis for the AIE experiment shown in Figure 2B. The left column
visualizes the posterior predictive of 6 for each generation Fi. The right column
indicates the predictive RD, calculated by subtracting the inferred 6 for each generation
form that of the first generation (F1). The orange text indicates the percentage of the
distribution for RD that is lesser or greater than zero. The black horizontal bar

indicates the 95% HDI for each parameter.
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Figure S3 caption

The expanded analysis for the AIE experiment shown in Figure 2C (A), Figure 2D (B),
Figure 2D (C), and Figure 2E (D). In each subplot, the left column visualizes the
posterior predictive of 6 for each generation F'i. The right column indicates the
predictive RD, calculated by subtracting the inferred 6 for each generation form that of
the first generation (F1). The orange text indicates the percentage of the distribution
for RD that is lesser or greater than zero. The black horizontal bar indicates the 95%

HDI for each parameter.

February 27, 2026



Predictive probability (6)

Predictive Risk Difference

Predictive probability (6)

Predictive Risk Difference

R1 R1
95% HDI 95% HDI
0.41 0.68 0.42 0.68
T T T T T 1 T T T T T 1
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0
R2 R2vs R1 R2 R2vs R1
95% HDI 95% HDI 95% HDI 95% HDI
0.36 0.63 -0.24 0.14 0.39 0.63 -0.21 0.13
T T T T T 1T T T T T T 1 T T T T T 1T T T T T 1
00 02 04 06 08 10-06 -04 -02 00 02 04 06 00 02 04 06 08 10-06 -04 -02 00 02 04 06
R3 R3vs R1 R3 R3vs R1
95% HDI 95% HDI 95% HDI 95% HDI
0.37 0.61 -0.23 0.13 043 0.68 -0.16 0.19
T T T T T 1T T T T T T 1 T T T T T 1T T T T u T 1
00 02 04 06 08 10-06 04 02 00 02 04 06 00 02 04 06 08 10-06 04 02 00 02 04 06
Predictive probability ©6) Predictive Risk Difference Predictive probability ©6) Predictive Risk Difference
R1 R
95% HDI 95% HDI
045 0.72 0.62 0.84
T T T T T 1 T T T T T 1
0.0 0.2 0.4 06 08 1.0 0.0 0.2 04 0.6 08 1.0
R2 R2vs R1 R2 R2vs R1
95% HDI 95% HDI 95% HDI 95% HDI
0.37 0.65 -0.28 0.1 0.6 -0.14 0.21
T T T T T 1T T T T T T 1 T T T T T T T T T T J
00 02 04 06 08 10-06 -04 -02 00 02 04 06 00 02 04 06 08 04 02 00 02 04 06
R3 R3vs R1 R3 R3vs R1
95% HDI 95% HDI 95% HDI 95% HDI
0.37 0.62 -0.28 0.086 0.38 0.69 -0.38 0.00075
T T T T T 1T T T T T T 1 T T T T T 1T T T T T T 1
00 02 04 06 08 10-06 04 02 00 02 04 06 00 02 04 06 08 10-06 -04 -02 00 02 04 06
Predictive probability () Predictive Risk Difference Predictive probability (6) Predictive Risk Difference
R R
95% HDI 95% HDI
04 0.71 0.6 0.92
T T u T T 1 T T T T T 1
0.0 0.2 04 0.6 08 1.0 0.0 0.2 04 0.6 0.8 1.0
R2 R2vs R1 R2 R2vs R1
95% HDI 95% HDI 95% HDI 95% HDI
0.35 067 -0.25 0.19 0.88 -0.2 0.14
T T T T T 1T T T T T T J T T T T T 1T T T T T T J
0.0 0.2 04 0.6 0.8 1.0 -06 -0.4 -0.2 0.0 0.2 04 0.6 0.0 0.2 04 0.6 08 1.0 -06 -0.4 -0.2 0.0 02 04 0.6
R3 R3vs R1 R3 R3vs R1
5% HDI 95% HDI 95% HDI 95% HDI
0.32 0.63 -0.31 0.12 0.36 0.68 047 -0.081
T T T T T 1T T T T T T 1 T T T T T 1T T T T T T J
0.0 0.2 04 0.6 0.8 1.0 -06 -0.4 -0.2 0.0 0.2 04 0.6 0.0 0.2 04 0.6 0.8 1.0 -06 -0.4 -0.2 0.0 0.2 0.4 0.6

Figure S4

February 27, 2026



Figure S4 caption

The expanded analysis for the superinduction experiment shown in Figure 3A-F. In
each subplot, the left column visualizes the posterior predictive of 0 for each generation
in the non-inducing environment Ri following j generation under induction
(Nowosphingobium L76) (A, C, E) or superinduction (Novosphingobium L76 +1500nM
vitamin B12) (B, D, F). The right columns indicate the predictive RD, calculated by
subtracting the inferred  for generation 4 in the non-inducing environment form that of
the first generation after transfer to the non-inducing environment (R1). The orange
text indicates the percentage of the distribution for RD that is lesser or greater than

zero. The black horizontal bar indicates the 95% HDI for each parameter.
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Figure S5 caption

The expanded analysis for the superinduction experiment shown in Figure 3G-J. In
each subplot, the left column visualizes the posterior predictive of 0 for each generation
in the non-inducing environment Ri following j generation under induction
(Novosphingobium L76) (A and C) or superinduction (Novosphingobium L76 +1500nM
vitamin B12) (B, and D). The right columns indicate the predictive RD, calculated by
subtracting the inferred  for generation 4 in the non-inducing environment form that of
the first generation after transfer to the non-inducing environment (R1). The orange
text indicates the percentage of the distribution for RD that is lesser or greater than

zero. The black horizontal bar indicates the 95% HDI for each parameter.
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Abstract

The adaptive consequences of non-genetic inheritance in ecology and evolution remain
disputed, a state of affair largely stemming from a paucity of tractable model organisms
that would both reliably exhibit phenotypic plasticity in an ecologically-relevant trait
and exhibit associated non-genetic inheritance. We combine experimental and
game-theoretical approaches to address this question using P. pacificus, a nematode
characterized by developmental plasticity in a cannibalistic trait that can be
epigenetically inherited for multiple generations. We show that the epigenetic
inheritance is accompanied by an elevated fecundity. Furthermore, we develop a
theoretical model based on the Darwinian dynamics framework to explore the
eco-evolutionary consequence of mouth-form polyphenism in P. pacificus when
considering tradeoffs between plasticity and fecundity. Together, this integrative
experimental and theoretical approach present a unique case study on how plasticity

could be placed in the broader eco-evolutionary context.
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Keywords: Developmental plasticity, adaptive value, life-time reproductive success,

tradeoff, Darwinian dynamics

Introduction

Non-genetic inheritance of environmental effects across generations are increasingly
recognized as widespread in nature. However, the evolutionary importance of such
non-genetic inheritance, especially when it lasts three generations or more — i.e.,
transgenerational epigenetic inheritance (TEI) (1) — is contentious, since its adaptive
value, often assumed to be intertwined with tradeoffs, is hard to measure (2—4).
Theoretically, the evolution of TEI is linked to the degree of environmental variability,
where relatively slower rate of change favors non-genetic inheritance across generations
(5). However, despite the growing body of literature on TEI (1, 6-8) — in the absence of
information on the fitness consequence and tradeoffs resulting from it — inference of the

eco-evolutionary consequence of TEI remains elusive.

Pristionchus pacificus, an androdioecious hermaphroditic nematode, provides an
ideal case study to explore the eco-evolutionary consequence of TEIL. P. pacificus has
been established as a plasticity model organism given its mouth-form polyphenism, with
a life-cycle that in nature is defined by its association with Scarab beetles (9).
Mouth-form polyphenism in P. pacificus is characterized by the effect of various
environmental conditions — including bacterial diet — on the bias of the decision taken
by the gene regulatory network that underpins the development of one of two possible
mouth forms in the adults: the stenostomatous (St) morph with a narrow mouth and
single dorsal tooth or the eurystomatous (Eu) form with a wide mouth and two teeth
(10, 11) (Figure 1A). The predatory Eu adults can kill pre-adult stages of competing
nematodes (12), resulting in life-history intraguild predation (13). The decision of this
bi-stable switch is intrinsically stochastic, i.e., the development of either of the two
mouth forms in genetically-identical individuals in a given environment can be best
described as a binomial process with genotype-specific probabilities for a given
condition (14, 15). The molecular details of the gene regulatory network responsible for

the mouth-form polyphenism has been rigorously studied (16-18), including the
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elucidation of the epigenetic mechanisms involved (19, 20).

We have previously shown the effect of diet on the induction of the predatory Eu
mouth form in P. pacificus and its subsequent TEI in the absence of the environmental
cue (21) (Figure 1B and 1C). The influence of bacterial diet on mouth-form polyphenism
is mediated via the ubiquitin ligase EBAX-1/ZSWIMS and the heat shock protein
Hsp90 and the TEI following the change in diet is attributed to the destabilization of
clustered microRNAs (21). Subsequently, we have shown that bacterial-derived vitamin

B12 is necessary and sufficient to induce the TEI of the predatory mouth form (22).

Understanding the eco-evolutionary importance of TEI is a daunting task as
multiple critera must be met to enable addressing such question. For example, Baugh
and Day (1) proposed that to understand the adaptive value for a given TEI, (i) it
should be unequivocally shown that the effect is reliably inherited for multiple
generations in the absence of the cue, (ii) its underlying mechanism should be explained,
and (iii) its fitness consequence should be shown. The last criterion itself is challenging,
since tradeoffs between plastic response and other traits are expected to exist, thus

complicating a reliable assessment of the fitness consequence of TEI (6).

The characteristics of diet-induced mouth-form polyphenism in P. pacificus makes it
well-suited to study the fitness consequence of TEIL. Specifically, the diet-induced
mouth-form polyphenism and the subsequent TEI of the predatory Eu mouth form are
both understood at the molecular level, and a major component of fitness — i.e.,
life-time reproductive success (LRS) (23) — can be measured across conditions in P.
pacificus given its short generation time (3-4 days at 20°C) and simple husbandry on
monoxenic bacterial diet. Here, we experimentally illustrate the relationship between
the induction of the predatory Eu mouth form and the resulting TEI with LRS. To
illustrate the eco-evolutionary consequence of TEI in P. pacificus, we construct a
modeling approach based on the Darwinian dynamics framework to study the interplay
between environmental variability — an expected feature of the natural habitats in which
P. pacificus resides (9) — and the competition between different strategies of TEI. This

study presents a novel and integrative contribution to the literature on the adaptive

February 27, 2026

3/34

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



value of phenotypic plasticity and TEI.

Methods

Bacterial and nematode culture maintenance

The ancestral P. pacificus RSCO11 isolate was cryopreserved within the first 10
generations after its initial collection from Coteau Kerveguen, La Réunion. Worms were
reared at 20°C under standard conditions on Nematode Growth Medium (NGM) plates
seeded with either E. coli OP50 or Novosphingobium L76. Bacterial strains were
cultured overnight in Lysogeny Broth (LB) with kanamycin (50ug/ml) when required.
Specifically, OP50 was grown overnight at 37°C in LB without shaking while
Novosphingobium L76 was grown at 30°C at 180 rpm. NGM plates were seeded with

300ul of overnight cultures and incubated for 2 days prior to use.

Dietary induction and food reversals

Dietary induction on Novosphingobium and subsequent reversal experiments on E. coli
OP50 were based on the long-term environmental induction (LTEI) protocol described
previously (21). For this study, worms were propagated on Novosphingobium for 5 and
10 generations, respectively. For food reversals after the F5 and F10 generations, worms
were first transferred from Novosphingobium L76 to NGM plates supplemented with
(50ug/ml) of kanamycin with a kanamycin resistant E. coli strain as food for one
generation, before being reintroduced to standard E. coli OP50-seeded NGM plates for
subsequent generations. Reversal experiments were carried out for 3- 4 generations

following the initial Novosphingobium exposure.

Assays for lifetime reproductive success

To obtain synchronized worm cultures, a bleaching process is widely used in protocols

for assessing brood size. However, exposure to stressors such as bleaching, starvation, or

extreme temperature fluctuation are known to directly alter the mouth-form phenotype.

Therefore, to avoid effects that could directly or indirectly influence life-history

phenotypes, no bleaching was performed. To assess lifetime reproductive success, J4
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animals were individually transferred on separate plates with 75ul of bacterial lawn
(Figure 2A). Upon reaching adulthood, individual worms were transferred daily to fresh
plates for four days. Almost 90% of self-progeny are laid within the first 3 days. Worms
were allowed to lay eggs on the day-4 plates for several additional days to provide an
accurate estimate for the remaining ~ 10% of self-progeny. For LRS assays, 50 — 60

independent replicates (mothers) were measured for each generation.

Statistical analysis

To analyze LRS data, we implemented a Bayesian model using PyMC version 5.16.2
(24). For LRS for a given generation, we implemented a bayesian negative binomial
regression. In this model, the total number of viable offspring of mother i (Y;) is drawn

from a negative binomial distribution (Figure S1):

Y; ~ NegativeBinomial(u;, ) . (1)

To compare any given generation to the naive PO generation with m other

generations, we defined

log(ui) = Bo+ > BeXin (2)

k=1
where X; j, is the binary indicator for mother ¢ belonging to treatment group k. The

following priors were used for this model:

Bo ~ Normal(5,2)
Br ~ Normal(0,2) for k € {1,...,m} (3)
a ~ Exponential(1)

To compare the change in LRS relative to PO, rate ratio (RR) for generation k was

calculated:

RRk = exp(ﬂk) . (4)

The effect of the mouth form of a mother on its LRS was calculated using daily

brood size. The brood size of mother ¢ on day j is drawn from a negative binomial
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distribution (Figure 2):

Y;; ~ NegativeBinomial(u;;, o)

We defined the following link function

log(piz) = Bo,j + 1. Xi

where X; is the binary indicator, which reflects if the mother had a predatory

(6)

(X; = 1) or non-predatory (X; = 0) mouth form. fy ; represents the expected log-brood

size for the St condition, and f; ; is the condition effect (the log-rate ratio). The

following priors were used in this model:

Bo,; ~ Normal(5,2)
B1,; ~ Normal(0, 2)

a; ~ Exponential(1)

The effect of predatory (Eu) mouth form on the brood size on day j was calculated

as

RR; = exp(f1,5)

(7)

Posterior inference was performed using No-U-Turn Sampler (NUTS) by sampling 4

chains with 2000 tuning iterations followed by 4000 sampling iterations.

Eco-evolutionary model

In order to understand how the trade-off between fecundity and the induction of the

predatory mouth form would affect the eco-evolutionary dynamics, we developed an

approach based on the Darwinian dynamics framework (25). Each P. pacificus isolate 4

in the community consists of three classes:

e J;: juveniles,
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e P;: Adults with the Eu mouth form,
e N;: Adults with St mouth form, with A; = P; + N;,.

For a community composed of s isolates the density of various classes in the

community is a vector:

X =[170,%p), TNy |-+ |20, 7P, 2N,] (8)

where z;,, is the abundance of class [ of isolate m.
We assume that nematodes consume resource y (bacterial food), which continuously
flows into the system, i.e., bacteria regrows:

S

y=p(K-y) - Z(CJ,i fW)zsi+ecaif(y) ﬂfAi) ; (9)

i=1
where p is the rate of resource regeneration, K is the maximum resource level, and
¢1.m 1s the consumption rate of stage I of isolate m. Resource accessibility, f(y) is

modeled as a Monod function:

fly) = =2 | (10)

where H is the half-saturation constant.
Each isolate ¢ in the community possess a strategy u; in a given environment. For a
community composed of s isolate, strategies found in the community can be represented

as a vector:

u=[ug|... |us] . (11)

Strategy w; of isolate i determines two key aspects of its phenotype: (i) the
proportion of predatory adults developed by individuals belonging to this isolate (p;),

which is determined by

1

- 1+ exp[ — aui] ’ (12)

p(ui)

and (ii) the tradeoff between predatory mouth form and fecundity of this isolate (b;),

represented by
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b(u;) = by [1 — £ pi(wi)] where 0<k<1 | (13)

where x determines the intensity of the tradeoff.
The mouth-form polyphenism results in life-history intraguild predation by

predatory adults in P. pacificus. This aspect is modeled as type-II functional response:

Qji Tpj T i
() = A , 14
]Z( ) 1+ anzl hjm Qjm T Jm ( )

where ¢;;(z) is the total killing rate of the predatory adults of isolate j on juveniles
of isolate i, a; is the attack rate, and hjy, is the handling time.
For a given isolate i, a G-matrix is defined that describes the per capita growth rate

of individuals belonging to this isolate:

“Af(y) =05 = 3hmr Pri(@)  b(wi) f(y)  b(ui) f(y)
G; (uiv u, X) = p(uz‘) A f(y) —04 0 : (15)
(1 —p(us) A f(y) 0 —0a

Transgenerational inheritance

For environment e, there exist a target strategy w;(e) for species . In the absence of
TEI, following induction, reversal to the non-inducing environment would immediately
result in the assumption of u}(e) by species i. Assuming TEI, the strategy would slowly

revert to the target strategy:

;= m m € {down,up} (16)

where 7, determines the pace at which the predatory trait is induced in the new
environment (7,p) and the duration of TEI of the induced trait (Taown)-
Pairwise invasion assay

The fitness of a mutant strategy that invades a resident strategy can be formulated as

the Jacobian matrix M:
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—(Af(Y) +dy+ Pres)  D(umut) f(y)  O(tmut) f(y)
M= P(tmut) M f () —0a 0 : (17)
(1 = p(umu))Af (y) 0 —da
where ®,..s is the total killing rate of the predatory adults of the resident species on
juveniles of the mutant species. The invasion fitness is defined as the spectral abscissa

of the mutant strategy’s Jacobian matrix M:

a(M) = max{Re(\)} . (18)

Results

TEI following exposure to Novosphingobium diet is associated

with increase in brood size

In the nematode androdioecious hermaphrodites C. elegans and P. pacificus, total
brood size after self-fertilization represents the most commonly used proxy for fitness.
As the total offspring of a hermaphrodite is nearly exclusively hermaphroditic and can
therefore reproduce itself, brood size is directly related to the reproductive value. In
such hermaphrodites, this measurement is equivalent to the lifetime reproductive
success (LRS), which represents the total number of viable offspring an individual

produces throughout its entire life.

To explore the potential relationship between LRS — as a major component of fintess
— and the dietary induction of the predatory (Eu) mouth form in the P. pacificus isolate
RSCO011, as well the subsequent TEI of this trait, we designed an experiment in which
naive nematodes (P0) — previously propagated on the standard E. coli OP50 food —
were grown on Novosphingobium L76 for 10 generations (Figure 2A). Two sets of
reversal lines were established during the experiment, in which nematodes, having been
propagated on Novosphingobium L76 for five or 10 generations were transferred back to
the standard E. coli OP50 diet and maintained for multiple generations (Figure 2A).

During this experiment, we singled out J4 hermaphrodites and used them to conduct
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LRS assay, in which a single worm is transferred to a fresh plate every 24 hours and the

viable progenies laid on the plates are counted (Figure 2A).

The LRS assays conducted during induction on Nowvosphingobium 176 — previously
shown to induce an immediate and complete induction of the predatory mouth form in
P. pacificus RSCO11 (21) — indicated steady increase in LRS compared to naive worms
(Figure 2B). Surprisingly, immediately after reversal to the standard E. coli OP50 diet
following five generations of exposure to Novosphingobium 176, further increase in LRS
was observed, which declined in subsequent generations on E. coli OP50 (Figure 2B), a
decline that mimics the pattern of TEI of the predatory mouth form in P. pacificus
RSCO011 within a four-generations time frame (Figure 1C). A similar pattern was
observed when conducting LRS assays during 10 generations of induction of

Novosphingobium L76 and subsequent reversal to E. coli OP50 (Figure 2C).

TEI-associated increase in brood size is not dependent on the

maternal mouth form

Given the pattern of change in LRS observed during reversals following exposure to
Novosphingobium 176, which mirrored the pattern of TEI of the predatory mouth form,
one could hypothesize that the effect on LRS is directly linked to the induction of the
predatory mouth form. To test this hypothesis, we designed an experiment in which,
following five generations of exposure to Novosphingobium L76, nematodes were
transferred to E. coli OP50 diet for three generations. In each of the three generations
during the reversal phase, predatory and non-predatory hermaphrodites were singled
out and were used to conduct the LRS assay. This design allowed us to directly test if
the mouth form of the mother determines its LRS following reversal (Figure 3A). The
first generation during the reversal phase suggests minor difference in LRS between
predatory and non-predatory mothers (Figure 3B). However, the paucity of
non-predatory nematodes immediately following five generations of exposure to
Novosphingobium L76 grants limited statistical power. In contrast, the second and third
generation during the reversal phase of our experiment, when enough non-predatory

mothers were collected, no credible difference was observed in LRS when comparing
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mothers with different mouth forms (Figure 3C and D). These results suggest that the
observed patterns of change in LRS cannot be directly linked to the development of the
predatory mouth form and are more easily attributed to the broader effect of the

bacteria-derived trigger molecule on the nematode.

Mouth-form polyphenism is characterized by a major tradeoff

Our experimental observations indicate an interplay between mouth-form polyphenism
and fecundity, including the transgenerational plasticity in both traits. However, this
comparison, conducted on a given isolate, does not elucidate why different wild isolates
of P. pacificus reflect a diversity in the level of induction of the predatory mouth form
in a given environment (11, 14). We have previously shown how the level of induction of
the predatory mouth form is accompanied by a tradeoff in LRS (14). However, the
scope of our attempt was limited to exploring the effect of mouth-from polyphenism on
fecundity, and not the subsequent transgenerational plasticity in fecundity. To explore
these aspects, we turn to a game-theoretical model based on the Darwinian dynamics
framework (Figure. 4A and B). Specifically, this framework enables a natural inclusion
of tradeoff between the probability of developing the predatory mouth form and
fecundity (Figure 4C). Our goal to develop these theoretical framework is two-fold:
firstly, to extend our single isolate experiment to many isolates and potentially species
in order to provide insights that could inform future experimental designs, and,
secondly, provide a theoretical framework to explore both phenotypic developmental

plasticity and transgenerational plasticity, which remains under-explored.

Strategies that prefer lower probability of the predatory mouth

form evolve in polymorphic communities

To explore how strategies that determine the probability of assuming the predatory
mouth form evolve, we envisioned a polymophic community in which 21 different P.
pacificus isolates — each with a distinct strategy u; € [—6, 6] — compete (Figure 4D).
Strategies that win in this scenario are not necessarily evolutionary stable — since they
can be susceptible to invasion. However, they indicate strategies that evolution favors

when other strategies are available. Our polymorphic scenario illustrates to what extent
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a winning strategy with respect to mouth-form polyphenism in P. pacificus depends on
the strength of tradeoff between the effect of u; on the proportion of predatory adults of
an isolate and its negative effect on the fecundity. For example, weak tradeoff prefers
obligate predators since the benefit gained via LHIP dominates (Figure 4E). However,
as tradeoff strengthens, isolates with strategies that are biased towards the development
of non-predatory adults outcompete others (Figure 4E — 3G). Interestingly, the effect of
the strength of tradeoff with the relative fitness of a given isolate with its distinct
strategy in a polymorphic community is nonlinear. To illustrate this point, we simulated
dynamics in polymorphic communities over a wide range of x, which determines the
strength of tradeoff (Eq 13). For each simulation, we calculated the maximum value of
per capita growth rate, reflecting maximum fitness of a given strategy during
competition. This analysis revealed that weak tradeoff results in selection of the highest
value of u; — i.e., the isolate that develops only predatory adults (Figure 4H). However,
stronger tradeoff favors a range of strategies that are biased toward the development of

non-predatory adults (Figure 4H).

Strategies that prefer high probability of the predatory mouth

form are resistant to invasion

An evolutionary stable strategy was originally defined as one that is resistant to invasion
(25). Following this definition, the evolutionary stability of each mouth-form strategy
can be explored by introducing a mutant strategy at low frequency to a monomorphic
community, entirely composed of a resident isolate with a given strategy, which has
reached steady state before the invasion. Invasion fitness is calculated using Eq. 18.
Although strategies that are biased towards the development of the predatory mouth
form only fix in polymorphic communities when tradeoff is weak (Figure 4H) — given
the density-dependent nature of predation —, these strategies resist invasion regardless of
the strength of tradeoffs (Figure 5 A — C). This observation is consistent with our

previous finding using an agent-based model based on experimental observations (15).
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Environmental variability does not select for strategies that

prefer high probability of the predatory mouth form

It could be argued that environmental variability might overcome the cost of tradeoff,
thus favoring strategies that prefer high-predation. To test this hypothesis, we designed
a different experiment in which isolates in polymophic community have identical
strategies (u; = u* Vi € s, default u* = —0.5) in non-inducing environment e = 0.
Once the environment changes to e = 1, each isolate assumes a distinct strategy (Figure
5D). Random switching between e = 0 and e = 1 can result in the fixation of different
strategies (Figure 5E and F). To explore the interplay between environmental variability
and the strength of tradeoffs, we simulated polymophic communities as described above
in randomly varied environment. These experiments were repeated for different values
of k. In order the quantify the level of environmental complexity during each simulation,
we calculated Lempel-Ziv complexity for the vector of environmental values (e € {0,1} )
during the simulation. In short, the Lempel-Ziv complexity indicates how easy a
sequence can be compressed, with static or periodically changing sequences being less
complex than sequences with non-repeated patterns of change (26). The Lempel-Ziv
complexity provides an intuitive measure of how the environment in our model changes
during a simulation. Our analysis indicates that environmental complexity does not
favor strategies that result in higher predatory adults when tradeoff is considerable
(Figure 5G). In a weak tradeoff regime, the highest value of u; fixes in a polymorphic

community regardless of environmental complexity (Figure 5G).

TEI can disappear or lengthen as a consequence of tradeoff

between mouth-form polyphenism and fecundity

TEI in our model is defined as the gradual change in u; in response to the change in an
environment with a given target strategy u;(e) (Eq. 16) (Figure 6A). Given the
observed pattern of TEI in P. pacificus RSC011 (Figure 1C), could the TEI potentially
evolve or even be selected against due to the tradeoff between mouth-form plasticity
and fecundity? To answer this question, we designed an experiment in which isolates a
and b, both with the same strategy in e = 0 are transferred to e = 1, where both have

the same target strategy (u(e = 1) = uj(e = 1)). These isolates differ only in their TEI
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strategy (Figure 6B). In this example, Tdown,a > Tdown,b, resulting in a slower decline in
U, as it approaches u’ (e = 1). With weak tradeoff, extended TEI is the winning

stratgey (Figure 6B). However, with strong tradeoff, short TEI is favored (Figure 6C).

To explore the evolution of TEI as a function of the strength of tradeoff, we used the
scenario described above and considered the maximum fitness of isolate b relative to
isolate a, where isolate a has a fixed Tqown,« = 50 and in each simulation isolate b is
assigned a different value of Tgown,p (Figure 6D). Surprisingly, depending on the
strength of tradeoff, extension or elimination of TEI is the winning strategy.

Additionally, depending on the value of k, a range of TEI can be selected for, where

extended or shortened TEI strategies beyond this range have lower fitness (Figure 6D).

This observation suggests that the observed pattern of TEI in P. pacificus RSC011

could be evolvable.

In summary, our theoretical results illustrate how strategies that favor lower
probabilities of developing the predatory mouth form can evolve, which could explain
the observed diversity with respect to mouth-form polyphenism in the wild isolates of P.
pacificus. Additionally, how the tradeoff between mouth-form polyphenism and

fecundity can shape the dynamics of TEI.

Discussion

Despite growing interest in non-genetic inheritance, especially TEI (27-30), much of
existing research is mostly concerned with establishing cases of TEI- itself an arduous
task given the rigor needed (1) — rather than exploration of the potential
eco-evolutionary consequence of TEI. Our integrative approach, combining experimental
study of TEI and its effect of fitness in a nematode and a theoretical framework,
provides a unique approach to investigate the conditions under which different strategies
with respect to mouth-form polyphenism in P. pacificus can evolve. Specifically, our
results indicate how, in the presence of tradeoff, strategies that favor high probability of
developing the predatory mouth form are less likely to evolve, even in a rapidly

changing environment. This result seems consistent with previous observation with

February 27, 2026

14/34

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327



respect to the isolate-specific probability of developing the predatory mouth form in P.
pacificus under standard laboraotary condition (11), but a broader survey of
mouth-form polyphenism in P. pacificus isolates across multiple environments is yet to

be conducted in order to clarify just how diverse these strategies are.

Additionally, our model indicates that the strength of tradeoff between mouth-form
plasticity and fitness can select for extension, elimination, or stabilization of TEI. This
is a novel observation, since a priori the observed duration of TEI in P. pacificus can
be attributed to different constrains and not malleable to selection. The existing theory
on transgenerational plasticity frames the evolution of non-genetic inheritance as an
anticipatory response that is selected in environments with repeatable and extended
phases of change (31, 32). In this context, it has been shown that selection can favor or
eliminate transgenerational plasticity, depending on the predictive power of the
environmental cures (33, 34). However, our results add another wrinkle to the evolution
of TEI, by illustrating how, in principle, evolution can shape the extension of TEI, or
eliminate it, as a consequence of tradeoff between plasticity and fitness, even when an
environmental cue is assumed to be reliable. We previously documented tradeoff
between phenotypic plasticity and fecundity, as a proxy for fitness, across multiple
isolates of P. pacificus (14). Here, we suggest that the reverberation of the tradeoff
between plasticity and fitness across generations via TEI can further complicate both
the evolution of TEI and its eco-evolutionary consequence. Our results with respect to
the potential effect of selection on the TEI can be further explored via experimental

evolution using P. pacificus.

Most examples of transgenerational plasticity are assumed to be of no adaptive value
or even deleterious (reviewed in (35)). Consequently, this form of non-genetic
inheritance is viewed mostly as a source of variation (36), as an extension of the notion
of plasticity-first evolution (37). However, the case of TEI in P. pacificus seems rather
distinct, as its ecological consequence, the development of a morphology that enables
intraguild predation, coupled with its dispersal-colonization—competition life cycle in

the wild (9), suggest a direct advantage in assuming the predatory mouth form.
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Much remains to be explored to fully understand how TEI has evolved in P.
pacificus. Our experimental results, where reversal to a non-inducing environment is
shown to be accompanied by a transient increase in LRS before reverting to the naive

state, is intriguing, as it suggests a need to extend our previous attempt at cataloging

the fitness cost of plasticity (14) to include the dynamics of TEI across multiple isolates.

Only then, it will be possible to understand if the many assumptions made in our
Darwinian dynamics model hold. Additionally, while this theoretical framework
provides an intuitive way to understand phenotypic evolution — making it apt in the
context of polyphenism and TEI — it does not consider the observed stochasticty in
mouth-form plasticity in P. pacificus and the observed variation in the LRS data.
Elsewhere (15), we addressed such concerns — at least with respect to variance in
life-history data — by taking advantage of agent-based modeling. However, such complex
models limit the extent to which evolutionary questions can be addressed. In our view,
polyphenism of a cannibalistic trait in P. pacificus and the associated TEI can serve as
a unique anchor for a range of theoretical tools designed to address the lingering

ecological and evolutionary puzzles about plasticity and non-genetic inheritance.
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Figure 1 caption

(A) The nematode Pristionchus pacificus develops either of two mouth forms: a wide
eurystomatous (Eu) form which enables predation of other nematodes in addition to
bacterivory, and a narrow non-predatory stenostomatous (St) form. The irreversible
decision to express a mouth form is taken during the development from juvenile to adult
stage. (B) The probability of assuming either of the two mouth forms (shown as a
needle) is dependent on the environment. In this example, it is very probable to assume
the bacteriovorus form in environment I whereas environment II promotes the
development of the predatory mouth form. The needle is used to emphasize the
stochastic nature of the developmental decision taken in this context. (C) The
mouth-form polyphenism in P. pacificus includes both the environmental induction of a
trait and the transgenerational plasticity of the trait, where in the absence of the
environmental cue, the parental plastic response reverberates across generations. The
bar represent the 95% highest density interval (HDI) for the probability of assuming the

predatory mouth form.
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Figure 2 caption

(A) To assess the interplay between mouth-form polyphenism and fecundity as an
indicator of fitness, we designed an experiment in which P. pacificus RSC011 were
propagated on Nowvosphingobium L76 for ten generations. During the experiment, two
reversal lines were established by propagating lines on E. coli OP50 after five or ten
generations of propagation on Novosphingobium L76. In select generations, we
conducted lifetime reproductive success (LRS) by transferring J4 hermaphrodites to
fresh plates every 24 hours for 4 days and counting the number of viable progenies of
each mother. (B) The change in fecundity during five generations of exposure to
Novosphingobium L76 and the subsequent reversal on E. coli OP50 for four generations
compared with the naive P. pacificus on the E. coli diet (P0). The right column
indicates the inferred rate ratio (RR) on LRS when comparing any given generation
with P0. (C) The change in fecundity during ten generations of exposure to
Novosphingobium 176 and the subsequent reversal on E. coli OP50 for four generations
compared with the naive P. pacificus on the E. coli diet (P0). The right column
indicates the inferred RR on LRS when comparing any given generation with P0. The
95% HDI in fecundity data represent the inferred mean fecundity. In the RR panel, the
horizontal black bar indicates 95% HDI for RR, with one (red vertical line) denoting no
effect (See Figure S3 and S4 for trace plots and tables S1 and S2 for summary statistics

associated with the statistical shown in this figure).
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Figure 3 caption

(A) To explore if the observed increased in fecundity following exposure to
Novosphingobium L76 is associated with mouth-form state of the mother, we designed

an experiment in which P. pacificus RSC011 were propagated on Nowvosphingobium 176

for five generations, starting from the naive P. pacificus grown on the E. coli diet (P0).

After propagation on Novosphingobium L76, nematode were transferred on E. coli
OP50 for three generations. In each generation during the reversal phase of the
experiment, we selected J4 hermaphrodites with predatory (Eu) or non-predatory (St)
mouth-form and use them to measure per-day fecundity by transferring them to fresh
plates seeded with E. coli OP50 every 24 hours for 4 days and counting the viable
progenies. (B) The results of LRS for non-predatory and predatory hermaphrodites
selected from the first generation during the reversal phase. The right column indicates
the inferred rate ratio (RR) on LRS when comparing the fecundity of predatory (Eu)
hermaphrodites with non-predatory counterparts on a given day. (C) The results of
LRS for non-predatory and predatory hermaphrodites selected from the second
generation during the reversal phase. (D) The results of LRS for non-predatory and
predatory hermaphrodites selected from the third generation during the reversal phase.
The 95% HDI in fecundity data represent the inferred mean fecundity. In the RR panel,
the horizontal black bar indicates 95% HDI for the effect, with one (red vertical line)
denoting no effect (See Figure S5-S7 for trace plots and tables S3-S5 for summary

statistics associated with the statistical shown in this figure).
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Figure 4 caption

(A) To investigate the effect of tradeoff between mouth-form polyphenism and fecundity,
we considered a simplified life-cycle of P. pacificus, in which probability of assuming
predatory (Eu) mouth form for isolate ¢ (p;) is determined by its strategy (u;). The
choice of the strategy simultaneously affect the probability of assuming either of the two
mouth forms and the fecundity parameter (b;), a relationship that capture a
hypothesized tradeoff between plasticity and fecundity. (B) An abbreviated
representation of the core of our model, which envisions a community as an assemblage
of stage-structured populations belonging to s different isolates, each with its own
distinct strategy. The ecological consequence of developing the predatory mouth form is
reflected in our model as life-history intraguild predation (LHIP). (C) Strategy u;

determines the probability of assuming the predatory mouth form for species i (p;). The

intensity of tradeoff between strategy u; and fecundity b; is determined by parameter .

(D) To test the variability different strategies, we designed an experiment in which a
community starts with 21 P. pacificus isolates, each with its distinct strategy (circles).
The set-up enables us to single out strategies that outcompete others in polymorphic
community. (F) — (G) The outcome of competition starting from a polymorphic state
with respect to strategy, is dependent on the strength of tradeoff, with weaker tradeoff
(k = 0.05) favoring isolate with a strategy that produces only predatory adults, while
intermediate (k = 0.1) and high (k = 0.4) levels of tradeoffs increasingly favor strategies
that are biased towards the development of non-predatory adults. In (F) — (G), the
solid lines in the left panels represent the total biomass of each isolate, i.e., the
abundance of juveniles and adults. The right panel in each subplot highlights the
winning Strategy. (H) The maximum fitness of each isolate (calculated by inferring the
per capita growth rate of all 21 isolates during competition starting from a polymorphic
case) indicates how the strength of tradeoff affects the evolutionary viability of each

strategy. Parameters used for the simulations are found in Table S6.
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Figure 5 caption

(A) — (C) To explore the resistance of a given strategy to invasion, we conducted

7

pairwise invasion assay, in which a P. pacificus isolate with a “mutant” strategy is
introduced at low abundance to a community composed of a single resident isolate with
its own strategy. The invasion fitness captures the initial per-capita growth rate of the
mutant. Across three different trade-off levels, strategies that favor the production of
predatory adults are resistant to invaders. (D) To illustrate the effect of environmental
variability on the evolution of plasticity strategy in P. pacificus, we considered a simple
scenario in which in environment e = 0, all isolates have the same strategy — which
favors low probability of developing the predatory mouth form — but the same isolates
assume distinct strategies in environment e = 1. (E) — (F) Simulation starting from a
polymorphic state during which the environment randomly fluctuates for varying
durations between e = 1 and e = 0. In each case, a different isolate outcomes the other
20 isolates that formed the community at the start. (G) For each value of x, we
simulated 1000 competition starting from a polymorphic state in environments that
randomly fluctuated between e = 1 and e = 0. The Lempel-Ziv complexity indicates
the regularity environmental change in each simulation. In the low tradeoff scenario
(k = 0.01), the strategy the exclusively produces predatory adults wins out regardless of
the environmental complexity, while higher tradeoffs favor Strategies that are biased in
favors of non-predatory adults. Parameters used for the simulations are found in Table

S6.
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Figure 6 caption

(A) Our model enables the inclusion of TEI, where the strategy (u;) and the
corresponding probability of developing the predatory mouth form (p;), decline to reach
the target strategy for isolate i in environment e (u}(e)). (B) To explore the affect of
TEI strategy on competition, we simulated a scenario in which two isolates — starting
from u = 6.0 — are competing in an environment with «* = —0.5. The two isolates are
identical except in their respective Tqown. In this case, isolate a has a TEI that returns
to u* more slowly than isolate b, resulting in the extinction of isolate b. However,
stronger tradeoff (k = 0.4) favors isolate b (C), since a shorter TEI results in higher
comparative fecundity in the new environment. (D) We repeated this experiment by
considering a scenario in which isolate a has a fixed Tqown = 50 while the competing
isolate b has a different 7qown in each simulation. We calculated the maximum fitness of
isolate b relative to isolate a during each simulation. These simulations were repeated

across a range of k. Parameters used for the simulations are found in Table S6.
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Table S1. Summary statistics for the analysis shown in Figure 2B.

mean sd hdi_2.5% hdi_97.5% mcse_mean mcse_sd ess_bulk ess_tail r_hat
intercept 5.07 0.03 5.02 5.13 0.0 0.0 3816.06 5627.76 1.0
effects[F1N] 0.01 0.04 -0.06 0.08 0.0 0.0 5742.97 8449.65 1.0
effects[F3N] 0.07 0.03 -0.0 0.13 0.0 0.0 5656.11 8283.35 1.0
effects[F5N] 0.09 0.03 0.02 0.16 0.0 0.0 5184.07 8628.43 1.0
effects[F5R1] 0.24 0.04 0.16 0.32 0.0 0.0 6040.99 8872.21 1.0
effects[F5R2] 0.15 0.04 0.07 0.23 0.0 0.0 6126.05 9469.34 1.0
effects[F5R3] 0.17 0.04 0.09 0.25 0.0 0.0 6408.25 9378.72 1.0
effects|F5R4] -0.02 0.04 -0.1 0.06 0.0 0.0 6823.25 9366.41 1.0
alpha 35.41 3.03 29.61 41.37 0.03 0.02 11076.39 10865.24 1.0
rate_ratio[F1N] 1.01 0.04 0.95 1.09 0.0 0.0 5742.97 8449.65 1.0
rate_ratio[F3N] 1.07 0.04 1.0 1.14 0.0 0.0 5656.11 8283.35 1.0
rate_ratio[F5N] 1.09 0.04 1.02 1.17 0.0 0.0 5184.07 8628.43 1.0
rate_ratio[F5R1] 1.28 0.05 1.18 1.38 0.0 0.0 6040.99 8872.21 1.0
rate_ratio[F5R2] 1.16 0.05 1.07 1.26 0.0 0.0 6126.05 9469.34 1.0
rate_ratio[F5R3] 1.19 0.05 1.1 1.29 0.0 0.0 6408.25 9378.72 1.0
rate_ratio[F5R4] 0.98 0.04 0.91 1.06 0.0 0.0 6823.25 9366.41 1.0

Table S2. Summary statistics for the analysis shown in Figure 2C.

mean sd hdi_2.5% hdi_97.5% mcse_mean mcse_sd ess_bulk ess_tail r_hat
intercept 5.07 0.03 5.03 5.12 0.0 0.0 3642.06 5675.72 1.0
effects[F1N] 0.01 0.03 -0.06 0.08 0.0 0.0 5167.68 8590.92 1.0
effects[F3N] 0.07 0.03 -0.0 0.13 0.0 0.0 5211.56 8138.22 1.0
effects[F5N] 0.09 0.03 0.02 0.16 0.0 0.0 5072.63 8489.66 1.0
effects[F7N] 0.07 0.04 -0.01 0.15 0.0 0.0 5839.25 9426.19 1.0
effects[F10N] 0.05 0.04 -0.02 0.13 0.0 0.0 6209.46 8942.64 1.0
effects[F10R1] 0.3 0.04 0.22 0.38 0.0 0.0 5938.88 8708.9 1.0
effects[F10R2] 0.1 0.04 0.02 0.18 0.0 0.0 5813.06 9091.03 1.0
effects[F10R3] 0.08 0.04 0.01 0.17 0.0 0.0 6266.45 9475.08 1.0
alpha 36.15 2.95 30.42 41.83 0.03 0.02 10499.35 10818.36 1.0
rate_ratio[F1N] 1.01 0.03 0.94 1.08 0.0 0.0 5167.68 8590.92 1.0
rate_ratio[F3N] 1.07 0.04 1.0 1.14 0.0 0.0 5211.56 8138.22 1.0
rate_ratio[F5N] 1.09 0.04 1.02 117 0.0 0.0 5072.63 8489.66 1.0
rate_ratio[F7N] 1.07 0.04 0.99 1.16 0.0 0.0 5839.25 9426.19 1.0
rate_ratio[F10N] 1.06 0.04 0.98 1.14 0.0 0.0 6209.46 8942.64 1.0
rate_ratio[F10R1] 1.35 0.05 1.24 1.45 0.0 0.0 5938.88 8708.9 1.0
rate_ratio[F10R2] 1.1 0.04 1.01 1.19 0.0 0.0 5813.06 9091.03 1.0
rate_ratio[F10R3] 1.09 0.04 1.0 1.17 0.0 0.0 6266.45 9475.08 1.0
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Table S3. Summary statistics for the analysis shown in Figure 3B.

mean sd hdi_2.5% hdi_97.5% mcse_mean mcse_sd ess_bulk ess_tail r_hat
intercept[D1] 2.67 0.33 2.02 3.3 0.0 0.0 13118.12 9779.78 1.0
intercept[D2] 4.99 0.17 4.66 5.34 0.0 0.0 14030.33 10309.93 1.0
intercept[D3] 3.52 0.39 2.78 4.31 0.0 0.0 11080.22 8768.85 1.0
intercept[D4] 1.24 1.14 -0.94 3.51 0.01 0.01 11819.23 9009.73 1.0
effect_eu[D1] 0.43 0.34 -0.24 1.09 0.0 0.0 13109.06 9866.6 1.0
effect_eu[D2] -0.16 0.18 -0.51 0.2 0.0 0.0 13856.4 10609.03 1.0
effect_eu[D3] 0.44 0.41 -0.33 1.27 0.0 0.0 11115.06 9082.95 1.0
effect_eu[D4] -0.53 1.15 -2.84 1.67 0.01 0.01 11945.44 9031.44 1.0
alpha[D1] 4.81 13 25 7.46 0.01 0.01 21926.17 10907.84 1.0
alpha[D2] 12.84 3.11 7.26 191 0.02 0.03 19884.83 10188.7 1.0
alpha[D3] 2.61 0.62 1.51 3.91 0.0 0.01 21739.08 11359.08 1.0
alpha[D4] 0.48 0.19 0.18 0.84 0.0 0.0 17781.04 11066.47 1.0
rate_ratio[D1] 1.63 0.55 0.66 272 0.0 0.01 13109.06 9866.6 1.0
rate_ratio[D2] 0.87 0.16 0.57 1.18 0.0 0.0 13856.4 10609.03 1.0
rate_ratio[D3] 1.68 0.68 0.51 3.0 0.01 0.01 11115.06 9082.95 1.0
rate_ratio[D4] 1.06 1.37 0.0 3.4 0.01 0.04 11945.44 9031.44 1.0
abs_diff[D1] 7.09 5.67 -4.35 17.0 0.05 0.07 12990.55 9818.71 1.0
abs_diff[D2] -24.02 27.48 -78.46 26.22 0.24 0.3 13859.13 10496.4 1.0
abs_diff[D3] 15.98 17.41 -17.89 45.2 0.18 0.35 11136.52 8850.69 1.0
abs_diff[D4] -5.33 18.47 -24.36 3.33 0.2 1.95 11713.71 8865.31 1.0

Table S4. Summary statistics for the analysis shown in Figure 3C.

mean sd hdi_2.5% hdi_97.5% mcse_mean mcse_sd ess_bulk ess_tail r_hat
intercept[D1] 3.03 0.17 27 3.35 0.0 0.0 13096.59 11249.51 1.0
intercept[D2] 4.54 0.1 4.34 4.73 0.0 0.0 16968.87 11150.46 1.0
intercept[D3] 3.93 0.13 3.68 4.19 0.0 0.0 13216.61 10425.03 1.0
intercept[D4] 273 0.16 2.41 3.06 0.0 0.0 12711.22 11156.05 1.0
effect_eu[D1] 0.04 0.19 -0.36 0.4 0.0 0.0 13106.65 11485.52 1.0
effect_eu[D2] -0.11 0.12 -0.33 0.13 0.0 0.0 16833.64 11056.31 1.0
effect_eu[D3] -0.02 0.15 -0.31 0.27 0.0 0.0 13058.57 10196.92 1.0
effect_eu[D4] 0.29 0.19 -0.08 0.66 0.0 0.0 12691.03 10185.8 1.0
alpha[D1] 5.58 1.53 2.82 8.59 0.01 0.02 25994.68 11623.85 1.0
alpha[D2] 13.36 3.22 7.22 19.57 0.02 0.03 22655.96 10971.95 1.0
alpha[D3] 8.34 2.09 4.39 12.37 0.01 0.02 24049.25 11002.8 1.0
alpha[D4] 6.13 1.67 3.14 9.48 0.01 0.02 25295.15 11495.57 1.0
rate_ratio[D1] 1.06 0.2 0.67 1.46 0.0 0.0 13106.65 11485.52 1.0
rate_ratio[D2] 0.9 0.1 0.69 1.1 0.0 0.0 16833.64 11056.31 1.0
rate_ratio[D3] 0.99 0.15 0.71 1.28 0.0 0.0 13058.57 10196.92 1.0
rate_ratio[D4] 1.36 0.26 0.9 1.89 0.0 0.0 12691.03 10185.8 1.0
abs_diff[D1] 0.61 4.14 -7.51 8.7 0.04 0.04 13005.54 11305.99 1.0
abs_diff[D2] -10.05 10.67 -31.36 10.85 0.08 0.1 16931.55 10521.8 1.0
abs_diff[D3] -1.43 7.62 -16.55 13.26 0.07 0.07 12973.06 9959.92 1.0
abs_diff[D4] 5.11 3.24 -1.5 11.28 0.03 0.03 12838.08 10185.78 1.0

Table S5. Summary statistics for the analysis shown in Figure 3D.

mean sd hdi_2.5% hdi_97.5% mcse_mean mcse_sd ess_bulk ess_tail r_hat
intercept[D1] 291 0.17 2.6 3.25 0.0 0.0 13914.68 10854.89 1.0
intercept[D2] 4.49 0.09 4.32 4.67 0.0 0.0 17080.1 11034.2 1.0
intercept[D3] 4.01 0.11 3.81 4.22 0.0 0.0 15910.54 11419.8 1.0
intercept[D4] 3.09 0.15 2.79 3.39 0.0 0.0 153711 12005.17 1.0
effect_eu[D1] -0.03 0.2 -0.43 0.36 0.0 0.0 14518.04 10363.71 1.0
effect_eu[D2] -0.03 0.11 -0.25 0.17 0.0 0.0 17156.02 11658.07 1.0
effect_eu[D3] -0.08 0.13 -0.35 0.16 0.0 0.0 15908.92 11841.17 1.0
effect_eu[D4] -0.1 0.18 -0.47 0.26 0.0 0.0 15134.14 11302.46 1.0
alpha[D1] 4.47 1.23 2.24 6.89 0.01 0.01 22009.89 10537.68 1.0
alpha[D2] 13.68 3.27 7.84 20.4 0.02 0.03 20820.38 10771.21 1.0
alpha[D3] 10.13 2.53 5.58 15.18 0.02 0.02 25282.89 12768.7 1.0
alpha[D4] 5.18 1.39 2.66 7.97 0.01 0.01 22248.64 11628.29 1.0
rate_ratio[D1] 0.99 0.2 0.63 1.4 0.0 0.0 14518.04 10363.71 1.0
rate_ratio[D2] 0.97 0.11 0.78 1.18 0.0 0.0 17156.02 11658.07 1.0
rate_ratio[D3] 0.93 0.12 0.7 1.16 0.0 0.0 15908.92 11841.17 1.0
rate_ratio[D4] 0.92 0.17 0.59 1.25 0.0 0.0 15134.14 11302.46 1.0
abs_diff[D1] -0.64 3.75 -8.05 6.64 0.03 0.03 14319.07 9715.54 1.0
abs_diff[D2] -3.24 9.66 -22.45 15.07 0.08 0.09 17077.49 11143.15 1.0
abs_diff[D3] -4.62 6.95 -18.54 8.82 0.06 0.06 15763.33 11258.2 1.0
abs_diff[D4] -2.28 4.02 -10.5 5.41 0.03 0.04 15000.71 10815.9 1.0
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Table S6. The parameters of the model

Category Symbol Description Default Value
Resource p Resource regeneration rate 0.8
Resource carrying capacity 5.0

H Half-saturation constant 1.0
Demography b, Baseline fecundity coefficient 1.2

m Maturation rate constant 0.7

dy Juvenile mortality rate 0.2

da Adult mortality rate 0.2
Consumption c¢jy Juvenile resource consumption coeff. 0.4

ca Adult resource consumption coeff. 0.3
Strategy o Logistic slope (Predatory adults p(u;), Eq. 12) 1.0

K Fecundity tradeoff constant 0.4°

U Strategy target (Env 0) -0.5

U1 Strategy target (Env 1) Variable®
Dynamics Tup Relaxation time (upshift: u* > u) 1.0

Tdown Relaxation time (downshift: u* < u) NA

Qi Attack rate (LHIP) 0.8

hi,i Handling time (LHIP) 0.1

# Unless otherwise specified.

® This parameter is assigned different values, depending on the design of experiment.
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Abstract

Target-directed miRNA degradation (TDMD) is an important mechanism controlling
miRNA stability, yet most known triggers have been identified through molecular
signatures without clear organismal phenotypes. Here, we exploit the natural binary
mouth-form plasticity of the nematode Pristionchus pacificus as a phenotypic readout
to investigate TDMD in vivo. We show that the ubiquitin ligase Ppa-EBAX-1 regulates
transgenerational inheritance of the predatory morph by controlling the stability of the
expanded miR-35/2235a cluster. Through bioinformatic prediction, genetic
perturbation, and small RNA profiling, we identify endogenous transcripts whose 3’
UTR binding sites function as TDMD triggers. Disruption of these sites stabilizes
cognate miRNAs and perturbs the dynamics of transgenerational inheritance,
supporting a role for regulated miRNA turnover in maintaining developmental
memory. Small RNA sequencing further reveals coordinated upregulation of multiple
cluster members upon loss of individual triggers, consistent with co-transcription,
shared turnover machinery, and feedback in miRNA homeostasis. Notably, while many
predicted targets have orthologous genes in related species, their TDMD-relevant
binding sites appear lineage-specific, suggesting rapid evolutionary turnover of this
regulatory layer. Together, our findings establish a direct link between TDMD, miRNA
cluster dynamics, and organismal phenotypes, and highlight the power of
phenotypically anchored approaches to uncover functional TDMD triggers that may be
missed by sequence- or biochemistry-based screens alone.
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Introduction

MicroRNAs (miRNAs) are small noncoding RNAs that post-transcriptionally repress
mRNAs through partial base pairing with sites in the mRNAs’ 3' UTRs '. Each miRNA
associates with an Argonaute (Ago) protein to form the core of a miRNA-induced
silencing complex (miRISC) 2. In most cases, complementarity between a target
sequence and the miRNA seed region (nucleotides 2-8) is sufficient to predict target
repression 34 Because these minimal targeting requirements allow each of the
hundreds of conserved miRNAs to regulate numerous transcripts, miRNAs are widely
regarded as master regulators of post-transcriptional gene expression.

Although miRNA biogenesis and function have been studied extensively, the
mechanisms governing miRNA decay and its clear phenotypic and biological
consequences remain comparatively poorly understood °. It has long been observed
that certain targets with extensive 3' complementarity beyond the seed region can
trigger rapid miRNA turnover, a process known as target-directed miRNA degradation
(TDMD)®. When miRNAs bind to TDMD targets, hereafter referred to as TDMD
“triggers”, extensive base-pairing induces a conformational change in the Argonaute
protein, allowing ZSWIM8 to ubiquitinate and target it for proteasomal degradation,
which in turn exposes the miRNA to ribonuclease-mediated decay -°. Endogenous
TDMD in mammals was shown to be mediated by ZSWIMS8, a Cullin-RING E3 ubiquitin
ligase 8. Since this discovery, orthologs of ZSWIM8 have been shown to mediate
TDMD in other systems, including Dora in Drosophila and EBAX-1 in Caenorhabditis
elegans, indicating that this pathway is evolutionarily conserved &1°-'2,

Previously, we showed that ubiquitin ligase EBAX-1 is required for the
transgenerational epigentic inheritance (TEI) of the predatory mouth form following
induction by a Novosphingobium diet in the nematode Prisitonchus pacificus '3. Loss
of EBAX-1 increase the abundance of the heavily-clusterd miR-35/2235a locus which
contains an extreme expansion of 44 miR-2235a and 42 miR-8286b copies, creating
a ~10 kb miRNA-rich region within an otherwise gene-poor genomic region. Compared
to C. elegans, the miR-35/2235a family in P. pacificus shows remarkable lineage-
specific differences, being greatly expanded into multiple copies and dispersed across
nearly all chromosomes rather than confined to a single cluster (Fig. 1a). The role of

Ppa-EBAX-1 and miR-2235a in TEI of the predatory mouth form provides a unique
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system in which TDMD can be studied at the organismal level using a clear, naturally
occurring binary readout in P. pacificus. During postembryonic development,
genetically identical P. pacificus individuals adopt one of two alternative morphs: the
narrow-mouthed stenostomatous (St) form, with a single dorsal tooth, or the wide-
mouthed eurystomatous (Eu) form, featuring a claw-like dorsal tooth and an opposing
subventral tooth . This discrete morphological choice offers a robust phenotypic
indicator to probe how miRNA turnover influences transgenerational developmental

outcomes.

Such a system suggests that Ppa-EBAX-1 may facilitate transgenerational inheritance
by destabilizing miRNAs that would otherwise repress TEI of the predatory morph.
Given the known functions of EBAX-1/ZSWIMS8 proteins, this likely involves TDMD or
a related mechanism acting on Argonaute-miRNA complexes, where environmental
cues activate Ppa-EBAX-1, leading to miR-2235a destabilization and derepression of
downstream targets required for transgenerational memory. Identifying these triggers
is therefore critical to elucidate the molecular mechanisms of TDMD and its phenotypic

consequences in P. pacificus.

Results
Genome-wide prediction of mir-2235a and mir-8286b targets

Identifying primary RNA triggers of EBAX-1/ZSWIM8/Dora-mediated miRNA
degradation has proven challenging '5. To date, studies in vertebrates have identified
only four indepedent triggers '6-'8, while work in Drosophila uncovered seven
endogenous RNA triggers 1. Although TDMD-inducing targets typically show
extensive base pairing with the miRNA 3’ end "8, studies in C. elegans suggest that
degradation of miR-35 family members can occur with seed-sequence pairing alone
10, This raises the possibility that memory transmission of the predatory mouth form
in P. pacificus may not require extended 3'-end complementarity.

In this context, canonical miRNA targets and classical TDMD triggers represent distinct
regulatory modes. Canonical targets, typically containing complementary sites within
the 3' UTR, are repressed by miRNAs via translational inhibition or mRNA degradation,
directly reducing target expression 20, In contrast, TDMD triggers, which exhibit

extensive complementarity including the miRNA 3’ end, promote degradation of the
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miRNA itself rather than the target transcript 8'-16. Thus, while canonical targets are
actively silenced by the miRNA, TDMD triggers indirectly modulate downstream gene
regulation by controlling miRNA stability, providing a distinct mechanism for regulating

miR-2235a levels in the context of mouth-form memory in P. pacificus.

Using established bioinformatic pipelines ', we searched for candidate triggers and
identified hundreds of predicted binding sites with full or partial complementarity to
miR-2235a and miR-8286b within the 3' UTR regions of the P. pacificus RSC011
genome (Fig. 1b,c). In total, 375 unique miR-35/miR-2235a cluster binding sites were
identified within 3' UTRs of mRNAs, including 210 sites for miR-2235 and 165 for miR-
8286b. As expected, relaxing complementarity criteria from 8-mer to 6-mer
substantially increased the number of predicted seed matches.

Several predicted targets correspond to known components of the mouth-form gene
regulatory network (Fig. 1c). For example, Isy-12, a histone acetyltransferase,
contains predicted miR-2235a 6-mer and A1-7-mer seed matches, while nas-6 shows
both 6-mer and 7-mer pairing with miR-8286b. Additional mouth-form regulators were
also predicted to harbor miR-2235a cluster binding sites, including dpy-6, which
contains miR-8286b 6-mer and A1-7-mer matches 2'22, and daf-25 22, which contains
both 6-mer and A1-7-mer sites for miR-8286b and notably an extensive
complementarity with miR-2235a predicted within the chs-2 3' UTR 23. Importantly, all
of these predicted canonical targets are yet to be experimentally validated, and their

functional relevance to miRNA-mediated repression remains to be tested.

Ppa-unc-86 triggers miR-2235a destabilization

To prioritize a top predicted TDMD trigger for miR-2235a based on minimum free
energy, we considered genes with one-to-one orthology to C. elegans as well as
Pristionchus-specific binding sites. A further criterium was that the orthologous genes
only contained a miR-2235a binding site in the P. pacificus copy of the gene but not in
C. elegans (Fig. 2a). Based on these criteria, | selected Ppa-unc-86 as a leading
candidate trigger for miR-2235a. In P. pacificus, unc-86 contains a single predicted
miR-2235a binding site in its 3' UTR. To distinguish whether Ppa-unc-86 functions as
a TDMD trigger or a conventional miRNA target, we generated four CRISPR-edited
alleles affecting the 3' UTR, including insertions and deletions that disrupt miRNA
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binding as well as an allele lacking the entire miR-2235a binding site (Fig. 2A). All four
alleles were viable, exhibited normal growth, and displayed the wild-type RSC011 Eu
mouth-form phenotype on E. coli (Fig. 2b). Upon exposure to Novosphingobium for 5
and 10 generations, all alleles showed full induction of the Eu morph, comparable to
wild type (Fig. 2c,d). However, following reversal to E. coli, all Ppa-unc-86 3' UTR
mutants exhibited a complete loss of TEIl. While the F10R1 and F10R2 generations
showed Eu mouth-form frequencies comparable to wild type, the and F10R3
generation reverted to baseline Eu frequencies, in contrast to wild-type animals, which
maintained high Eu penetrance across generations. Thus, disruption of the miR-2235a
binding site in the Ppa-unc-86 3' UTR abolishes transgenerational inheritance of the
predatory mouth form. Notably, two independent Ppa-unc-86 knockout alleles were
also generated. However, these mutants exhibited a fully penetrant Eu mouth-form
phenotype even when grown on E. coli, unlike wild type. This indicates that unc-
86 itself plays a major regulatory role in mouth-form determination. Note that only Ppa-
unc-86 knockout mutants showed the typical touch sensitivity defect, but not the Ppa-
unc-86 3' UTR mutants.

To determine whether these phenotypes were associated with altered miRNA levels,
we performed small RNA (sRNA) sequencing on F5R2 animals and found that, in
all Ppa-unc-86 3' UTR mutant backgrounds, miR-2235a, miR-8286b, and other
members of the miR-35/2235a cluster were significantly upregulated (Fig. 2e).
Together, these results demonstrate that mutations disrupting miR-2235a binding
to Ppa-unc-86 lead to both miRNA accumulation and loss of TEI. This phenotype
closely phenocopies Ppa-ebax-1 mutants, supporting the conclusion that Ppa-unc-
86 functions as a TDMD trigger upstream of EBAX-1-mediated miRNA destabilization.
The distinct phenotypes of unc-86 knockout and 3'UTR binding-site mutants indicate
that UNC-86 functions both as a developmental regulator of mouth form and as a
TDMD trigger for miR-2235a, with the 3'UTR specifically required for miRNA
destabilization and transgenerational inheritance.

An unusual result was observed for these unc-86 binding-site mutations during the
early exposures on Novosphingobium, after only three generations. Upon reversal
to E. coli, an earlier onset of TEl was detected, with the Eu response remaining
elevated above baseline from F3R1 to F3R3 relative to wild type (Supplementary Fig.
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1). In these mutants, miR-35/miR-2235a levels showed a non-significant decrease.
Conversely, in miR-35/miR-2235a-deficient animals, unc-86 mRNA showed a non-
significant increase, suggesting that any regulation of unc-86 by this miRNA may be
modest or primarily post-transcriptional, consistent with a potential canonical target
role (Supplementary Fig. 1).

Ppa-fkb-5 triggers miR-8286b destabilization

Following analysis of the top predicted miR-2235a trigger, we next examined the
leading predicted trigger for the other highly clustered miRNA, miR-8286b. Similar
to Ppa-unc-86, Ppa-fkb-5 contains a single predicted miR-8286b binding site within its
3'UTR but not in its C. elegans ortholog. To test its function, we introduced a mutation
(tu2220) that disrupts miR-8286b binding at the 3'-end pairing region. Animals carrying
the fkb-5 binding-site mutation exhibited baseline mouth-form responses when grown
on E. coli. Exposure to Novosphingobium resulted in a fully penetrant Eu phenotype
that remained stable for 5 and 10 generations (Fig. 3a, b). Upon reversal to E. coli, the
F5R1 generation showed Eu frequencies comparable to wild type, whereas the F5R2
and F5R3 generations reverted to baseline levels (Fig. 3a), indicating a loss of

transgenerational inheritance.

To distinguish effects on TDMD function from potential roles of the protein itself, we
generated an fkb-5 knockout allele by introducing an 11 bp deletion (tu2326). Naive
knockout animals displayed mouth-form phenotypes similar to wild type on E. coli.
Likewise, exposure to Novosphingobium for five generations induced a fully penetrant
Eu response, followed by a decline to baseline levels in the F5R2 and F5R3
generations after reversal (Fig. 3c). A comparable trend was observed after ten
generations of exposure, with the Eu response rapidly diminishing upon reversal and
reaching baseline by F10R2 (Fig. 3d). sSRNA-seq of animals carrying the fkb-5 binding-
site mutations revealed a significant increase not only in miR-8286b but also in miR-
2235a along its other members (Fig. 3e). Together, these results indicate that the miR-
8286b binding site within the fkb-5 3' UTR is specifically required for transgenerational
inheritance of the predatory morph, consistent with a role for fkb-5 as a TDMD trigger
rather than a direct developmental regulator of mouth-form determination. Thus,
testing two trigger candidates for their role in TDMD indicated that they are both
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involved in miRNA degradation with an associated memory defect of the predatory

mouth form.

Exploring the TDMD trigger landscape

Following the observation that binding-site mutations in the 3' UTR regions of unc-
86 and fkb-5 influence transgenerational mouth-form inheritance, we next
systematically explored the broader landscape of predicted TDMD triggers to identify
additional transcripts capable of modulating miRNA turnover. Candidate TDMD
triggers were prioritized based on the predicted binding stability, using minimum free
energy calculations between miRNAs and their targets. The candidate TDMD
triggers, mnp-1, vab-1, and C05C8.7, were selected to represent distinct biological
modules encompassing environmental response, developmental signaling, and
metabolic processes 2426, Specifically, we deleted the entire 3' UTR binding sites
of miR-8286b in mnp-1 and C05C8.7_NA, and of miR-2235a in vab-1. Similar to wild-
type animals, naive mutants grown on E. coli displayed no mouth-form phenotype, and
exposure to Novosphingobium for five generations induced a fully penetrant Eu
response in all binding-site mutants (Fig. 5b-d).. During reversal, mutants of mnp-
1 and vab-1 retained TEI, with Eu responses overlapping wild type from F5R1 (vab-1,
0.81 <HDI(Br1)< 0.989; mnp-1, 0.787 <HDI(Br1)< 0.981) to F5R3 (vab-1, 0.651
<HDI(Br3)< 0.937; mnp-1, 0.548 <HDI(Br3)< 0.88) ((Fig. 5b,c).). In contrast, deletion of
the miR-8286b binding site in CO5C8.7 abolished TEI, with the Eu morph returning to
baseline by F5R2 (0.403 <HDI(Br1)< 0.771) (Fig. 5d). These results indicate that
multiple transcripts exhibit TDMD-trigger-like characteristics, with only a subset
required for maintaining TEIl, in addition to the previously tested triggers unc-
86 and fkb-5.

Engineering TDMD sites in EUD-1 reveals functional impact on TEI

Having identified functional TDMD triggers that modulate miRNA stability and
transgenerational mouth-form inheritance, we next asked how miRNA-mediated
regulation of downstream targets could directly shape developmental outcomes. To
establish the epistatic relationship between the TDMD pathway, the miRNA, and the
gene regulatory network in which eud-1 functions as a central developmental switch
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controlling mouth-form plasticity 7%, we performed genetic interaction experiments

using double mutants.

Double mutants of eud-7 and the miRNA knockout phenocopied the eud-7 single
mutant, indicating that eud-1 also acts functionally downstream of the miRNA pathway
(Fig. 4a). These epistasis results highlight that downstream effectors mediate miRNA
function. To directly test how miRNA regulation of a downstream target can shape
developmental outcomes, we engineered extensive miRNA binding sites in the eud-
1 3'UTR, creating canonical and TDMD-style interactions ( Fig. 4b). This allowed us to
probe the consequences of miRNA-mediated repression and degradation in a target
that normally functions downstream of the miRNA-pathway, but without being an
endogenous TDMD substrate under wild type conditions.

Specifically, we introduced one or eight miR-2235a binding sites into the Ppa-eud-1 3’
UTR. While both alleles exhibited wild-type mouth-form phenotypes during exposure
to Novosphingobium, loss of transgenerational inheritance was observed only in the
allele carrying eight miR-2235a binding sites (Fig. 5c). This result suggests that the
number and strength of miRNA interactions can modulate the efficacy of
transgenerational regulation, demonstrating that engineered TDMD-style sites are
sufficient to influence miRNA-dependent inheritance of developmental traits.

Conservation and lineage-specific expansion of TDMD triggers

Building on our functional characterization of TDMD triggers, we next explored the
evolutionary conservation of predicted TDMD target genes across seven nematode
species, including P. exspectatus, P. arcanus, P. maxplancki, P. japonicus, P.
entomophagus, and P. fissidentatus. Although some of these genomes remain
fragmented and not fully assembled at the chromosome level, searches for miR-
35/miR-2235a copies are still feasible and reveal considerable variability in copy
number across species. For instance, P. exspectatus has 33 copies each of miR-
2235a and miR-8286b, P. arcanus contains 3 mature miR-2235 copies located on
different scaffolds, P. maxplancki has two mature miR-2235a copies, P. japonicus has
31 mature copies, P. entomophagus lacks exact miR-2235a copies but shows a major
expansion of 302 copies of a related miRNA, miR-2235b, and P. fissidentatus has no
exact miR-2235a copies. Given this variability in miRNA copy number across species,



245
246
247

248
249
250
251
252
253
254
255

256

257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274

we next asked how predicted TDMD target genes are conserved, revealing that while
some candidates are broadly distributed, many exhibit a patchy or lineage-specific
pattern (Fig. 5a; Supplementary Table 1).

Specifically, few candidates like ZK1307.6_fzr-1, FA6A9.5_skr-1, and C34G2.2a_bicad-
1, are present in multiple species but missing in others, showing a patchy conservation
pattern. Genes like C05C8.7_NA, F18A12.8a_nep-11, and KO1B6.1_fozi-1 were
found only in P. pacificus and absent in all other surveyed species, indicating lineage-
specific evolution (Fig. 5a; Supplementary Table 1). Together, these results suggest
that while some predicted TDMD trigger may reflect conserved elements of miRNA
regulation, many have evolved rapidly within the Pristionchus lineage, potentially
shaping species-specific traits such as transgenerational mouth-form plasticity.

Discussion

Traditional approaches to identifying TDMD triggers in mammalian and Drosophila
systems have largely relied on molecular signatures of miRNA destabilization, such as
miRNA up-regulation upon loss of the TDMD factor ZSWIM8, cross-species
base-pairing predictions, or biochemical assays that detect extensive target:miRNA
complementarity (e.g., AGO-CLASH) 81718 Several studies have used such strategies
to define TDMD-sensitive miRNAs and to pinpoint candidate trigger RNAs on the basis
of sequence complementarity and ZSWIM8-dependent miRNA stabilization, often
without direct phenotypic readouts "8. These efforts have successfully expanded the
list of endogenous triggers in cultured cells and tissues, but their functional
consequences in organismal phenotypes remain limited. In contrast, the binary mouth-
form system in P. pacificus allows the identification of RNA triggers whose disruption
not only stabilizes cognate miRNAs but also abolishes a measurable developmental
trait, providing direct in vivo evidence that these triggers control both miRNA function
and organismal outcomes. This phenotypically anchored strategy complements
existing molecular screens and highlights the value of integrating physiological assays
into TDMD discovery pipelines, particularly for uncovering triggers with noncanonical
pairing or context-dependent effects that might be missed by sequence-based

approaches alone.
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In this study, we investigated the broader landscape of predicted RNAs that could act
as triggers or canonical targets of the miR-35/miR-2235a family and uncovered a
central role for target-directed mMIRNA degradation (TDMD) in regulating
transgenerational mouth-form inheritance in P. pacificus. By combining bioinformatic
prediction, genetic perturbation, and small RNA profiling, we show that specific 3' UTR
binding sites within endogenous transcripts function as TDMD triggers that control the
stability of miR-35/2235a cluster members. We further demonstrate that mutations
disrupting these sites abolish transgenerational inheritance of the predatory morph
and lead to stabilization of their cognate miRNAs, indicating that regulated miRNA
turnover, rather than canonical target repression alone, is essential for maintaining
developmental memory. Although most predicted targets possess one-to-one
orthologs in Caenorhabditis elegans, the majority of 3' UTR binding sites appear to
be Pristionchus-specific, suggesting lineage-specific evolution of TDMD-mediated

regulation.

sRNA-seq analysis of 3' UTR binding-site mutants revealed that disruption of TDMD
triggers in Ppa-unc-86 or Ppa-fkb-5 stabilized not only their cognate miRNAs (miR-
2235a and miR-8286) but also led to coordinated upregulation of other members of
the miR-35/2235a cluster. This pattern is consistent with TDMD for several reasons.
First, miR-8286b and miR-2235a may be co-transcribed as part of a polycistronic
cluster, and TDMD of one miRNA could indirectly influence the stability or processing
of other cluster members 876, Second, miRNA turnover machinery, including
ZSWIM8/EBAX-1-mediated TDMD, may preferentially target a single miRNA for
degradation while indirectly affecting the availability or RISC loading of other co-
expressed miRNAs "', Third, feedback mechanisms in miRNA homeostasis can
stabilize other cluster members when one miRNA is no longer degraded, leading to a
coordinated increase in cluster-wide miRNA levels %16, Importantly, the direct effects
of the Ppa-fkb-5 3' UTR on miR-8286b and the Ppa-unc-86 3' UTR on miR-2235a are
specific to their respective miRNAs, while the upregulation of other cluster members
likely represents a secondary, indirect consequence of cluster co-regulation rather
than a loss of TDMD function. Therefore, these observations remain fully consistent
with Ppa-fkb-5 and Ppa-unc-86 acting as TDMD triggers for miR-8286b and miR-
2235a, respectively.

10
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Together, our findings illustrate how TDMD contributes to fine-tuning miRNA stability
and shaping organismal phenotypes in a lineage-specific context. By revealing both
conserved and species-specific TDMD triggers, our results underscore the
evolutionary flexibility of this mechanism and its potential to modulate organism-level
traits. More generally, this work illustrates the value of combining genetic, molecular,
and phenotypic analyses to uncover regulatory interactions that may be overlooked by
approaches relying solely on sequence or biochemical features.
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Methods
Experimental model and bacterial culture conditions

The ancestral P. pacificus strain RSC011 used in this work was isolatedfrom Coteau
Kerveguen on La Réunion. Worms were cultured under standard conditions on NGM
plates seeded with either E. coli OP50 or Novosphingobium L76 and maintained at 20
°C. To avoid confounding influences on mouth-form ratios, the stock population was
not exposed to bleaching, starvation, or large temperature shifts. Bacterial strains and
mutant lines were grown overnight in LB (Lysogeny broth), with kanamycin added to
a final concentration of 50 pg/ml when needed for food-reversal experiments. Cultures
were incubated at 30 °C or 37 °C depending on species requirements. For nematode
feeding, 300 ul of overnight cultures were spread onto 6-cm NGM plates and allowed

to grow for two days prior to use.
Nematode culture and dietary reversal experiments

Dietary exposure and reversal assays were conducted largely as described
previously'32°. For diet-switch experiments, individual J4 larvae were transferred
to Novosphingobium L76 plates, with a brief pre-exposure step (~1 hour) on initial L76
plates to minimize OP50 carryover before placement onto final experimental plates.
For worms previously maintained on Novosphingobium L76, worms were first cultured
for one generation on NGM plates containing 50 pg/ml kanamycin and were then
transferred to OP50-seeded plates for subsequent generations.

Statistical analysis of mouth-form phenotype

Mouth-form was scored under a stereomicroscope (150% magnification) by examining
the buccal cavity according to established morphological criteria ?”. Final frequencies
were calculated as the mean of at least 10-20 biological replicates, with each replicate
consisting of 20 animals assessed from a single plate. Statistical analysis to estimate
the probability of developing the Eu mouth form in P. pacificus (8) were based on a
previously established hierarchical Bayesian models.

12
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CRISPR/Cas9-Induced Mutations

Mutations in target genes were generated using CRISPR/Cas9 according to
established protocols 3°. Specifically, Gene-specific crRNAs and universal trans-
activating CRISPR RNA (tracrRNA) were cobined, denatured and annealed. The
mixture was complexed with Cas9 before microinjection into the germline of 40-50
young adult P. pacificus RSC011. Eggs from injected PO animals were collected for
up to 16 hours post-injection. After hatching and two days of growth, F1 progeny were
isolated onto individual plates until they matured and produced sufficient eggs. F1
genotypes were determined by Sanger sequencing to identify mutations before
establishing homozygous mutant lines. All sSgRNA and primer sequences are listed in
the supplementary table. All sgRNA and primer sequences are listed in the

supplementary materials.
miRNA target site prediction and conservation analysis across species

The pipeline for identifying TDMD triggers was adapted from a previously established
in silico method in Drosophila ''. Using the new and improved RSC011 annotations,
All 3'UTR annotations for the RSC011 strain were loaded as input to initiate miRNA
target searches. 3'UTR sequences from other Pristionchus species were defined as
the sequence 100 nuctleotide downstream of the annotated protein. The pipeline
queried complementarity to the 3' region of miR-2235a (22 nt) and miR-8286b
(extended to 22 nt), starting from the 13th nucleotide to the 3' end of the miRNA.
Complementarity to the seed region (nucleotides 2-8) was also assessed within 30 nt
upstream of the 3’ region, allowing up to two mismatches in both seed and 3'-end
analyses. Canonical miRNA-target pairing was assessed by restricting the query to
the seed sequence. Multiple types of miRNA-target interactions were evaluated,
including 8-nt, 7-nt, A1-7-nt, and 6-nt pairing. These searches were performed
independently of expression datasets.

sRNA extraction and sequencing

Total RNA was extracted from mixed-stage RSC011 worms collected from three NGM
plates cultured on either Novosphingobium or E. coli OP50. Worms were collected

and pelleted after defined generations of dietary exposure. Total RNA was then
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isolated using the Direct-Zol RNA MiniPrep kit (Zymo Research) following the
manufacturer’s instructions. For sSRNA processing, <4 ug of RNA was treated with 25 U
of TAP (Cap-Clip Acid Pyrophosphatase) in 5 ul of 10x reaction buffer, and PCR-grade
water was added to a final volume of 50 pl per sample. The reaction was incubated at
37 °C for 2 hours. RNA was then purified using the RNA Clean & Concentrator kit
(Zymo Research) following the manufacturer’s instructions. sRNA-seq library
preparation and 50-nt single-end sequencing were performed by Novogene.
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the previous experimental data. Yellow area highlights the RSC011 baseline

response averaged across 101 generations on E. coli, as previously establsihed 3.

e, Differential small-RNA expression analysis of {u226 vs the wild type during F10R2

reversal. The upregulated miR-2235a family members and their isoforms (*) are

labeled.
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generations and b, 10 generations on Novosphingobium and reversal to E. coli. c,
Mean probability of the predatory mouth form in the fkb-5 knockout mutants for 5
and, d,10 generations on Novosphingobium and reversal to E. coli. e, Differential
small-RNA expression analysis of fu2220 vs the wild type during F10R2 reversal.

The upregulated miR-2235 family members and their isoforms (*) are labeled.
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b, A graphical representation of Ppa-eud-1 gene model. The arrow indicates the
3'UTR region where the miR-2235 binding sites were introduced by CRISPR/Cas9.
¢, Mean probability of the predatory mouth form of the two alleles with the
engineered miR-2235 binding sites for 10 generations on Novosphingobium and
reversal to E. coli.
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Abstract

Transgenerational epigenetic inheritance (TEI) challenges the classical Weismann
barrier by demonstrating that environmentally induced somatic signals can influence
germline transmission. Here, we investigate the role of maternal provisioning in
mediating this process using the nematode Pristionchus pacificus. We show that
vitellogenins act as essential soma-to-germline carriers required for the stable
inheritance of a diet-induced predatory mouth-form phenotype. Progressive deletion
of vitellogenin genes reduces the efficiency of environmental induction and completely
abolishes TEI, phenocopying loss of the vitellogenin receptor RME-2. Although
bacterial vitamin B12 is sufficient to trigger the predatory morph and its TEI, vitamin
B12 supplementation cannot rescue inheritance in vitellogenin or rme-2 mutants,
demonstrating that germline delivery depends on yolk-mediated transport. Genetic
analyses further reveal that RME-2 functions downstream of microRNA pathways,
indicating that vitellogenins cooperate with small RNAs to sustain heritable memory.
Together, our findings identify vitellogenins as key mediators of maternal-to-progeny
communication, providing a mechanistic framework for how environmental information

crosses the soma-germline barrier.

Introduction

At the end of the nineteenth century, when the discovery of DNA and the molecular
mechanisms underlying development and epigenetic regulation still lay in the future,
August Weismann proposed the germ plasm theory of heredity. While this concept
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correctly identified sperm and eggs as the carriers of heritable information responsible
for forming the developing embryo, other aspects proved incomplete -particularly the
notion of a strict separation between somatic tissues and the germline, later termed
the Weismann barrier, and the idea that somatic cells could not contribute heritable

information to germ cells 2.

In recent decades, the discovery of epigenetic mechanisms such as DNA methylation,
chromatin modifications, and small RNA transmission has challenged the traditional
view of heredity. However, the role of maternal provisioning, particularly vitellogenins,
as major conduits for transmitting somatic information into the germline, and thereby
bypassing the Weismann barrier, remains largely unexplored 3#. These processes
illustrate that environmentally induced states can influence progeny phenotypes
across generations, yet the mechanisms by which somatic signals cross into the
germline are still poorly understood.

Maternal deposition of vitellogenin represents a direct and substantial flow of material
from soma to germline in oviparous species, with the potential to influence progeny
phenotypes “. In the nematode Pristionchus pacificus, long-term dietary induction
experiments have shown that dietary induction to Novopshingobium triggers
transgenerational epigenetic inheritance (TEI) of the predatory morph. This process
requires the ubiquitin ligase EBAX--1/ZSWIM8 by destabilizing the clustered miR-
2235a/miR-35 family, which normally acts as a repressor of this trait >6. Following this,
we previously showed that bacteria-derived vitamin B12 is both necessary and
sufficient to induce transgenerational memory and goes through the methionine
synthase 6. Disruption of microbial vitamin B12 synthesis abolishes TEI of the
predatory morph, while supplementation restores it. Interestingly, the induction of the
predatory morph is inherited through increased vitellogenin transcription, and requires
the major vitellogenin receptor Ppa-rme-2, indicating maternal nutrient provisioning as

the transmission mechanism .

In Caenorhabditis elegans, the six vitellogenins are among the most highly expressed
genes in the adult hermaphrodite intestine, producing copious yolk to provision
developing eggs “. Beyond their nutritional role, these yolk proteins provide a well-
characterized system for studying how metabolic and environmental cues influence

energy balance, aging, and progeny physiology. Building on this framework, studies
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in Pristionchus  pacificus suggest that vitellogenins may also mediate
transgenerational epigenetic inheritance, linking maternal nutrient provisioning to
stable, environmentally induced phenotypes in the next generation. Here, we
investigate conserved pathways involved in maternal deposition via vitellogenins in
the context of mouth-form plasticity in P. pacificus, aiming to understand how nutrient
and small RNA-mediated mechanisms contribute to TEI.

Results

Deletion of eight and nine vit-genes showed absence of TEI

Pristionchus pacificus exhibits a more complex vitellogenin repertoire compared
with C. elegans. Whereas the C. elegans N2 genome contains six vitellogenin genes,
the P. pacificus RSC011 genome harbors nine genes, all of which are most closely
related to Cel-vit-6 (Fig. 1a). Accordingly, these genes were designated Ppa-vit-6-
A through Ppa-vit-6- based on their chromosomal positions (Fig. 1b). Although
the Ppa-vit genes are more similar to one another than the Cel-vit genes, where Cel-
vit-6 is the single divergent member (Spieth et al., 1985), there is still sufficient
sequence divergence among the Ppa-vit genes to allow them to be individually

distinguished in gene expression analyses (Quiobe et al., 2025 ).

To evaluate the role of vitellogenins in transgenerational epigenetic inheritance (TEI)
of the Eu morph, we designed guide RNAs (gRNAs) that simultaneously targeted
multiple Ppa-vit genes due to their high sequence similarity. Although this similarity
complicated the design of gene-specific gRNAs, subsequent validation of
homozygous mutations was achieved using gene-specific primers for Sanger
sequencing. Using this approach, we generated and cryopreserved mutant lines
carrying quadruple (tu2348), pentuple (tu2349), octuple (fu2273), and nonuple
(tu2354) mutations across the Ppa-vit gene family. Mutations in these backgrounds
were confirmed by Sanger sequencing, with whole-genome sequencing further
validating the octuple and nonuple mutants. Although frameshift mutations were
generated in most Ppa-vit genes, Ppa-vit-6E contained an in-frame deletion of three

base pairs, which may retain partial protein function. To assess the functional
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significance of Ppa-vit genes, all mutant lines were subjected
to Novosphingobium exposure and reversal assays. Quadruple and pentuple mutants
displayed complete Eu morph induction across five generations on Novosphingobium,
similar to wild type (Fig. 1c,d). In contrast, octuple and nonuple mutants grown on E.
colishowed no mouth-form phenotype on their own, but exhibited a high yet
incomplete Eu induction when exposed to Novosphingobium across five generations
(Fig. 1e,f). These results indicate that Eu morph induction remains largely intact
despite extensive loss of vitellogenins, although the magnitude of induction decreases
with increasing numbers of deleted genes.

Strikingly, upon reversal to E. coli, all vitellogenin mutant backgrounds failed to
maintain transgenerational memory. Eu morph frequencies returned to baseline by the
FS5R2 generation in quadruple mutants and dropped immediately in the F5R1
generation in octuple and nonuple mutants (Fig. 1c-f). Notably, the octuple and
nonuple vitellogenin knockouts phenocopied the Ppa-rme-2 mutant, indicating that
vitellogenin provisioning is essential for transgenerational epigenetic inheritance of the
predatory mouth form (Fig. 1e,f). While Eu morph induction can still occur in the
absence of multiple vitellogenins, its magnitude progressively declines with increasing
gene loss, suggesting that vitellogenins contribute in a dosage-dependent manner to
the efficiency of environmental induction but are strictly required for the stable

transmission of the response across generations.

rme-2 is downstream of the miRNA pathway

We previously demonstrated that the miR-2235/miR-35 cluster inP.
pacificus functions as a repressor TEI ¢. To investigate whether yolk provisioning
contributes to the accelerated TEI phenotype observed upon deletion of this miRNA
cluster, we examined the role of the major vitellogenin receptor rme-2. In nematodes,
vitellogenins are synthesized in the intestine and transported to the germline via
receptor-mediated endocytosis, a process that depends exclusively on the low-density

lipoprotein receptor (LDLR) encoded by rme-2 47.

We previously analyzed the Ppa-rme-2 (tu2155) allele, which carries a 16 bp insertion
resulting in a premature stop codon, using a five-

generation Novosphingobium induction assay ©. Across all generations, worms
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harboring this mutation exhibited only incomplete induction of the Eu morph and after
the reversal to E. coli, Ppa-rme-2 (tu2155) did not show transgenerational memory of
the predatory morph ©. To determine whether rme-2 is epistatic to miR-2235 or vice
versa, we generated double mutants carrying rme-2 (tu2155) and miR-2235
(tuDf11) through genetic crosses (Fig. 2a). If miR-2235 functions upstream of rme-2,
loss of rme-2would be expected to abolish the prolonged transgenerational
inheritance observed in miRNA-deficient mutants. Consistent with this prediction,
double mutant animals exposed to Novosphingobium for a single generation exhibited
a high but incomplete Eu mouth-form induction relative to wild type, resembling the
phenotype of Ppa-rme-2 (tu2155) single mutants (Fig. 2a). This elevated yet
incomplete response persisted across five generations. Moreover, upon reversal to E.
coli, Eu morph frequencies rapidly returned to baseline by the F5R1 generation (Fig.
2a). Together, these results indicate that rme-2 acts downstream of the miR-2235
family in regulating transgenerational inheritance of the predatory mouth form.

Vitamin B12 supplementation tests limiting germline uptake in RME-2-mediated

vitellogenin transport

In P. pacificus, the inherited effect of vitamin B12 acts through vitellogenin, and
exposure to Novosphingobium induces vitellogenin expression at the transcription
level 6. To test whether vitamin B12 could rescue the rme-2 or octuple/nanuple
vitellogenin knockout phenotypes, we performed vitamin B12 supplementation
experiments. Although Novosphingobium naturally produces vitamin B12 8 its
delivery to the germline in wild type worms could depend on vitellogenins and the
RME-2 receptor. The supplementation experiments had two main objectives: first, to
assess whether germline vitamin B12 uptake is limiting and whether increased
availability can bypass defects in the RME-2 or vitellogenin pathways; and second, to
distinguish nutrient effects from carrier-mediated delivery, testing whether the RME-2-
vitellogenin system is strictly required or if excess B12 alone is sufficient. Ideally,
supplementation should not rescue the rme-2 phenotype, as other vitellogenin-
associated factors, including vitamins and lipids, cannot be efficiently transported into
the germline without RME-2 7. However, phenotypic rescue would suggest that

vitamin B12 availability is normally limiting and that vitellogenin uptake mediated by
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RME-2 functions to concentrate critical factors in the germline to support

transgenerational inheritance.

To test these hypotheses, diets were supplemented with vitamin B12 at a final
concentration of 1,500 nM, a level established in earlier work 6. To test whether vitamin
B12 alone could induce TEI of the predatory mouth form, we performed a mini-assay
consisting of five generations of exposure to a B12-supplemented E. coli diet followed
by three generations on an unsupplemented diet. In wild type animals, vitamin B12
supplementation caused an immediate and strong, though incomplete, induction of the
Eu mouth form that persisted throughout the five generations of exposure (Fig. 2b).
Notably, TEI of the Eu morph was maintained for three subsequent generations after
removal of supplementation. In contrast, supplementation failed to rescue TEIl in rme-
2 mutants, rme-2; miRNA-deficient double mutants, or nanuple vitellogenin mutants
(Fig. 2b-d). Together, these results indicate that increasing vitamin B12 availability is
insufficient to rescue TEI and that its effect strictly depends on vitellogenin-mediated

maternal provisioning and RME-2-dependent transport into the germline.
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Discussion

In C. elegans, vitellogenins are synthesized in the intestine of adult hermaphrodites
and transported to the germline. This process starts with yolk complexes being
secreted into the pseudocoelom, traversing the gonadal basal lamina and sheath cell
pores, and finally being internalized by maturing oocytes via receptor-mediated
endocytosis 7219, This pathway ensures efficient maternal provisioning of lipids,
vitamins, and other factors critical for progeny development. Our results in P.
pacificus indicate that vitellogenins serve as the primary conduits for transmitting
environmentally derived signals, with the initial dietary induction of the predatory Eu
mouth form depending on the number of vitellogenin genes disrupted, and complete
transgenerational inheritance being abolished upon deletion of multiple vitellogenin
genes or disruption of the RME-2 receptor. Moreover, vitamin B12 supplementation
cannot bypass this requirement, indicating that maternal transport of other vitellogenin-
associated factors into the germline is essential for initiating TEIl. These findings
position vitellogenins as a key soma-to-germline conduit in oviparous species,
including P. pacificus, capable of transporting other factors to initiate and sustain

transgenerational memory.

Deposition of vitellogenin alone cannot be attributed to long-lasting TEI effects, but
could be due to other wide range of vitellogenin-associated factors '":'2. Among these,
small RNAs are particularly likely to coordinate diverse transgenerational epigenetic
effects by surveying and interacting with both the transcriptome and genome. In C.
elegans, heritable small RNAs are strongly enriched for vitellogenin targets, and
antisense transcription across these yolk genes may generate dsRNA precursors that
initiate small RNA amplification ''-13. Small RNA-mediated regulation is uniquely suited
for this role because of its sequence-specific targeting via base pairing and the
existence of dedicated machinery that enables non-cell-autonomous activity,
distinguishing it from other epigenetic processes such as DNA methylation or histone
modification 415, Consequently, small RNAs provide a powerful molecular framework
for epigenetic communication across cells, generations, and even between organisms,
allowing inherited small RNAs to be propagated and to exert long-lasting
transgenerational effects 416, Consistently, in P. pacificus, TEI of the predatory mouth
form strictly requires both maternal vitellogenin provisioning via RME-2 and functional
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group of microRNAs, as RME-2 and miRNA deficient mutants completely abolish
inheritance. Similarly in insects, maternally deposited vitellogenin mediates
transgenerational immune priming by binding pathogens and pathogen-associated
molecular patterns, transporting these immune elicitors into developing oocytes to
prime offspring immunity '2. These results highlight vitellogenins as key mediators of
maternal-to-progeny communication, capable of transporting diverse effectors across
the soma-germline barrier with the P. pacificus plastic system providing a concrete

demonstration of how environmental signals shape offspring physiology and behavior.
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Methods

Worm strain and culture conditions

Pristionchus pacificus RSC011, originally isolated from Coteau Kerveguen, La
Réunion, was maintained at 20 °C on NGM plates seeded with E. coli OP50

or Novosphingobium L76. Stock populations were not exposed to bleaching,
starvation, or temperature shifts to avoid influencing mouth-form ratios. Bacterial
strains and mutants were grown overnight in LB, with kanamycin (50 uyg/ml) added
as needed, and plated (300 ul per 6-cm NGM plate) 48 h prior to worm exposure.

Dietary induction and reversal assays

Diet-switch experiments followed established protocols %8. J4 larvae were briefly pre-
exposed (~1 h) to L76 to minimize OP50 carryover before placement on
experimental plates. Worms previously maintained on Novosphingobium L76 were
propagated for one generation on kanamycin-supplemented NGM plates before
transfer to OP50 for subsequent generations during reversal experiments.

Mouth-form scoring and analysis

Eu mouth-form phenotypes were assessed under 150x magnification based on
buccal cavity morphology '’. Frequencies represent the mean of 210 biological
replicates (20 worms per replicate). The probability of developing the Eu morph (0)
was estimated using a hierarchical Bayesian model °.

CRISPR/Cas9-Mediated gene editing

Targeted mutations were generated in candidate genes using CRISPR/Cas9 8.
Gene-specific crRNAs and tracrRNA (Integrated DNA Technologies) were mixed,
denatured at 95 °C for 5 min, and annealed at room temperature. Cas9 protein (New
England Biolabs) was added, and the mixture was adjusted with TE buffer to final
concentrations of 18.1 uM sgRNA and 2.5 yM Cas9. This complex was microinjected
into the germline of 40-50 young adult P. pacificus RSC011 hermaphrodites. Eggs
were collected up to 16 h post-injection, and F1 progeny were isolated onto
individual plates. Mutations were identified by Sanger sequencing, and homozygous
mutants were subsequently established. Null alleles were confirmed based on
frameshift mutations introducing premature stop codons. For both octuple and
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nonuple vitellogenin mutants, whole-genome sequencing was performed to verify all

targeted mutations within these backgrounds.
Vitamin B12 Supplementation

Vitamin B12 (methylcobalamin, CAS No. 13422-55-4) was dissolved in water as a
fresh stock before each experiment. NGM agar was supplemented with B12, poured
into 6 cm plates, dried for two days, and seeded with E. coli OP50. Based on prior
testing €, 1,500 nM was used throughout supplementation experiments, as this
concentration reliably induced transgenerational inheritance of the predatory mouth

form.
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Fig.1 a, P. pacificus RSC011 possesses nine vitellogenin genes, all located on the X
chromosome and spanning ~17 Mb. These genes are designated Ppa-vit-6-A to
Ppa-vit-6-1 according to their chromosomal order. Notably, three transcripts

encode Ppa-vit-6-B. b, Phylogenetic analysis of vitellogenin genes from P,

pacificus and C. elegans. In C. elegans, the six vitellogenin genes exhibit greater
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sequence divergence, with Cel-vit-6 representing the most divergent copy. Despite
this, Cel-vit-6 is the closest homolog to individual P. pacificus vitellogenin genes and
to those of other nematodes. Nodes with bootstrap support 290 are marked with
asterisks (*). Note that these phylogenetic analysis and graphical representations of
vit genes were from previous report®. c-f, Mean probability of the predatory morph in
vitellogenin (vit) transcripts with mutations in quadruple (c), pentuple (d), octuple (e)
and nanuple (f) vit genes. Exposure to Novosphingobium was done for 5
generations followed by reversal to E. coli. Note that the R3 generations for both
quadruple and pentuple mutants are excluded due to contamination and lethality.
The 95% HDI for the means is based on Bayesian model and shows the probability
of developing the Eu morph inferred from the previous experimental data °. Yellow
area highlights the RSC011 baseline response averaged across 101 generations on
E. coli, as previously establsihed °.
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Fig. 2. a, Probability of the predatory morph in the rme-2 (tu2155) mutant crossed
with a miRNA-deficient allele (tuDf11). Exposure on Novopshingobium was done for
5 generations, followed by reversal to E. coli. b-d, Vitamin B12 supplemetation of the
E. coli diet for 5 generations followed by exposure to un-supplemented E. coli.
Probability of the predatory morph during and after vitamin B12 supplementation in
the rme-2 (b), rme-2 with miRNA deficient mutations (c) and vit genes with nine
mutations. Alleles that underwent two or fewer generations (R2 or less) during the
reversal and/or E. coli exposure phases did so because lethality was observed. The
95% HDI for the means is based on Bayesian model and shows the probability of
developing the Eu morph inferred from the previous experimental data °. Yellow area
highlights the RSC011 baseline response averaged across 101 generations on E.

coli, as previously establsihed °.
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