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G E N E T I C S

EBAX-1/ZSWIM8 destabilizes miRNAs, resulting in 
transgenerational inheritance of a predatory trait
Shiela Pearl Quiobe, Ata Kalirad, Waltraud Röseler, Hanh Witte, Yinan Wang,  
Christian Rödelsperger, 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 
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 (1, 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 TEI. Specifically, we study the second nematode model 

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 TEI.

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. (A) 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

(

θControl

)

≤ 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 
naïve 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 RSC011 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 RSC011 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 naïve RSC011 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 × 10−9 to 3 × 10−9 (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.

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 (θ) in E. coli control lines re-
mained low in this generation and throughout the entire experi-
ment [0.115 ≤ HDI(θ) ≤ 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 F, and fig. S1, C to I).

In the F15 reversal experiment, we observed high probability 
of developing the Eu mouth form in the first generation [0.89 ≤
HDI

(

θF15R1

)

≤ 0.953] (F15R1) and in the three subsequent genera-
tions [0.733 ≤ HDI

(

θF15R2

)

≤ 0.957, 0.652 ≤ HDI
(

θF15R3

)

≤ 0.913, 
and 0.709 ≤ HDI

(

θF15R4

)

≤ 0.946] (Fig. 1E). Only in generation 
F15R5, the mean mouth-form ratio dropped below 50% Eu 
[θF15R5 = 0.493, 0.327 ≤ HDI

(

θF15R5

)

≤ 0.66], which is not cred-
ibly different from the baseline level of naïve worms [0.115 ≤
HDI

(

θControl

)

≤ 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 [θF15R1 = 0.968, 
0.917 ≤ HDI

(

θF25R1

)

≤ 0.999] (Fig. 1F). The probability of develop-
ing the Eu mouth form remained high in the F25R5 generation 
[0.649 ≤ HDI

(

θF25R5

)

≤ 0.913] and only decreased considerably in 
generation F25R8 [0.33 ≤ HDI

(

θF25R8

)

≤ 0.667], whereas such a 
value was observed already in F15R5 [0.327 ≤ HDI

(

θF15R5

)

≤ 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

(

θF15R35

)

≤ 0.664, 
≤ 0.32 ≤ HDI

(

θF15R65

)

≤ 0.675, and 0.457 ≤ HDI
(

θF15R95

)

≤ 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 RSC011 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 naïve RSC011 worms to Novosphingobium 

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 RSC011 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 [θF4R3 = 0.385, 0.21 ≤ HDI

(

θF4R3

)

≤ 0.565] (Fig. 2E). In 
contrast, a five-generation exposure resulted in a mean probability 
of developing the Eu mouth form of 0.514 ≤ θ ≤ 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 
(θ) on E. coli similar to naïve worms [0.115 ≤ HDI

(

θControl

)

≤ 0.436] 
(Fig. 3A). After screening the F15R1 and rescreening the F15R2 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, 

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, ZSWIM8 is known to destabilize many 
miRNAs that occur in miRNA clusters (60). In addition to EBAX-1/
ZSWIM8, 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(tu1754)] (Fig. 3B). While this allele results 
in a premature stop codon, two other alleles, Ppa-ebax-1(tu1755) and 
Ppa-ebax-1(tu1756), 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(tu1754) allele resulting in a frameshift 
has locomotion 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 ≤ θtu1754 ≤ 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

[

θR1(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 θR1 = 0.874 [0.752 ≤ HDI

(

θR1

)

≤ 0.975] to 
θR2 = 0.424 [0.239 ≤ HDI

(

θR1

)

≤ 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.

http://Biorender.com
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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) sRNA-seq of 
lines exposed to Novosphingobium for 1, 3, or 10 generations compared with naïve unexposed animals (n = 2 biological replicates for F10 Novosphingobium, three biological 
replicates for P0). Log2FC, log2 fold change. (D) sRNA-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. (I) Mean FPM (fragments per million) counts of miR-2235a on naïve 
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.

http://Biorender.com
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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 naïve 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. Naïve 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 sRNAs 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. 4I). 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-2235c (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 
RSC011 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 

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 sRNA-seq of Ppa-ebax-1(tu1754) mutant ani-
mals at the F10 and F10R2 time points during dietary induction and 
compared differential expression of sRNAs to that of wild-type ani-
mals. Growing Ppa-ebax-1(tu1754) mutants on Novosphingobium 
resulted in 206 sRNA 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(tu1754) 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(tu1754) mutant animals (Fig. 
4E and data S1C). In contrast, after reversal to E. coli, in the F10R2 
generation, there are 35 sRNAs that are differentially expressed in 
Ppa-ebax-1(tu1754) 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-2235c-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(tu1754) 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/ZSWIM8/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-8286b (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. 4J) (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. 4J). 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 naïve 
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-1p::TurboRFP is expressed in 
pharyngeal neurons, in the vulval region, and in the gonadal tis-
sues (fig. S3, I and 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 

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 sRNA 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
(

θF1R1−tuDf11

)

≤0.994, 
and 0.709≤HDI

(

θF1R2−tuDf11

)

≤0.957
]

. However, the F1R3 genera-
tion 

[

0.365≤HDI
(

θF1R3−tuDf11

)

≤0.738
]

 was not credibly different 
from the base line 

[

0.115≤HDI
(

θControl

)

≤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 [0.863  ≤ HDI

(

θF3R1−tuDf11

)

≤ 0.998, 0.688 ≤ HDI
(

θF3R2

)

≤ 0.941, 
and 0.518 ≤ HDI

(

θF3R3

)

≤ 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

(

θF5R5−tuDf11

)

≤ 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 

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 sRNA 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 TEI. 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 TEI. 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 RSC011 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 RSC011 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 μg/ml) where required. Bacteria 
were grown at 30° or 37°C depending on the species and 6-cm NGM 
plates were seeded with 300 μl of bacterial overnight cultures and 
were incubated for 2 days.

LTEI approach
Long-term experimental evolution (LTEI) was performed using the 
ancestral P. pacificus RSC011 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 

95 generations on Novosphingobium L76. Worms were initially 
transferred from Novosphingobium L76 to NGM plates supplement-
ed with kanamycin (50 μg/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 (×150 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 (θ), we constructed a hierarchical Bayesian model (fig. 
S1, A and B)

where θ is calculated for each replicate and hyperparameters ω and 
κ 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 θ for a group of 
observations was used to visualize the inferred probability of devel-
oping the Eu mouth form. We ensured that the estimated θ 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 

yi∼Bernoulli(θ)

θ∼Beta(ω(κ−2)+1, (1−ω)(κ−2) + 1)

ω∼Beta(α, β)

κ∼Gamma(3, 1)



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

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

13 of 17

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 [KH2PO4 (3 g/liter), Na2HPO4 (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 P0 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 RSC011 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 RSC011. 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.

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 μl of each 100 μM 
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 μM for the sgRNA and 2.5 μM for Cas9. This was 
injected into the germline of 40 to 50 P. pacificus RSC011 young 
adults. Eggs from injected P0s 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 
RSC011 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 
Pst1 enzyme digestion according to the manufacturer’s protocol. Fi-
nal concentration of the injection mix contained the linearized plas-
mids (10 ng/μl) with Pst1-linearized RSC011 genomic carrier DNA 
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(60 ng/μl). Flourescent worms were immobilized on a 5% Noble 
agarose pad with 0.3% NaN3 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 naïve/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 
AxioImager.Z1 (Zeiss, Oberkochen, Germany) with 63×/1.4 objective 
at automatic exposure under RFP excitation fluorescence. Quantifica-
tion of the RFP signal was performed using Fiji/ImageJ 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 × 
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 
RSC011 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 

sulfoxide (DMSO) and then added to NGM agar to the final concen-
tration of 19 μg/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 cutoff 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 μg of total RNA, 5 μl of reaction buffer 
(10× Cap-Clip Acid Pyrophosphatase Reaction Buffer), and PCR 
water to a total reaction of 50 μl 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. sRNA-seq library prepara-
tion and sequencing were done by the company Novogene with 
50-nt single-end reads.

Analysis of sRNA-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.

http://tree.bio.ed.ac.uk/software/figtree/
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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 RSC011, 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).
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Figs. S1 to S5
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