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Il Summary

Development is largely under the control of genes. Specific spatiotemporal gene
expression can modify development and the final phenotype of an organism. To obtain
a high-resolution catalog of the developmental transcriptome in Pristionchus pacificus,
| developed and implemented a single worm transcriptomic approach for the nematode
model organism P. pacificus, and performed temporal transcriptome analysis over the
entire postembryonic development with 38 time points. | focused on investigating
oscillating gene expression patterns and found that i) nearly 3000 oscillating genes
are periodically expressed during postembryonic development, ii) there is an
overrepresentation of ancient gene classes among oscillatory genes, and iii) the
developmental switch gene eud-7 mediates numerous oscillatory genes including
collagens, indicating the potential roles of these oscillating collagens in regulating
mouth-form plasticity.

Mouth-form dimorphism in P. pacificus provides an ideal example to study the
mechanisms of phenotype plasticity. Many previous studies focused on the regulation
of mouth-form development, and identified environmental influences, developmental
switches, the gene regulatory network involved in mouth-form plasticity and the
associated evolutionary processes. However, the molecular and structural basis of the
teeth in P. pacificus remains poorly understood. To address this fundamental question,
| used two complementary approaches. First, | performed a large-scale genetic screen
and obtained six mutants displaying morphological changes in both stomatal
structures and body shape. Using whole genome sequencing and genome editing
(CRISPR/Cas9 system) technologies, | identified Ppa-dpy-6, which encodes a mucin-
type protein, as the first structural component of the nematode stoma involving in the
specification of the cheilostom and cuticle. Second, | investigated the function of two
chitin synthase genes (chs) in P. pacificus. Phylogenetic analysis revealed that two
chitin synthase genes are highly conserved across nematodes. Mutations in the C-
terminus of chs-2 in P. pacificus result in a viable but teethless phenotype. Moreover,
animals with this teethless phenotype were observed after injection of the chitin-
synthase inhibitor Nikkomycin Z. These results suggest that the conserved Ppa-chs-2
is essential for P. pacificus teeth formation. In addition, such teethless mutants can

feed on various bacterial food sources, yet they are incapable of predation.



lll Zusammennfassung

Die Entwicklung von der befruchteten Eizelle zu einem multizellularen Organismus
besteht aus Zellteilungs- und Differenzierungsprozessen, die sich auf der Ebene der
Genexpression  wiederspiegeln. Diese Prozesse konnen plastisch auf
Umwelteinflusse reagieren. So kdnnen im Fadenwurm Pristionchus pacificus externe
Faktoren wie  Pheromone, Futter und Temperatur unterschiedliche
Entwicklungsprogramme aktivieren, die sich in zwei verschiedenen Mundformen
manifestieren. Wahrend bisherige Studien sich auf das genregulatorische Netzwerk
um das Schlusselgen eud-1 konzentriert haben, sind bisher noch keine strukturellen
Komponenten des Mundformdimorphismus bekannt. Um solche Komponenten zu
identifizieren, habe ich zunachst eine genaue Charakterisierung der
Entwicklungsprozesse von P. pacificus auf transkriptioneller Ebene durchgefuhrt. Zu
diesem Ziel habe ich ein Protokoll fur die Erstellung von Genexpressionsprofilen von
einzelnen Wurmern etabliert. Mit dieser Methode habe ich die Expression aller Gene
zu 38 Zeitpunkten der postembryonalen Entwicklung gemessen. Dies hat zu der
Identifizierung von ungefahr 3000 oszillierenden Genen gefuhrt. Viele dieser Gene
sind hochkonserviert und werden durch eud-1 reguliert. Diesen hochauflésenden
Katalog der Genexpression habe ich mit Mutagenese-Experimenten komplementiert.
Dadurch isolierte ich sechs Mutanten mit gleichzeitigen Defekten in der Mundoffnung,
als auch in der allgemeinen Korperform. Mit Hilfe von Genomsequenzierung und -
editierung (CRISPR/Cas9 System) habe ich das Muzin-ahnliche Gen Ppa-dpy-6 als
erste strukturelle Komponente der Mundform in Nematoden identifiziert. Dartuber
hinaus habe ich die Funktion zweier hochkonservierter Chitin-Synthetasen in P.
pacificus untersucht. Warmer mit Mutation am C-terminalen Ende von Ppa-chs-2 sind
lebensfahig, aber zeigen einen ,Zahnlos“ Phanotyp. Diese Mutanten konnen sich von
Bakterien ernahren, sind aber unfahig andere Wurmer durch Bisse zu verletzen. Der
,<Zahnlos“ Phanotyp konnte auch durch Injektion des Chitin-Synthetase Inhibitors
Nikkomyzin Z bestatigt werden. Diese Ergebnisse zeigen, dass Ppa-chs-2 essentiell
fur die Bildung der zahnahnlichen Strukturen in P. pacificus ist und erbringt damit den
Nachweis, dass Chitin an der Ausbildung der Mundstrukturen in Fadenwirmern
bendtigt wird. Damit beleuchtet meine Arbeit die Entstehung der Mundform in P.



pacificus auf transkriptioneller und molekularer Ebene und hat die ersten strukturellen
Komponenten des Mundformdimorphismus identifiziert.



IV Abbreviations

BSA
C. elegans (C.el.)
CRISPR-Cas-9

cDNA
DNA
EMS

Eu

FPKM
GRN
mRNA
NHR

NZ

P. pacificus (P. pa.)
PCR
gPCR
RACE
RNA
RNAI

T

TPM

St
STD-seq
SWT-seq

Bulk segregant analysis
Caenorhabdities elegans

Clustered regularly interspaced short palindromic repeats

CRISPR associated protein 9
Complementary deoxyribonucleic acid
Deoxyribonucleic acid

Ethyl methanesulfonate
Eurystomatous mouth form
Fragments per kilobase million

Gene regulatory network

Messenger ribonucleic acid

Nuclear hormone receptor
Nikkomycin Z

Pristionchus pacificus

Polymerase chain reaction
Quantitative polymerase chain reaction
Rapid amplification of cDNA-ends
Ribonucleic acid

Ribonucleic acid interference
Teethless mouth form

Transcripts per kilobase million
Stenoustomatous mouth form
Standard transcriptomic sequencing

Single-worm transcriptomic sequencing
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1 Introduction

1.1 The nematode model system Pristionchus pacificus

Pristionchus pacificus is a well-established model system for comparative and
evolutionary studies (Sommer et al. 1996; Sommer and Streit 2011; Sommer and
McGaughran 2013). The primary advantages of P. pacificus include, i) the rapid
growth, with a four-day generation time, and a large brood size, making it easy to
culture and maintain in the laboratory, ii) being a self-fertilizing hermaphrodite that
usually propagates by selfing, with the rare occurrence of males, allowing for genetic
crosses that enables complex genetic analysis, iii) a transparent body, which
accommodates direct observation under the microscope. Unlike the maijority of free-
living nematodes, the life cycle of P. pacificus and other nematodes of the same family
called Diplogastridae, includes only three free-living juvenile stages, separated by
molts. Specially, P. pacificus hatches into the J2 juvenile stage after the first molt in
the egg shell (Furst von Lieven 2005). Thus, there are only three free-living larval
stages, the J2, J3, and J4 stage that correspond to the C. elegans L2, L3 and L4
stages, respectively. Consequently, there are only three molting cycles to adulthood
after hatching, in contrast to four molts after hatching in C. elegans. Nematodes of the
Diplogastridae family can either go through the direct cycle, or enter the non-feeding,
stress-resistant juvenile dauer stage to evade unsuitable environmental conditions
(Grant et al. 2011; Ogawa et al. 2009).

1.1.1 Model system for studying phenotypic plasticity

P. pacificus has been established as a model organism with forward and reverse
genetic methods, including CRISPR-associated engineering (Witte et al. 2015; Han et
al. 2020; Nakayama et al. 2020), molecular tools containing transgenesis (Schlager et
al. 2009), in situ hybridization (Tian et al. 2008), and integrative genomic
technologies (Dieterich et al. 2008; Borchert et al. 2010; Sinha et al. 2012; Werner et
al. 2018). P. pacificus and the common nematode model organism Caenorhabditis

elegans evidently shared a last common ancestor ~200 mya (Howard et al. 2022).
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The genome of P. pacificus was originally sequenced in 2008, supplemented by single
molecule re-sequencing in 2019 (Dieterich et al. 2008; Rodelsperger et al. 2017),
resulting in 28,896 annotated genes in the 168-Mb genome (Athanasouli et al. 2020).
In comparison, the genome of C. elegans is 100 Mb in size and contains 20,040 coding
genes. Approximately 30% of the P. pacificus genes have 1:1 orthologs in C. elegans
(Rodelsperger et al. 2019).

P. pacificus is a free-living nematode and is distributed worldwide. The majority
of Pristionchus species, including P. pacificus, have been isolated from soil and/or
from scarab beetles (Herrmann et al. 2007, 2010). In total, around 50 species in the
Pristionchus genus are available as living cultures for molecular investigations
(Kanzaki et al. 2021). The large number of culturable species allows for conducting
deep taxon sampling with high phylogenetic resolution (Prabh et al. 2018), and
provides an opportunity to perform comparative studies of gene expression and gene
regulation (Rodelsperger et al. 2018; Werner et al. 2018). In the last decade, molecular
mechanistic studies on the development and evolution of mouth-from plasticity,
predation and associated self-recognition processes provided insight into life history
strategies and the evolution of novelty.

1.1.2 Mouth-form dimorphism in P. pacificus

The members of the nematode family Diplogastridae are characterized by the absence
of the grinder in the terminal bulb of the pharynx. This grinder, which is present in the
majority of free-living nematodes, is the primary structure to break open bacteria and
thus, is essential for the feeding of C. elegans and other nematodes. The absence of
a grinder in Diplogastridae and P. pacificus resulted in a diversity of feeding structures
and strategies (Sudhaus and Furst von Lieven, 2003). P. pacificus and many other
species, form teeth-like denticles in their mouth, which makes them omnivorous
feeders of bacteria, fungi, and other nematodes (Lightfoot and Sommer, 2022). From
the cellular structural perspective, the mouth (stoma) consists of the 'buccal cavity’,
i.e., the lumen that extends from the mouth opening to the anterior end of the pharynx
and the ‘buccal capsule’, i.e., its cuticular lining. De Ley and co-workers distinguished
the buccal capsule into six different regions, including ‘cheilostom’, ‘gymnostom’, and

‘stegostom’, which is further subdivided into 'pro'-, 'meso'-, 'meta’- and 'telo'-
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stegostom (Fig. 1C) (De Ley et al. 1995). Specifically, the most anterior part of the
buccal cavity was defined as the ‘cheilostom’, which is surrounded by labial cells,
thought to be the continuation of the cuticle of the worm, and is separated from the
remaining parts of the buccal cavity. The 'gymnostom' is surrounded by arcade
epidermis and is located at the middle of the buccal capsule. The posterior-most part
of the buccal cavity is named 'stegostom’, which is formed by interradial muscle cells.
Strikingly, diplogastrid nematodes display a huge evolutionary diversification in the
stegostomal region and exhibit remarkably morphological diversity in their teeth-like
denticle (von Lieven and Sudhaus 2000; Susoy et al. 2015). Most recently, Ragsdale
and co-works have reconstructed the epithelial and myoepithelial cells that form the
mouth and pharynx of P. pacificus from transmission electron micrographs (Harry et
al. 2021)

Gymno

Pro/Meso

Meta

Telo

PS312 2 i o
Eurystomatous morph 5 pm

Figure 1. Mouth-form plasticity of predatory morphology in Pristionchus pacificus

(A) Shown here is a eurystomatous Pristionchus pacificus preying on a larva of Caenorhabditis elegans. (B) Mouth
dimorphism in stenostomatous (St) and eurystomatous (Eu) morphs in median plane. The microbivorous St morph
(RS3111) (Upper image) has a narrow mouth, a dorsal tooth (in orange), and a minute denticle on the right
ventrosublateral part of stegostom (in blue), whereas the omnivorous Eu morph (PS312) (Lower image) has a wide
mouth, a claw-shaped dorsal tooth (in orange), and a hooked ventrosublateral tooth (in blue). (C) Schematic
representation of six distinguished regions in the buccal capsule, containing the cheilostom (Cheilo), gymnostom
(Gymno), pro- and mesostegostom (Pro/Meso), metastegostom (Meta), and telostegostom (Telo). The schematic
in C was modified from previous work (Ragsdale et al. 2013a)
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P. pacificus forms two alternative mouth-forms with different teeth-like denticles,
enabling different behaviors (Bento et al. 2010). Based on the morphology of the six
regions described above, the dimorphic mouth-form of P. pacificus has been described
as the stenostomatous (St) morph, expressing a narrow buccal cavity and only one
single dorsal tooth, and the eurystomatous (Eu) morph, showing a broacher buccal
cavity and two large teeth (Fig. 1A, B). The morphological differences in these two
morphs elicit diversity in predation and feeding strategy. Specifically, St animals follow
a strict bacterial diet and are incapable of killing and successfully attacking potential
prey under laboratory conditions (Wilecki et al. 2015; Serobyan et al. 2014). In contrast,
Eu individuals are more aggressive and prey upon both fungi and other nematodes, in
addition to feeding on Bacteria (Susoy et al. 2016; Sudhaus 2010; Ragsdale et al.
2013b). Interestingly, the development of teeth-like denticles, mouth-form plasticity,
and predation are characters that are shared across several taxa of the Diplogastridae
but are absent in C. elegans and other nematodes of the Rhabditidae (Susoy et al.
2015).

1.1.3 Molecular basis of mouth-form plasticity in P. pacificus

Mouth-form plasticity in P. pacificus represents a model system for studying the
mechanisms of phenotypic plasticity (Sommer 2020). Ragsdale and co-workers
identified a developmental switch gene through a large forward genetic screen for
morph-defective mutants. (Ragsdale et al. 2013b). The first mutant identified was
named eud-1, for eurystomatous-form-defective, and encodes a sulfatase. Mutations
in eud-1 are dominant so that hermaphrodites with a single mutant copy are already
preferentially St, and overexpression of eud-71 in a eud-1 mutant background can
completely revert the all-St mutant mouth form into an all-Eu morph. These results
strongly support a role of eud-1 as a genetic switch gene in the development of mouth
form. Furthermore, eud-1 is located in a multigene locus that contains two pairs of
duplicated genes in a tandem inverted configuration (Sieriebriennikov et al. 2018).
Unlike the all-St phenotype of mutant in eud-1, mutants in the other genes in the
multiple gene locus express an all-Eu mouth form. Apart from eud-1, the nuclear
hormone receptor, nhr-40 gene, was identified as another switch gene based on the
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fact that gain-of-function mutants express all-Eu morph, whereas the loss-of-function
mutants exhibiting all-St phenotype (Sieriebriennikov et al. 2020).

The irreversible decision of alternative mouth form is made by the switch network
at an early juvenile stage. A “phenotypic execution network” is required for the
eventual mouth-form differentiation (Bui and Ragsdale 2019; Sieriebriennikov et al.
2020). Sieriebtriennikov and co-workers performed a large-scale unbiased genetic
screen and identified the nhr-1 gene as the downstream genetic factor of the switch
network. By analyzing the stage-specific transcriptomes of mutants in nhr-40 and nhr-
1, they discovered the common targets of the nuclear hormone receptors NHR-40 and
NHR-1. The phylogenetic analysis revealed that all of these common targets are fast-
evolving genes, which suggests that rapidly evolving genes and the associated
proteins have an important role in the evolution of a novel morphological structure
(Sieriebriennikov et al. 2020). Altogether, research on mouth-form dimorphism in the
past decade was mainly focused on (a) the environmental influences, (b) the
developmental switches, and (c) the gene regulatory network associated with mouth-
form plasticity and the associated evolutionary processes (Werner et al. 2017;
Ragsdale et al. 2013b; Sieriebriennikov et al. 2018, 2020; Bui and Ragsdale 2019;
Casasa et al. 2021). However, little know about the structure genes that directly build
the mouth form of nematode.

1.2 The cuticular extracellular matrix of nematode

In nematodes, a cuticular extracellular matrix (ECM) forms the first barrier against
infection and other environmental insults. This flexible and resilient exoskeleton is
essential to maintain body morphology, and fulfils important roles in locomotion via
attachment to muscle (Kramer et al. 1988; von Mende et al. 1988; Johnstone 1994).
This complex ECM is synthesized repeatedly, during the molting process, to form
larval- and adult- specific cuticles that permit growth. In the ECM experimental model
system, the cuticle of C. elegans has been described as consisting of two types of
cuticle: (a) collagenous cuticle, which lines in the main body of the animal and is
flexible for exoskeleton growth in a continuous fashion, and (b) chitinous cuticle, which
locates at the buccal cavity containing the entrance to the pharynx and enables growth
in a saltatory fashion (Knight et al. 2002; Veronico et al. 2001). Unlike the body wall
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cuticle, the cuticular linings of the pharynx is thought to contain the hardy biomaterial
chitin (Zhang et al. 2005), as well as possibly functional amyloids in C. elegans
(George-Raizen et al. 2014). However, this line of reasoning is still considered
controversial, and much a there has been scant research on the structural basis of the
mouth (stoma) and the potential role of chitin than on the body wall cuticle.

Buccal
Capsule

Procorpus

Metacorpus

\_ Isthmus

Y Terminal

Bulb

@6@

Figure 2. The schematic illustrates the proposed localization of chitin (red) in transverse sections of the pharynx

(shaded gray) in C. elegans. the schematic was modified form the previous study (Zhang et al. 2005).

1.2.1 Collagenous cuticle

The collagenous cuticle in the Nematoda phylum has a well-ordered cytoarchitecture,
which, at the electron-microscopic level, is characterized by distinct layers and
transverse structures (Bird and Bird, 1991). In general, the nematode cuticle is
composed of highly cross-linked, soluble, and insoluble structural proteins, which have
not been thoroughly characterized. Collagens and cuticulins are some of the best
studied components of the cuticle, but other minor proteins and lipids and
carbohydrates are found in its structure. The presence of different layers of varying
thickness is dependent on the stages and the species of nematode, e.g., a medial
layer with struts is present only in adult stage of C. elegans. The collagenous cuticle
is synthesized by the underlying epithelial tissue, called epidermal or hypodermal

(Wright and Thomson 1981; Lee 2002), and is shed at each molting stage.
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1.2.1.1 The collagens and their mutations in nematode
The cuticle collagens are encoded by the collagen superfamily with more than 150
members in C. elegans (Cohen and Sundaram 2020). Individual collagen genes
display distinct temporal gene expression patterns during the process of cuticle
collagen biosynthesis. Cuticle collagen gene expression in C. elegans was originally
detected to be developmentally regulated (Cox and Hirsh 1985), revealing that
collagens are synthesized at high rates during molts and at lower rates during the
intermolt. With the development of RNA-sequencing, the high-resolution temporal
gene expression catalogs were established in C. elegans (Hendriks et al. 2014). 91
oscillating collagens synchronized with molt cycles as well as 35 adult-specific
collagens were identified precisely. Nonetheless, noticeably distinct expression
patterns were detected in different classes of collagens, e.g., the col genes highly
expressed mostly during the molt, which is in contrast to the gene expression of the
rol and dpy families, which suggest that individual collagen genes with highly specific
temporal expression patterns may facilitate assembly of a complex structure.
Collagen gene mutants aid in the comprehensive understanding of the function of
individual collagen in the structure of the cuticle. In C. elegans, mutating some of the
collagen-encoding genes or collagen-modifying enzymes result in abnormal
morphology (Brenner 1974; Kusch and Edgar 1986). To date, 21 cuticle collagen
genes have been identified that result in the body morphology defects, including
phenotypes described as DumPY (Dpy), ROLIer (Rol), BLlIster (Bli), SQuaT (Sqt), Ray
AbnorMal (Ram), and LONg (Lon) (Page 2007).

1.2.1.2 The roles of astacin metalloproteases in collagen formation

Collagen biosynthesis is a complex multi-step process (Prockop and Kivirikko 1995;
Myllyharju and Kivirikko 2004), including numerous modifying, folding, and processing
enzymes. Similar processes are expected to be involved in nematode collagen
biosynthesis, and mutations in some of these enzymes display profound changes in
body morphology (Page and Winter 2003). Astacin (NAS) metalloproteases belong to
the M12A group of metalloproteases family, which is one of the important proteases in
nematodes and is demonstrated to be involved in hatching, cuticle collagen processing
and cuticle molting in C. elegans (Hishida et al. 1996; Davis et al. 2004; Novelli et al.
2004). Interestingly, the procollagen C-proteinase NAS-35 (also named DPY-31 since
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mutating this gene results in a dumpy phenotype) has been proven to be an essential
procollagen C-peptidase, involved in SQT-3 cuticle collagen processing and proper
cuticle formation (Novelli et al. 2004, 2006). Mutations in nas-35 affect the cuticle
structure and nematode morphogenesis. Furthermore, the orthologues of NAS-35
from the parasitic nematodes both H. contortus and Brugia malayi were demonstrated
to efficiently process the C. elegans cuticle collagen SQT-3 at the correct C-terminal
procollagen processing site, suggesting that similar specific astacin substrates are
shared between these diverse nematode species (Davis et al. 2004; Stepek et al.
2010). In addition, the astacin metalloprotease NAS-6 is required for digestion of the
L4 grinder but not the formation of the adult teeth. In nas-6 mutant animals, the old L4
cuticle cannot be digested as well, whereas the adult grinder appeared normal
(Sparacio et al. 2020).

1.2.2 Chitinous cuticle

Chitin is the second most abundant amino polysaccharide in nature, and is commonly
found in lower eukaryotes and invertebrates. Chitin is a crystalline polymer of 3-1,4
linked N-acetyl-D-glucosamine, and is thought to fulfill its role through the association
with different types of cuticular proteins and catecholamines (Wigglesworth 1957;
Andersen 1979; Wright 1987; Hopkins and Kramer 1992; Andersen et al. 1995;
Sugumaran 1998). Chitin contributes to the cell wall and a specialized cell wall
structure called the septum, which is found in the yeast Saccharomyces cerevisiae
(Cabib et al. 2001). Arthropod chitin is a major part of both the exoskeleton and the
insect peritrophic matrices, which serves to separate and protect internal tissue form
the digestive process (Merzendorfer and Zimoch 2003).

1.2.2.1 Chitin formation and catalytic mechanism of chitin synthase

Synthesis, transport, and deposition of chitin are complex processes in which single
chitin chains are produced at the cytoplasmic site of the chitin synthase. After
translocation to the extracellular space, they are assembled as microfibrils and cross-
linked with components of the extracellular matrix. In insects, chitin formation has been
described as a three-step process. The first step involves the catalytic domain of chitin
synthases facing the cytoplasmic site to form the polymer. In the second step, the
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nascent polymer translocate across the membrane and is released into the
extracellular space. In the last step, single polymers spontaneously assemble to form
crystalline microfibrils and the process is completed. In subsequent reactions, the
microfibrils combine with other sugars, proteins, glycoproteins, and proteoglycans to
form fungal septa and cell walls, as well as arthropod cuticles and peritrophic matrices
(Merzendorfer 2006).

Chitin formation is catalyzed by the enzyme chitin synthase, a widespread
glycosyltransferase found in every chitin-synthesizing organism, such as fungi,
nematodes, and arthropods (Roncero 2002; Coutinho et al. 2003; Merzendorfer and
Zimoch 2003). The sequences within the catalytic domain are remarkably conserved
in fugal and insect. The acceptor saccharide binding site and the product-binding site
of fungal chitin synthases have been particularly investigated. The crucial functions of
the signature sequences EDR and QRRRW were identified via studying the activity of
the enzyme by site directed mutagenesis in yeast (Fig. 3) (Nagahashi et al. 1995).
Specifically, the conservative substitutions in the putative acceptor saccharide binding
site [E(D562E)R] and product-binding site [(Q601)RR(R604L)(W605Y)] dramatically
decrease the activity of the yeast chitin synthase (Nagahashi et al. 1995; Cos et al.
1998), hinting at the essential function of the conserved motifs in catalysis. Additionally,
the highly conserved motif (S/T)WGTKG, which is located within the carboxy-terminus,
is required for in vitro activity (Cos et al. 1998), indicating that the carboxy-terminal
part of the chitin synthase has a potential role in the translocation process of nascent
chitin polymers across the membrane (Fig. 3).

Extracellular
N TA C C
QRRRW
\
B o
Cytoplasmic EDR WGTRE

Figure 3. Schematic representation of the domain structures and membrane topology of the Manduca sexta chitin
synthase 1. Transmembrane helices are shown as vertical bars, extracellular or cytoplasmic regions are depicted
as horizontal bars. The N-terminal, catalytic and C-terminal domains are labeled with A, B and C, respectively. The
three motifs, EDR, QRRRW and WGTRE are highly conserved chitin synthase sequences. The blue, red, and
green boxes show supposed sites of N-glycosylation, catalysis and coiled-coils, respectively. This schematic was

modified form the previous study (Merzendorfer and Zimoch 2003).
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1.2.2.2 The roles of chitin synthase in the development of worms

Chitin synthases have been described in a wide variety of phyletic groups. In
Drosophila, it has been shown that mutations in the Chitin Synthase-1 (CS1) gene are
allelic with krotzkopf verkehrt (kkv), a gene that was originally identified in various
screens for lethal mutations (Jurgens et al. 1984; Ostrowski et al. 2002). A detailed
morphological study of CS-1/kkv mutant flies demonstrated that chitin synthesis has
essential roles in (a) the integrity of the procuticle, (b) the stability of the epicuticle, and
(c) the maintenance of epidermal morphology and activity of underlying enzymes
involved in sclerotization and iv) pigmentation (Moussianet al. 2005).

In nematodes, chitin is known to be present in the eggshells of many free living
(Wharton 1980) and parasitic species (Brydon et al. 1987). Initial molecular studies in
the parasitic nematodes Brugia malayi (Harris et al. 2000), Dirofilaria immitis (Harris
and Fuhrman 2002) and Meloidogyne artiellia (Veronico et al. 2001) revealed the
presence of one chitin synthase gene. After the whole genome sequencing of C.
elegans was completed, two putative chitin synthases, Cel-chs-1 (T25G3.2) and Cel-
chs-2 (F48A11.1), have been identified (Harris et al. 2000; Veronico et al. 2001),
indicating the likely presence of orthologs of these two genes in other nematodes. The
studies of the spatiotemporal expression patterns of these two chitin synthase genes
revealed their essential and non-overlapping functions in development of nematodes.
Cel-chs-1 is specific for forming the eggshell and highly expressed in late larvae and
adult hermaphrodites, while Cel-chs-2 was shown to be detected in the pharynx and
its RNA transcription correlates with the larval molting (Veronico et al. 2001; Zhang et
al. 2005). Knocking down Cel-chs-1 by RNA inference leads to eggs that are fragile
and permeable to small molecular and the absence of embryonic cell division,
revealing that Cel-chs-1 has essential role in embryo development. Reducing Cel-chs-
2 by RNAI leads to a defect in the pharynx and causes L1 larval arrest, and the
expression of cytoplasmic Cel-chs-2::GFP reporter in the pharynx is coupled with the
presence of chitin, indicating that chitin has potential roles in the functions of the
pharynx, e.g. providing rigidity to the pumping pharynx and/or strength for the
mechanical breakdown of food in the grinder.
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1.2.2.3 Inhibitors affecting chitin synthesis

As chitin is synthesized by insects and fungi but not vertebrates, chitin synthase
represents a target for combating insect pests or disease-causing fungi. Inhibitors of
chitin synthesis have been historically classified into two major clusters: peptidyl
nucleosides and acylureas. Peptidyl nucleosides isolated from various Streptomyces
bacteria act as substrate analogs to directly inhibit chitin synthase at its catalytic site.
In contrast, acylureas may function in several processes of chitin formation including
(a) altering either vesicle transport or fusion, (b) inhibiting translocation of chitin
polymers across the membrane, and (c) interfering in the hormonal regulation of chitin
synthesis by influencing the ecdysteroid production (Nakagawa and Matsumura 1994;
Fournet et al. 1995; Cohen 2001). Peptidyl nucleosides contain polyoxins (Hori et al.
1971) and nikkomycins (Dahn et al. 1976).

Nikkomycin Z (NZ) was originally discovered from Streptomyces as an agent with
antifungal activity (Mohrle et al. 1995; Georgopapadakou and Walsh 1996). The
subsequent studies in Saccharomyces cerevisiae revealed that NZ is a competitive
inhibitor of chitin synthase (ScChs) as a substrate analogue, and it was found taht NZ
blocks the activities of two of three ScChs isozymes, (ScChs) 1 and 3, but not 2 (Cabib
1991; Choi et al. 1994; Gaughran et al. 1994). Studying the susceptibility CaChs
isozymes to NZ in vitro revealed that NZ affect the activities of all three isozyme of
chitin synthase in Candida albicans (CaChs) (Kim et al. 2002). In Tegillarca granosa,
the inhibition of TQCHS via NZ significantly increass the percentage of polyspermy,
indicating that TQCHS plays an important role in polyspermy blocking (Han et al. 2016).
It assumed that the inhibition is due to the reduction of nascent chitin by NZ, which
subsequently slows the exocytosis of cortical vesicle (Schonitzer et al. 2011; Cabib
and Arroyo 2013; Walker et al. 2015). Collectively, NZ has been demonstrated as a
competitive inhibitor of chitin synthase in several organisms, however, thus far, no

investigation of NZ has been performed in nematodes.

1.2.3 Remodeling of cuticular structure during molts in nematodes
Ecdysozoa, the clade of animals defined by the presence of an exoskeleton, exchange

their cuticle during the episodic molts (Aguinaldo et al. 1997; Dunn et al. 2008).
Nematode can increase in size during the intermolt period and after the final molt,
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growth arrest occurring at molting (Wilson 1976). Most nematodes undergo four molts
during their post-embryonic development, except for P. pacificus which has only three
molts during the external larval stages (Félix et al. 1999). The cuticle covering the body
walls, and the cuticular linings of the buccal cavity, pharynx, and other opening tissues
are shed and replaced during molts.

The morphological changes of molting in C. elegans have been investigated by
high resolution Normarski interference contrast microscopy. Molting has been
described to consist of three major steps: (a) lethargus occurs at the onset of the molt,
and corresponds to a period of inactivity during which pharyngeal pumping, feeding
and locomotion become arrested (Cassada and Russell 1975); (b) apolysis is
characterized by the separation of connections between the old cuticle basal zone and
the underlying epidermis, the new cuticle in produced in the hypodermis and is
secreted into the extracellular space between it and the old cuticle; (c) ecdysis results
in the shedding of the old cuticle. Immediately prior to ecdysis, the pharynx begins
twitching, and gland secretions are thought to be released to aid dissolving the old
cuticle. Finally, the larval or young adult pushes with its head to break out of the old
cuticle. The duration of molting stage displays a large diversity across distinct species,
e.g., 3 to 4 hours for Panagrellus silusiae and C. elegans (Samoiloff and Pasternak
1969; Cassada and Russell 1975; Singh and Sulston 1978), 72 hours for
Hemicycliophora arenaria (Johnson et al. 1970), and even several days for
Rotylenchus reniformis (Bird and Akhurst 1983; Bird 1984).

One example of extracellular structure in C. elegans is the pharyngeal grinder,
which ruptures bacteria during feeding, and is replaced with larger substitutes during
each molting. Comprehensive ultrastructural analysis of pharyngeal muscle and the
cuticular grinder revealed the deconstruction of the larval grinder and the construction
of the adult grinder during the fourth larval stage (L4)-to-adult transition (Sparacio et
al. 2020). In the Diplogastridae family, to which P. pacificus belongs, the grinder has
been lost with the concomitant reduction of muscle cells in the postcorpus, but they
have gained teeth at the anterior of pharynx (Riebesell and Sommer 2017). This
suggests that remodeling of teeth in P. pacificus might be executed at each molt stage.

1.3 High-resolution temporal of transcriptome sequencing
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A major objective of evolutionary genetics is to link gene regulatory changes to
adaptive evolution of complex phenotypes. Variation in gene expression patterns often
plays a key part in the evolution of morphological phenotypes (Stern and Orgogozo
2008) as well as other complex traits (Kleinjan and van Heyningen 2005; Wray 2007).
The tremendous developments in genomic technologies in the last decades allows
biologists for the first time to employ sophisticated high-throughput approaches to
study of gene expression patterns and associated phenotypic diversity. Current
throughputs approaches are orders of magnitude higher than what was possible at the
dawn of DNA sequencing technologies.

1.3.1 Development of transcriptome sequencing

The first-generation Sanger-sequencing was established after the structure of
DNA was discovered (Watson and Crick 1953; Sanger et al. 1977). Although the
Sanger sequencing technology contributed to the first human genome project, the
technology had limitations due to its labor-intensive processes and high cost. Second-
generation sequencing approaches, also known as short-read NGS, such as on the
lllumina or lon Torrent platforms, were introduced between 2004 and 2006 (Mardis
2013). Second-generation approaches leveraged the power of nanotechnology, were
characterized by shorter reads and stronger ability in sequencing millions of DNA
molecules in parallel with shorter time and lower price in contrast to the first-generation
sequencing (Tucker et al. 2009). Second-generation sequencing technologies can be
broadly divided into DNA sequencing (DNA-Seq) and RNA sequencing (RNA-Seq).

Transcriptome sequencing or RNA sequencing (RNA-seq) quantifies
transcriptome in given samples and thus contributes to a deeper understanding of
RNA biology, form questions such as when and where transcription occurs to the
folding and intermolecular interactions that govern RNA function. The first complete
transcriptome was sequenced in bacteriophage MS2 by Walter Fiers and his
colleagues in 1970s (Fiers et al. 1976). The discovery of reverse transcriptase allowed
to convert the mRNA and ncRNA to stabilizer complementary DNA (cDNA) and made
it possible to sequence RNA by sequencing its cDNA (Mizutani and Temin 1970).
Microarray technology was established as a powerful and systematic approach to
quantitatively detect a large number of known genes through hybridization (Wilhelm
and Landry 2009). As one of the most important applications of next-generation

24



sequencing technique, RNA-seq overcomes the drawbacks of microarray and has
become an indispensable method for transcriptome-wide analysis of different gene
expression and differential splicing of mMRNAs.

1.3.2 Adaptation of low input RNAs-seq method for nematodes

The RNA-seq technique has been prevalently applied in nematodes over the past
decade. Most recently, high-resolution spatial maps of gene expression was made
possible through single-cell transcriptional profiling even in microscopic organisms
such as C. elegans (Cao et al. 2017). High-resolution temporal gene expression
catalogs have been established in C. elegans, reflecting the expression patterns
during development (Levin et al. 2012; Kim et al. 2013; Hendriks et al. 2014; Meeuse
et al. 2020). However, such methods are restricted to organisms that can be massively
cultured and are able to develop in synchrony. Most nematodes are small worms that
lack sufficient RNA for standard RNA-seq methods without pooling hundred to
thousands of individuals. Low input RNA-seq approaches have been increasingly
developed as a response to the growing prevalence of low input RNAs-seq studies
based on small tissues, single microorganisms, and single cells. The single cell RNA-
seq protocol, Smart-seq2 has originally been adapted for single nematode RNA-
sequencing (Macchietto et al. 2017) and has recently been revised (Chang et al. 2021).
Single nematode RNA-seq could in theory be adopted in many organisms and allow
us to obtain high resolution temporal transcriptome at single individual level.

Hatching and ecdysis (the shedding of the cuticle) are major landmarks of molting
animals that define the chronological age of individual animals. The developmental
age of nematodes can be precisely defined as hours post-hatching, highlighted by
these specific landmarks. Additionally, the advances in nematode model organisms,
including short lifespan and small size of genome, allows for sequencing numerous
single-individual transcriptomes with enough deeper sequencing but at low cost. Thus,
it is possible to apply both the single-worm RNA-sequencing approach and the
chronological age of individual to establish a high-resolution catalog of transcriptome
at single-worm resolution; a catalog that encompasses the entire postembryonic
development process. Such transcriptomic maps will provide the platform for both
tracking the gene expression pattern of individual genes and aiding in the exploration
of the development function of genes of interest.

25



1.3.3 Gene expression oscillations

Spatiotemporal control of gene expression is crucial for orchestrated differentiation of
multiple cells within the developing animal, and also subject to evolutionary changes.
The mechanism that controls the patterning of embryo through spatial gene
expression gradients was well described in Drosophila (Johnston and Nusslein-
Volhard 1992), and since, the regulation of nematode larval development via the
temporal expression gradients of heterochronic genes has been established (Ruvkun
and Giusto 1989; Johnstone and Barry 1996; Moss et al. 2007). Gene expression
oscillations are thought to act as transcriptional clocks that can drive numerous
rhythmic biological events, and were found in many biological systems, such as the
circadian rhythms in metabolism and behavior (Panda et al. 2002), vertebrate
somitogenesis (Oates et al. 2012), plant lateral root branching (Moreno-Risueno et al.
2010), and Caenorhabditis elegans larval development (Kim et al. 2013; Hendriks et
al. 2014; Meeuse et al. 2020).

Transcriptional clocks temporally control biological processes, thereby allowing the
organisms to synchronize with environmental cues. In yeast metabolic cycles,
transcripts involved in growth require an oxidative environment for their high
expression under high oxygen condition, followed by a reductive phase suring which
the cell cycle or mitochondrial biogenesis proceeds (Tu et al. 2005; Tu and McKnight
2006). In photosynthetic cyanobacteria, the periodic expression of the circadian clock-
controlled genes allows the organism to produce energy and grow, while temporally
separating incompatible chemical steps, i.e., photosynthesis and oxidative metabolism
in the oxygen-generating condition of daylight and oxygen-inhibited nitrogen fixation
under the more reduced night environment (Lenz and Sggaard-Andersen 2011).
Similarly, the circadian clock-regulated transcripts is also described as acting to
separate metabolic processes in plants (Harmer et al. 2000). In C. elegans, three
systematic and quantitative studies on temporal transcriptomics during larval
development have been performed by using RNA-seq technology (Kim et al. 2013;
Hendriks et al. 2014; Meeuse et al. 2020), which revealed that extensive ultradian
oscillations periodically expressed during C. elegans postembryonic development.
These studies on C. elegans oscillations indicate similar oscillations in other molting
animals, e.g., the rhythmic molting and metamorphosis in Drosophila and moths.
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2 Aims of this thesis

The main objective of my research is to elucidate the genetic factors governing
structural bases of mouth form in the nematode P. pacificus. To address this question,

| simultaneously pursued several lines of research:

i) | developed single-worm transcriptome sequencing in P. pacificus, aiming at
profiling transcriptome from single nematodes at a given developmental stage and

a particular culture condition.

i) | performed a 1- to 2-h high-resolution catalog of gene expression throughout
postembryonic development to enable us to track gene expression patterns of
single genes, and to characterize genes with oscillating expression patterns

iii) | conducted a comparative analysis of oscillatory gene expression between the two
model organisms P. pacificus and C. elegans and associated evolutionary
dynamics to decipher the evolutionary mechanism of temporal gene expression.

iv) | conducted a large-scale forward genetic screen to discover uncharacterized
genetic players regulating structural bases of mouth form, and to provide a

comprehensive understanding of regulation of mouth-form development.

v) | investigated the roles of chitin synthase genes in P. pacificus teeth formation
through reverse genetics, and explored whether the inhibitor nikkomycin Z reduces
activity of chitin synthase in nematodes.
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3 Results

3.1 Single worm transcriptomics identifies a developmental core network of
oscillating genes with deep conservation across nematodes

Sun, S., Rodelsperger, C. and Sommer, R.J.
Genome Research, 31(9), pp-1590-1601.

3.1.1. Synopsis

High-resolution spatial and temporal maps of gene expression have tremendously
helped towards a comprehensive understanding of animal development and evolution.
In nematodes, the small body size represented a major challenge for such studies, but
recent advancements have helped overcome this limitation. Here, we implemented
single worm transcriptomics (SWT) in the nematode model organism Pristionchus
pacificus to generate a high-resolution temporal map of the developmental
transcriptome. Furthermore, we identified 2,982 (10%) of genes exhibited oscillatory
expression in P. pacificus, and revealed that revealed an overrepresentation of ancient
gene classes among oscillating genes. Importantly, several of these collagen genes
are regulated by the developmental switch gene eud-1 indicating a potential function
in the regulation of mouth-form plasticity, a key developmental process in this
facultative predatory nematode. This analysis provides i) an updated protocol for SWT
in nematodes that is applicable to many microscopic species, ii) a 1 — 2 hours high-
resolution catalogue of P. pacificus gene expression throughout postembryonic
development, and iii) a comparative analysis of oscillatory gene expression between
the two model organisms P. pacificus and C. elegans and associated evolutionary

dynamics.

3.1.2. Own contribution

| conceived and designed all experiments with Dr. Ralf Sommer. | conducted all the
experimental studies. | performed all of the bioinformatic analyses with the help of Dr.
Christian Rodelsperger. | participated in writing of the manuscript. Thus, | estimate my
contribution at 90%.
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3.2 The oscillating Mucin-type protein DPY-6 has a conserved role in nematode

mouth and cuticle formation

Sun, S.T, Theska, T.T, Witte, H., Ragsdale, E.J. and Sommer, R.J.
Genetics, iyab233

3.2.1 Synopsis

Nematodes show an extraordinary diversity of mouth structures and strikingly different
feeding strategies, which has enabled an invasion of all ecosystems. However, nearly
nothing is known about the molecular mechanisms associated with the nematode
mouth form. Here, we used a large-scale genetic screen to identify genes involved in
mouth formation. We identified Ppa-dpy-6 to encode a Mucin-type hydrogel-forming
protein that is macroscopically involved in the specification of the cheilostom, the
anterior part of the mouth. We leveraged the power of geometric morphometrics to
characterize these defects further and found additional defects that affect mouth form.
Additionally, Ppa-dpy-6 is shorter than wild-type with a typical Dumpy phenotype,
indicating a role in the formation of the external cuticle. In this publication, we identified
the Mucin-type protein DPY-6 as the first protein involved in the specification of
nematode stoma with a conserved role in cuticle disposition. This concomitant
phenotype of the cheilostom and cuticle provides the first molecular support for the
continuity of these structures and for the separation of the cheilostom from the rest of
the stoma.

3.2.3 Own contribution

| performed the large-scale genetic screen, generated all genomic libraries, and
conducted the mapping experiments. In addition, | performed all RNA sequencing data
collection, oscillating pattern analysis, and differential gene expression analysis, as
well as measuring worm body sizes. | was involved in hypothesizing and designing the
experiments, as well as writing relevant parts of the manuscript. Thus, my contribution

to this manuscript was around 60%.
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3.3 Conserved nuclear hormone receptors controlling a novel plastic trait target
fast-evolving genes expressed in a single cell

Sieriebriennikov, B., Sun, S., Lightfoot, J.W., Witte, H., Moreno, E., Rodelsperger, C.
and Sommer, R.J.
PLoS genetics, 16(4), p.e1008687.

3.3.1 Synopsis

Developmental plasticity is ubiquitous and attracting considerable attention in the
context of adaptation to climate change and as a facilitator of evolutionary novelty.
However, little is known about the associated molecular mechanisms in nematodes.
Here, we leveraged the power of suppressor screen genetics to identify the conserved
nuclear hormone receptor (NHR) NHR-1 as a second transcription factor regulating
the development of environmentally-induced predatory morphs in the nematode
Pristionchus pacificus. Next, transcriptomic analysis revealed that two conserved
nuclear hormone receptors (NHR-40 and NHR-1) have only 24 common target genes.
Their systematic CRISPR/Cas9 knockouts and expression analysis indicated extreme
functional redundancy and showed that they are strikingly expressed in a single
pharyngeal gland cell, g1D., whose morphological remodeling accompanied the
evolution of teeth and predation. This study enhances the understanding of the GRN
regulating mouth-form plasticity, elucidates the evolutionary dynamics of underlying
genes and links rapid gene evolution with morphological innovations associated with
plasticity. The identification of gene regulatory networks (GRN) controlling plasticity
will provide an understanding of development in novel environments and enable

testing theories about the long-term evolutionary significance of plasticity.

3.3.2 Own contribution

| designed and created reporter lines for Astacin genes, performed a suppressor
screen in the nhr-1 mutant background, and participated in mouth-form phenotyping.
Overall, my contribution to this study was 20%.
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3.4 Improving transgenesis efficiency and CRISPR-associated tools through

codon optimization and native intron addition in Pristionchus nematodes

Han, Z.T, Lo, W.S. T, Lightfoot, J.W., Witte, H., Sun, S. and Sommer, R.J.
Genetics, 216(4), pp.947-956.

3.4.1 Synopsis

P. pacificus suffers from a much less efficient transgenesis system compared with C.
elegans. To improve the efficiencies of P. pacificus transgenics, we firstly investigated
the genomic features of 10 nematode species from three of the major clades
representing all different lifestyles, and uncovered that there were drastically different
codon usage bias and intron composition among these species. Then, we performed
the processes of codon optimization and native intron addition in P. pacificus, which
result in dramatical improvement of the transgenesis efficiency. In addition, we
leverage the power of the improved transgenesis approach to develop a fluorescent
co-injection marker for CRISPR/Cas9 screening. In this study, we dramatically
improved the efficiencies of P. pacificus transgenics, and developed a fluorescent co-
injection marker for screening of the potential (CRISPR)/Cas9-edited candidates.

3.4.2 Own contribution

| participated in the investigation of fluorescent transgenic lines. | estimate my
contribution at 10%.
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3.5 Crowdsourcing and the feasibility of manual gene annotation: A pilot study
in the nematode Pristionchus pacificus

Roédelsperger, C., Athanasouli, M., Lenuzzi, M., Theska, T., Sun, S., Dardiry, M.,
Wighard, S., Hu, W., Sharma, D.R. and Han, Z.
Scientific reports 9.1 (2019): 1-9.

3.5.1 Synopsis

Improvement of gene annotation in the nematode model organism P. pacificus is
crucial for gene function studies using reverse genetics as well as identification of
orthologs of candidate genes in other species. In this paper, we employed an
integrative approach using comparative genomic and transcriptomic data combined
with community-based curation to improve the P. pacificus gene annotations. First, a
comparative assessment of 22 nematode genomes revealed that P. pacificus has one
of the best available nematode genomes. Then, we identified C. elegans genes that
homologs and orthologs are not or incorrectly annotated in the P. pacificus genome.
Finally, a community-based manual curation of suspicious gene models reveals
thousands of missing homologs and hidden orthologs. Our small-scale crowdsourcing
has drastically improved gene annotations, and the manual gene annotation with
comparable quality will facilitate numerous functional studies across multiple model
organisms. This pilot study can be extended to even larger gene sets, which would
raise the quality of gene annotations to the next level.

3.5.2 Own contribution
| participated in the group discussions in which the manuscript was conceived.
| estimate my contribution at 5%.
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3.6 Chitin contributes to the formation of a feeding structure in a predatory

nematode

Shuai Sun, Hanh Witte & Ralf J. Sommer

3.6.1 Synopsis

The formation of teeth-like denticles in independent lineages of nematodes represent
major innovations with a key role for the evolution of predation and parasitism and the
diversity of nematode ecosystem functioning. These teeth are histologically and
developmentally different from vertebrate teeth and most importantly, their
biochemical composition remains elusive. Here we show a crucial function of chitin in
the formation of the teeth-like denticles in P. pacificus. Phylogenesis analysis revealed
two conserved chitin synthase exist in the nematode evolution. CRISPR/Cas9-based
gene knockouts of the highly conserved chitin synthase Ppa-chs-2 result in larval lethal
or viable, but teethless mutants, depending on the exact molecular lesion in the gene.
Similarly, the teethless phenotype was obtained under the treatment with the chitin-
synthase inhibitor Nikkomycin Z, which consistents with the conclusion that chitin is
essential for the formation of the teeth-like denticles of P. pacificus. Teethless animals
survive to adulthood and feed on various bacteria, but they are incapable of predation.
We provide support for a quantitative role of chitin in the formation of the complex

feeding apparatus in nematodes.

3.6.2 Own contribution

| conducted all the experiments. | performed microinjection for CRISPR and
Nikkomycin Z with the help of Hanh Witte. | was involved in hypothesizing and
designing the experiments, as well as writing relevant parts of the manuscript. Thus,

my contribution to this manuscript was around 90%.
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3.7 Protocol for single-worm transcriptomics in Pristionchus pacificus, step by
step

Shuai Sun, Ralf J. Sommer

3.7.1 Synopsis

Adaptations and improvements of low input RNA-seq technology for microscopic
organisms, nematodes, allows for the analysis of gene expression heterogeneity at
the individual nematode resolution. The single-worm transcriptomics (SWT) provides
a robust platform to perform a large-scale high-solution transcriptomic analysis in the
nematode model organism of P. pacificus. Here, we established a step-by-step
protocol for i) defining the chronological age of individual animals for establishing the
high-solution time course, ii) improving processes of SWT library preparation, iii)
supporting a strategy for library sequencing regarding the sequencing cost and the
number of detected genes, iv) providing a simple pipeline for analyzing SWT dataset.
In conclusion, this protocol contains a detailed step-by-step procedure with many
useful recommendations, and will allow investigators without the background in library
preparation for exploring transcriptomics across different species or conditions at

single-worm resolution.

3.7.2 Own contribution
| developed this protocol and conducted all the experiments. | was involved in
hypothesizing and designing the experiments, as well as writing relevant parts of the

manuscript. Thus, my contribution to this manuscript was around 95%.
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4 Discussion

In this thesis, | updated the single-worm transcriptome sequencing (SWT-seq)
protocols and introduced the SWT-seq approach for the nematode model organism P.
pacificus. | leveraged power of the SWT-seq to establish a high-resolution catalog of
gene expression during post-embryonic development in P. pacifcus, which provides
one of the most useful resources for pursuing countless mechanistic studies and
comparative analysis in the Pristionchus community. The study of gene expression
oscillation revealed that thousands of oscillatory genes are expressed periodically
during post-embryonic development and uncovered the evolutionary dynamics of
oscillating genes in the nematode phylum. Moreover, to investigate the developmental
functions of oscillations in the mouth-form plasticity of P. pacificus, | perform both
forward and reverse genetics. In the forward genetic experiment, | conducted a large-
scale genetic screen and isolated six mutants that displayed concomitant phenotype
of defective mouth form and altered body shape. Using the advantages of genome-
editing technology and geometric morphometric protocol, | and my colleague identified
the first structural component of stoma in nematodes, which simultaneously regulates
the development of cheilostom of the stoma and cuticle formation. In the reverse
genetic project, | investigated the role of chitin in the P. pacificus teeth formation. My
results suggested that two chitin synthase genes are highly conserved across
nematodes. The C-terminus of Ppa-chs-2 is essential for the teeth formation, mutants
in this region result in a viable but teethless phenotype. Strikingly, animals treated with
chitin-synthase inhibitor Nikkomycin Z produced the same teethless phenotype.
Collectively, my studies focused on (a) the SWT methods development, (b) the
evolution of oscillating genes, and (c) the functions of developmental oscillations in the
mouth-form plasticity of P. pacificus.

4.1 Future use of the single-worm transcriptome sequencing

| developed the SWT in P. pacificus (Sun et al. 2021). Compared with the original
protocols (Macchietto et al. 2017; Chang et al. 2021), | modified the method in multiple
ways, including (a) changing the process of worm lysis, (b) applying lower cDNA input,
(c) reducing amplification cycles, and (d) pooling larger samples. A series of
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comparative quality controls between SWT and STD (standard RNA-seq) samples
revealed that the representation of gene expression is comparable between SWT and
STD approaches, demonstrating that SWT provides a robust technology for profiling
global gene expression. Obviously, our modified SWT protocol can be easily adapted
to the majority of nematode species, and SWT will be a powerful tool for many
transcriptomic comparative studies, including differential expression analysis between
different mouth-form mutants and different abiotic or biotic environmental conditions.
Importantly, the selection of comparable development time points is crucial to
perform transcriptomic comparison using SWT method, due to the different
developmental speed of nematodes with different genotypes and/or in different
treatments. Further, numerous genes with stage-specific expression pattern are
broadly pervasive, i.e., nearly 10% of the P. pacificus genome, 18% of the C. elegans
genome (Hendriks et al. 2014; Meeuse et al. 2020) exhibit oscillating gene expression
patterns during postembryonic development, which synchronize with the molting cycle
and demonstrate dramatical changes of gene expression within short time periods.
We combined two singular development markers, hatching and ecdysis, and were able
to provide an atlas that includes 38 developmental time points and covers the first 58
hours of development after hatching. These reference time points can be easily
obtained for mutant strains or similarly, experimental treatments, which allows precise
selection of comparable time points for SWT sequencing. Note that in our experiments,
three biological replicates were performed but it might be reasonable to include more
biological replicates for SWT sequencing, since more biological replicates of given
development time points can partially overcome the slight time differences among

individual replicates for a given time point.

4.2 Developmental oscillations in P. pacificus

We focused on developmental oscillations in gene expression and identified 2,964
genes, 10.3 % of the P. pacificus genome, with oscillating expression patterns. What
functions might these gene-expression oscillations serve? Multiple cuticle-related
genes were found that peak preferentially with each molt in C. elegans (Hendriks et al.
2014; Meeuse et al. 2020), supporting the early conclusion that periodic transcription
of genes is required for molting and cuticle formation (Johnstone and Barry 1996;
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Frand et al. 2005). The periodic expression of transcripts is not only involved in molting
or cuticle formation, but is also related to other biological processes, e.g., steroid
biogenesis, gonad morphogenesis, and embryonic development (Hendriks et al. 2014;
Meeuse et al. 2020). Our analysis showed that P. pacificus oscillations are strongly
enriched in the collagen gene family. Surprisingly, we found these oscillating collagens
are distributed in 10 phase classes, indicating that temporal-specific collagens are
related to cuticle formation, both during molting and in the intermolt stage. Furthermore,
the differential gene expression analysis between the eud-1 mutant and wild-type
animals revealed that 38 eud-71-dependent oscillatory collagen genes have potential
roles in the mouth-form gene regulatory network. To verify the function of these mouth-
form-specific collagens requires leveraging genome-editing and molecular biology
tools, in order to identify the collagen related phenotype of the structural stoma in P.
pacificus.

The comparison of oscillating patterns between P. pacificus and C. elegans
revealed a hitherto hidden evolutionary dimension of developmental oscillation in
nematodes. Relying on the previous efforts on the genomic and transcriptomic
comparisons between P. pacificus and C. elegans (Dieterich et al. 2008; Rddelsperger
et al. 2014, 2017, 2018; Prabh et al. 2018), we employed phylostratigraphic analysis
to study the age structure of oscillating genes. It was electrifying to learn that oscillating
genes are highly enriched in ancient gene clusters and to identufy a highly conserved
core network of 528 one-to-one orthologous genes. We hypothesize that P. pacificus-
C. elegans shared oscillations (PCO) have highly conserved developmental functions.

4.3 The oscillating dpy-6 is involved in nematode cuticle and mouth formation

We identified the Mucin-type hydrogel-forming protein DPY-6 as first structural
component involved in the formation of the cheilostom in both P. pacificus and C.
elegans. Interestingly, dpy-6 was found to have a conserved spatiotemporal
expression pattern in P. pacificus and C. elegans. Both, Ppa-dpy-6 and Cel-dpy-6 are
expressed in the hypodermal syncytia hyp1, hyp5 and hyp6/7, the anterior and
posterior arcade cells, and periodically highly expressed during intermolt stages,
indicating their involvement in the formation of the cuticle and the cheilostom during
intermolt stages. This result supports the idea that the larval growth that does occur
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between molts is facilitated by physical stretching of the flexible cuticle (Knight et al.
2002). In addition, one could conclude that the collagenous cuticle continuously grow
during the intermolt stages. Finally, it is an example of a pair of orthologous genes,
Ppa-dpy-6 and Cel-dpy-6, with a conserved developmental function in the formation
of the cheilostom and cuticle through the conserved spatiotemporal gene expression.

The discovery of Ppa-DPY-6 as a structural component of the nematode stoma
represents a major milestone in our path to fully understand the gene regulatory
network (GRN) involved in P. pacificus mouth-form development. In the last decade,
the comprehensive analyses of mouth-form plasticity and its genetic, epigenetic, and
environmental regulation have provided a systematic understanding of the molecular
mechanism underlying the mouth-form plasticity in P. pacificus (for review see
Sommer, 2020). This study revealed the curial role of Ppa-dpy-6 in the formation of
cheilostom, the most anterior part of stoma, and contributes considerably to our
understanding of the GRN of P. pacificus mouth-form plasticity. Finally, it should be
noted that this study places structural components at the terminal branch of the gene
regulatory network and opens the road for future studies on the nanotechnology of
teeth formation. Also, it is important to note that in contrast to arthropods, i.e., spider

webs, little is known about biomineralization in nematodes.

4.4 The role of chitin synthase 2 in the mouth-form plasticity

We showed a major role of chitin in the formation of the teeth-like denticles in P.
pacificus. Phylogenetic analysis revealed that two chitin synthase genes were highly
conserved through representative nematodes, indicating a potential role of chitin in the
evolutionary diversification of feeding structures in nematodes. CRISPR/Cas9-based
gene knockouts demonstrated that mutations in the C-terminus of Ppa-chs-2 result in
a teethless phenotype with severe malformation of the posterior mouth parts. Similarly,
treatment with Nikkomycin Z of J4 juveniles resulted in specific defects in teeth
formation, suggesting that chitin synthase activity and thus, chitin is essential for the
formation of the teeth-like denticle P. pacificus. The viable teethless phenotype of the
Ppa-chs-2 mutants or Nikkomycin Z treated animals might provide a first indication for
the different contributions of chitin for the formation of various parts of the nematode
stoma. The spatiotemporal expression analysis of Ppa-chs-2 profiled that Ppa-chs-2
was highly expressed in the pm1 muscle cells 1-2 hours before each molts, strongly
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suggested this essential function to be in the formation of the stoma and the teeth in
particular. In conclusion, our data provide the first example of the complete
perturbation of teeth formation in nematodes, and will lead to novel activities in various

research areas.
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Single worm transcriptomics identifies
a developmental core network of oscillating
genes with deep conservation across nematodes

Shuai Sun, Christian Rodelsperger, and Ralf . Sommer
Max-Planck Institute for Developmental Biology, Department for Integrative Evolutionary Biology, 72076 Tiibingen, Germany

High-resolution spatial and temporal maps of gene expression have facilitated a comprehensive understanding of animal
development and evolution. In nematodes, the small body size represented a major challenge for such studies, but recent
advancements have helped overcome this limitation. Here, we have implemented single worm transcriptomics (SWT) in the
nematode model organism Pristionchus pacificus to provide a high-resolution map of the developmental transcriptome. We
selected 38 time points from hatching of the ]2 larvae to young adults to perform transcriptome analysis over é0 h of post-
embryonic development. A mean sequencing depth of 4.5 million read pairs allowed the detection of more than 23,135
(80%) of all genes. Nearly 3000 (10%) genes showed oscillatory expression with discrete expression levels, phases, and am-
plitudes. Gene age analysis revealed an overrepresentation of ancient gene classes among oscillating genes, and around one-
third of them have I:l orthologs in C. elegans. One important gene family overrepresented among oscillating genes is colla-
gens. Several of these collagen genes are regulated by the developmental switch gene eud-1, indicating a potential function in
the regulation of mouth-form plasticity, a key developmental process in this facultative predatory nematode. Together, our
analysis provides (1) an updated protocol for SWT in nematodes that is applicable to many microscopic species, (2) a I- to 2-h
high-resolution catalog of P. pacificus gene expression throughout postembryonic development, and (3) a comparative anal-
ysis of oscillatory gene expression between the two model organisms P. pacificus and C. elegans and associated evolutionary

dynamics.
[Supplemental material is available for this article.]

The evolution of novelty and phenotypic divergence depends on
two major molecular processes. First, the emergence of new genes
through gene duplication, divergence, and de novo formation
constantly change the genomic composition of organisms (for
review, see Rodelsperger et al. 2019b). Second, changes in the ex-
pression of individual genes during development can lead to phe-
notypic divergence. In general, transcriptomes show highly
dynamic spatiotemporal patterns that are orchestrated by multiple
regulatory events. However, a detailed understanding of tran-
scriptional changes and their significance for evolution requires
sophisticated molecular tools and comparative analyses. In recent
years, the ENCODE and modENCODE consortia have generated
unprecedented amounts of RNA sequencing data with increasing
resolution, which also allowed for the comparison across distant
species (Gerstein et al. 2014). Most recently, high-resolution spa-
tial maps of gene expression are made possible through single-
cell transcriptional profiling even in animals with small body
size such as Caenorhabditis elegans (Cao et al. 2017). High temporal
resolution throughout embryonic and/or postembryonic develop-
ment requires the analysis of many parallel samples. In C. elegans,
the use of highly synchronized cultures has provided the first com-
prehensive maps of gene expression throughout development
(Levin et al. 2012; Kim et al. 2013; Hendriks et al. 2014; Meeuse
et al. 2020). However, such methods are restricted to organisms
that can be massively cultured and that stay synchronous through-
out development. One alternative methodology is single worm
transcriptomics (SWT), a method that has originally been intro-

Corresponding author: ralf.sommer@tuebingen.mpg.de
Article published online before print. Article, supplemental material, and publi-
cation date are at https://www.genome.org/cgi/doi/10.1101/gr.275303.121.

duced in two entomopathogenic nematodes of the genus
Steinernema (Macchietto et al. 2017) and recently has been revised
(Chang et al. 2021). Although such a method could in theory be
adopted in many organisms, to the best of our knowledge, it has
not yet been widely applied. Here, we implemented SWT in the
model nematode Pristionchus pacificus with a new updated proto-
col that uses (1) a different method of worm lysis, (2) even further
reduced cDNA input, and (3) reduced PCR amplification cycles to
provide a high-resolution map of the transcriptome throughout
postembryonic development.

P. pacificus is a well-established model system in evolutionary
biology first described in 1996 (Sommer et al. 1996). Based on its
rapid growth with a generation time of only 4 d in the laboratory
and its hermaphroditic mode of reproduction, forward and reverse
genetic techniques including CRISPR-associated engineering have
been successfully implemented in this nematode (Witte et al.
2015; Han et al. 2020; Nakayama et al. 2020). Although original
work focused on the evolution of developmental processes and
comparison to C. elegans (Wang and Sommer 2011), more recent
studies developed P. pacificus as a model system for developmental
plasticity and the evolution of novelty and complexity (Sommer
2020). In contrast to C. elegans, P. pacificus forms two alternative
mouth-forms with different teeth-like denticles, enabling different
feeding strategies (Bento et al. 2010). So-called “stenostomatous”
(St) animals have a single tooth and are strict bacterial feeders,
whereas “eurystomatous” (Eu) animals have two teeth and can

© 2021 Sun et al. This article is distributed exclusively by Cold Spring Harbor
Laboratory Press for the first six months after the full-issue publication date (see
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additionally feed on fungi and other nematodes by predation
(Ragsdale et al. 2013). By now, the gene regulatory network
controlling mouth-form plasticity has been identified (Sieriebrien-
nikov et al. 2018, 2020), and the long-term evolutionary conse-
quences of mouth-form plasticity for the evolution of novelty
were carefully investigated (Susoy et al. 2015, 2016).

The development of teeth-like denticles, mouth-form plastic-
ity, and predation are characters that are shared by several taxa of
the Diplogastridae, the family to which P. pacificus belongs, but
they are absent in C. elegans and its relatives (Susoy et al. 2015).
Importantly, all diplogastrid nematodes share another develop-
mental feature unknown from C. elegans. Specifically, P. pacificus
hatches in the J2 juvenile stage after the first molt occurs in the
egg. This heterochronic feature has severe consequences for the
development of these organisms (First von Lieven 2005).
Specifically, there are only three free-living preadult larval stages,
the ]2, J3, and J4 stages, respectively. Thus, the P. pacificus ]2, J3,
and J4 stages correspond to the C. elegans L2, L3, and L4 stages, re-
spectively. Consequently, there are only three molts to adulthood
after hatching versus four molts in C. elegans. Finally, the time of
development spent in the egg after fertilization is extended in
P. pacificus to nearly 24 h (20°C), whereas hatching occurs after
18 h in C. elegans (Wood 1988). In consequence, postembryonic
development in P. pacificus is concluded after 45 h of development
and three molting cycles.

P. pacificus and C. elegans belong to different nematode fami-
lies, the Diplogastridae and Rhabditidae, respectively (Kanzaki and
Giblin-Davis 2015). Both species reproduce as hermaphrodites,
which made them important model organisms with the associated
establishment of extensive technology platforms as indicated
above. P. pacificus and C. elegans are thought to have shared a
last common ancestor ~100 mya (Prabh et al. 2018; Werner et al.
2018). Their genomes differ in size and the total number of genes,
with the 100-Mb genome of C. elegans containing 20,040 genes
and the 168-Mb genome of P. pacificus containing 28,896 genes
(Athanasouli et al. 2020). Importantly, 30% of the P. pacificus
genes have 1:1 orthologs in C. elegans (Rodelsperger et al. 2019a).
P. pacificus is one of around 50 species in the genus Pristionchus,
all of which are available as living cultures for molecular investiga-
tions (Kanzaki et al. 2021). Building on this high phylogenetic res-
olution, recent transcriptomic studies and deep taxon sampling
revealed high evolutionary dynamics of novel gene families in
Pristionchus evolution (Prabh et al. 2018; Rodelsperger et al.
2018). Together, the availability of various integrative genomics
platforms and the large number of culturable species with its
high phylogenetic resolution make Pristionchus a primary study
system for animal and nematode evolution, the evolutionary dy-
namics of gene families, and new gene origin (for review, see
Rodelsperger et al. 2019b). This study aims at establishing SWT
for P. pacificus to generate a high-resolution temporal map of
gene expression throughout its postembryonic development and
at focusing on the investigation of oscillatory gene expression
patterns.

Results

Detailed characterization of P. pacificus postembryonic
development highlights major heterochrony in comparison
to C. elegans

To establish a robust developmental framework for studying the
temporal dynamics of gene expression in P. pacificus at high reso-

lution, we first followed postembryonic development in highly
synchronized cultures, starting with the J2 stage that hatches
from the egg ~24 h after fertilization. When fed with E. coli
OP50 on NGM agar plates at 20°C, P. pacificus needs ~46 h to reach
adulthood. We first measured the duration of the intermolt period
of the three juvenile stages ]2, ]3, and J4 and the time required for
molting (Fig. 1A; Supplemental Fig. S1). There was little difference
in the duration of the three molts, which consisted of an ~2-h leth-
argus-apolysis phase followed by a relatively short ecdysis of 10-15
min. These time points are similar to those measured in C. elegans
under similar culture conditions (Kim et al. 2013; Hendriks et al.
2014). In contrast, the length of the intermolt differed substan-
tially between stages and species. The P. pacificus J2 stage is by
far the longest with 16 h, whereas the ]J3 and J4 stage are 9.6 and
12 h, respectively. In comparison to C. elegans, all juvenile stages
are longer in P. pacificus, reflecting the somewhat longer overall
generation time. However, the first free-living juvenile stages,
C. elegans L1 and P. pacificus J2, are substantially longer than all
others. In contrast, the P. pacificus J1 stage in the egg shell is dras-
tically reduced with the J1 cuticle being formed 16-17 h after fer-
tilization and hatching of the J2 larva after 24 h (Fiirst von Lieven
2005). Thus, the P. pacificus J1 takes only ~8 h, whereas the L1
stage of C. elegans lasts for ~20 h (Kim et al. 2013). This recharacte-
rization of postembryonic development is largely consistent with
previous studies (Félix et al. 1999; Fiirst von Lieven 2005) and
highlights major differences in developmental timing between
C. elegans and P. pacificus.

SWT provides a robust platform for studying the temporal
dynamics of gene expression

With this timetable in hand, we decided to use 38 time points for
transcriptomic analysis (Fig. 1B; Supplemental Table S1). These 38
time points cover the first 58 h after hatching of the J2 larvae with a
1- to 2-h resolution. Seven of them are after the final molt to pro-
vide some information about transcriptional changes within
young adults. We conducted SWT using a modified protocol orig-
inally generated by Macchietto and coworkers (for details, see
Methods) (Macchietto et al. 2017). We performed all experiments
in triplicate and ran 114 independent samples on three lanes on an
[llumina HiSeq 3000 (Fig. 1C; Supplemental Fig. S2). We obtained
amean sequencing depth of 4.5 million read pairs and only six out
of 114 samples had fewer than 2 million read pairs (Supplemental
Fig. S2C). We subsampled the raw data of one SWT and one stan-
dard RNA-seq (STD) library and profiled the distribution of the
number of detected genes among nine levels of sequencing depth.
We found that 2 million reads are sufficient to detect 95% of genes
that are found with 12 million reads (Supplemental Fig. S2B). We
removed the six libraries with fewer than 2 million PE reads in the
following analysis. To compare gene expression between SWT and
STD samples, we first investigated exon coverage at selected gene
loci (Fig. 1D) and found that the gene structure of most genes
showed complete agreement between STD and SWT (Supplemen-
tal Fig. S2D; Supplemental Table S13). Furthermore, we observed
similar density distributions of gene expression levels between
SWT and newly generated STD libraries (Fig. 1E). Finally, we found
a strong correlation of gene expression when comparing the data
set of the last lethargus of the fourth molt with a Pearson’s corre-
lation of RZ=0.86 (Fig. 1F). Note that we found similar correlations
between the STD replicates (R>=0.97) and between the SWT repli-
cates (R*=0.92) (Supplemental Fig. S2A). Thus, our modified pro-
tocol with (1) a different type of worm lysis, (2) lower cDNA
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mental Fig. S2E), and ~95% of these
genes are expressed in at least two time
points (Supplemental Fig. S2F). This rep-
resents 80.1% of the currently annotated
28,896 genes of the P. pacificus genome
(Athanasouli et al. 2020). Cross-correla-
tion plots of gene expression profiles
revealed two major developmental clus-
ters representing early larval stages (6—
38 h) and late larvae, including young
adults (42-58 h) (Fig. 2A). This is consis-
tent with a previous analysis of the devel-
opmental transcriptome of P. pacificus, in
which principal component analysis
(PCA) and hierarchical clustering also
separated between early larvae and late
larvae/adults. The differences between
early and late transcriptomes can be
largely explained by the onset of sexual
maturation, as gene clusters with high
expression at late stages were signifi-
cantly enriched for reproductive genes
such as major sperm proteins and vitello-
genins (Baskaran et al. 2015). However,
because only five developmental stages
were studied previously, our current
data set represents the most highly re-
solved developmental transcriptome
data of P. pacificus. This high-resolution
catalog of gene expression in P. pacificus
can assist in many future investigations
and the comparative analysis of P. pacif-
icus with other organisms. As the general
features of the developmental transcrip-

Figure 1. Single worm transcriptomic (SWT) sequencing in P. pacificus. (A) The violin plots display the
duration of intermolt, molt, and the whole stage for all three juvenile stages (J2, J3, and J4). The head
structure of the wild type at hatching, lethargus, and ecdysis is shown in Supplemental Figure S1. (B)
The schematic shows the distribution of time points for SWT samples, which cover 58 h of postembryonic
development from hatching to young adults. The three time points of each molt indicated in red repre-
sent the substages of molting: lethargus, apolysis, and ecdysis, respectively (for visualization, see
Supplemental Fig. ST). Animals were collected hourly or every 2 h in the molt or intermolt stage. (C)
Schematic summary of the workflow for SWT. (D) RNA-seq read coverage is visualized at the self-7 locus
using the Integrative Genomics Viewer (IGV) (Robinson et al. 2011) as one example for comparing SWT
and standard RNA-seq (STD). (E) Density of gene expression of SWT and STD samples, six replicates each.
(F) The scatterplot shows the correlation of the mean TPM of individual genes between SWT and STD

tome of P. pacificus were characterized
previously, here, we focus on oscillatory
gene expression, which can only be stud-
ied using the current data set with high
temporal resolution.

Thousands of genes oscillate during
postembryonic development

data at the lethargus of the fourth molt. Three biological replicates for each method.

input, (3) reduced amplification cycles, and (4) larger sample pool-
ing allows more high-throughput investigations and reduces asso-
ciated costs without a strong decrease in data accuracy. Together,
these datareveal that SWT in P. pacificus provides a robust platform
for studying the temporal dynamics of gene expression through-
out postembryonic development.

SWT establishes the most highly resolved developmental
expression atlas of P. pacificus

Across all 38 time points, we detected 23,135 reliably expressed
genes (REGs) with an average of aligned paired-end (PE) reads
higher than or equal to three in at least one time point (Supple-
mental Table S2). More than 92% of these genes show expression
evidence in at least two replicates of a single timepoint (Supple-

The cross-correlation analysis between

different time points also revealed sig-

nals for periodic expression, suggesting
that a fraction of genes show oscillating gene expression
(Fig. 2A).

Indeed, when we performed PCA, we found that three of the
four top principal components that explained 22% of the variation
were associated with oscillatory patterns (Fig. 2B). PC1 reflects
developmental genes with pronounced expression differences be-
tween early and late larval stages. In contrast, PC2-PC4 display an
oscillatory pattern, which is in large parts synchronized with the
molting cycle (Fig. 2B). In total, 2964 genes show oscillating ex-
pression patterns, whereas 20,171 are nonoscillating (Fig. 2C;
Supplemental Fig. S3A). Most of the oscillating genes show up to
three expression peaks (Fig. 2C), which is consistent with the
fact that P. pacificus undergoes three larval molts after hatching
from the egg. Further analysis also showed hundreds of peaks in
the molting period, suggesting that the oscillating genes involved
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C 20171 Nonoscillating genes

Figure 2. Thousands of oscillating genes are synchronized with the molting cycle in P. pacificus. (A) The
heatmap displays the cross-correlation of log,-transformed expression patterns of all reliably expressed
genes (reg; n=23,135) obtained from the 38 time points. The time course was broken down into seven
substages: )2 intermolt (J2_1), ]2 molt (J2_M), )3 intermolt (J3_1), 3 molt (J3_M), J4 intermolt (J4_l), |4
molt (J4_M), and young adults (YA). (B) Proportion of variance (PoV) of gene expression by 38 principal
components (PCs; left graph) and changes (loadings) of expression for each of the four top PCs (right
graph). (C) The heatmaps visualize changes in gene expression throughout development for nonoscillat-
ing genes (n=20,171; left) and oscillating genes (n=2964; right). The mean TPM was calculated from
three biological replicates and was normalized by its maximum of each expression trace. The order of
rows in the heatmap with the oscillating genes was sorted by phase class, which indicated a phase dif-
ference of 30, corresponding to a peak shift by ~1 h. (D) Oscillating genes were tested for overrepresen-
tation of protein domains. The left part shows the 17 protein domains that are most significantly enriched
among oscillating genes, the x-axis presents the enrichment score, and the y-axis shows the name of pro-
tein domains. The size of circles corresponds to the number of oscillatory genes with a given protein
domain, and the three different colors indicate significance levels as measured by Fisher’s exact test.
The right graph profiles the overrepresented protein domains according to the 12 phase classes. The
number of oscillatory genes in each phase class is marked.

in these expression peaks have specific
functions during molting (see Methods)
(Supplemental Fig. S3E,F). However, the
developmental oscillations are not total-
ly synchronized but instead occur in
multiple phases (Supplemental Fig. S3B).

Overrepresentation analysis of pro-
tein domains showed the strongest en-
richment for collagens, which confirms
the observed correlation to molting (Fig.
2D). We found an overrepresentation of
collagens in 10 phase classes, suggesting
that specific collagens are expressed at
different time points of development
and that not all collagens are exclusively
expressed before molting. Indeed, visual-
ization of collagen expression levels
across development confirms the exis-
tence of “collagen classes” that are ex-
pressed at specific times in the intermolt
cycle (Supplemental Fig. S3D). Specifi-
cally, 89 of 151 collagen genes of P. pacif-
icus displayed oscillation patterns (Fig.
2D; Supplemental Fig. S3D), and oscillat-
ing collagens showed a significantly
higher expression level than the nono-
scillating collagens (Supplemental Fig.
S3C). Also, 38 of these oscillating colla-
gens showed expression peaks associated
with molting events (P<10~*, Fisher’s
exact test) (Supplemental Fig. S3F). Taken
together, our analysis indicates that
thousands of genes in P. pacificus show
oscillatory gene expression during post-
embryonic development with a strong
enrichment of several protein domains
including collagens.

Developmental oscillations are mediated
by ancient gene classes

To test if developmental oscillations rep-
resent a highly conserved process or are
driven by novel genes, we performed an
analysis of gene ages of all oscillating
genes. Specifically, we defined gene age
classes based on the presence of ortho-
logs (see Methods) in distantly related
species using comparative genomic data
of six Pristionchus species, two close rela-
tives of the genera Parapristionchus and
Micoletzkya and four more distantly relat-
ed species, including C. elegans (Fig. 3A).
The associated ladder-like phylogeny re-
sults in 13 branches (Fig. 3A, p01-p13)
that separate different age classes and,
thus, allows one to date the emergence
of new genes. For example, p01-p03 con-
tain genes only known from P. pacificus
and its closest relatives Pristionchus
exspectatus and Pristionchus arcanus. In
contrast, genesin p12 and p13 are highly
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Figure 3. Ancient gene classes are enriched for oscillatory genes. (A) P. pacificus genes were assigned to
age classes based on the most distant ortholog in a given orthology cluster. The age classes are labeled in
a red (young)-blue (old) gradient. The distribution of gene number among the 13 age classes for the P.
pacificus genome (n=28,896) is shown in the central graph, and the distribution for the P. pacificus oscil-
lating genes (n=2964) is shown in the right part. (B) A similar analysis for the C. elegans oscillating genes
set of Meeuse and coworkers (2020). (C) The graphs indicate the overrepresentation of gene age classes
among the P. pacificus oscillatory genes (left) and the C. elegans oscillating genes sets of Meeuse et al.
(2020). The size of the circles indicates the enrichment score; the x-axis shows the significance level mea-
sured by Fisher’s exact test. (D) The plots show the distribution of average expression (top), amplitude
(middle), and phase (bottom) of the oscillating genes in P. pacificus (red) and C. elegans (yellow). (E)
The plots show the distribution of the mean expression of oscillating genes across 13 gene age classes
in both species.

conserved and are even shared with dis-
tantly related nematodes of clade IV
(Bursaphelenchus xylophilus) and clade iii
(Ascaris suum). Gene age analysis indi-
cates that most oscillating genes in
P. pacificus are highly conserved in evolu-
tion (Fig. 3A). Further analysis reveals
that oscillating genes in age classes p10,
pll,and p12 areindeed strongly overrep-
resented, whereas younger gene classes
contain fewer oscillating genes than ex-
pected by chance (Fig. 3C). Next, werean-
alyzed the developmental transcriptomes
of C. elegans and repeated the gene age
analysis using seven Caenorhabditis spe-
cies and a related outgroup, including
P. pacificus, using the data of Kim et al.
(2013) and Meeuse et al. (2020; Fig. 3B;
Supplemental Fig. S3A). Again, we found
that the majority of oscillating genes in
C. elegans belong to older age classes, in
this case in c08-c12 (Fig. 3C; Supplemen-
tal Fig. S3B). Unlike the divergence in the
phase distribution between P. pacificus
and C. elegans, the distribution of the
average expression and amplitude are
largely conserved in both species (Fig.
3D; Supplemental Fig. S3C). Genes in dif-
ferent age classes show different mean
expression levels in both organisms. Spe-
cifically, genes in older age classes show a
higher expression level in all three ana-
lyzed data sets (Fig. 3E; Supplemental
Fig. S3D). Together, these results indicate
that the majority of oscillating genes
belong to old age classes and are con-
served over larger evolutionary distance.

A core network of oscillating genes
in both species

The observation that oscillatory genes
are highly enriched in ancient gene classes
does not necessarily indicate that the gene
expression patterns are also conserved. To
explicitly test this, we identified ortholo-
gous clusters between P. pacificus and C.
elegans. Of the total 28,896 P. pacificus
genes, only 6594 (22%) were found as
1:1 orthologs of C. elegans genes (Fig. 4A;
Supplemental Fig. S6A), which reflects
the high level of sequence divergence
since the separation of both lineages
~100 mya (Prabh et al. 2018; Werner
et al. 2018). Of the 2964 oscillating genes,
1002 (33.8%) have one-to-one orthologs
(Fig. 4A; Supplemental Fig. S6B). In C. ele-
gans, 1285 (34.4%) of the 3739 oscillating
genes have one-to-one orthologs (Fig. 4A;
Supplemental Fig. S6B). Comparing the
1:1 orthologous genes with oscillatory
gene expression patterns in both species
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Figure 4. Orthologous oscillatory genes between P. pacificus and C. elegans. (A) A total of 6594 one-to-one orthologous gene pairs were identified be-
tween P. pacificus and C. elegans. In P. pacificus, the oscillating gene set contains 1002 one-to-one orthologous genes; in C. elegans, it includes 1285 one-to-
one orthologous genes. Of these genes, 528 one-to-one orthologous genes are oscillating in both species (defined as P. pacificus conserved oscillations;
PCO), 474 orthologous genes show a P. pacificus—specific oscillating pattern (PSO), and 757 orthologous genes were classified as C. elegans—specific os-
cillations (CSO). (B) The heatmaps show the developmental expression of the three gene classes (PCO, PSO, and CSO) in P. pacificus and C. elegans.
(C) The matrices show the levels of significance for the tests of protein domain overrepresentation among the three oscillating gene classes. The color scale
indicates the fold change; the labeling of matrix cells shows the number of oscillating genes containing a specific protein domain. (D) The box plots display
the variation in the amplitude of oscillation between PCO and PSO in P. pacificus (red) and between PCO and CSO in C. elegans (blue). The bar plots show
the distribution of genes with five different amplitude classes among top 11 protein domains highly enriched in PCO.

revealed that 528 (52.7%) of them showed conserved oscillation
(Fig. 4A,B; Supplemental Fig. SSA-C). Even for oscillating P. pacif-
icus genes with multiple orthologs in C. elegans, comparative anal-
ysis shows that in around half of the cases, at least one of the
orthologs shows shared oscillation in C. elegans (Supplemental
Fig. S6D,E). This level of conserved gene expression is in strong
contrast to a recent analysis of spatial transcriptomes, where
only a few dozens of one-to-one orthologs showed shared regional
expression between both species (Rodelsperger et al. 2020).

The gene set of one-to-one orthologs with shared oscillatory
expression likely represents a highly conserved core network medi-

ating developmental oscillations in nematodes. We defined this
gene set as the class of P. pacificus—C. elegans conserved oscillation
(PCO) (Fig. 4A,B; Supplemental Table S7) and tested for overrepre-
sentation of protein domains. This identified Patched receptors as
one of the most highly enriched gene families (Fig. 4C). Patched
receptors have been shown to have undergone gene family expan-
sions early in the nematode phylum, and RNAi-mediated knock-
down experiments in C. elegans revealed that they affect multiple
aspects of development, including molting (Zugasti et al. 2005).
Comparing the amplitude among PCOs, P. pacificus—specific oscil-
lation (PSO) and C. elegans—specific oscillation (CSO) gene sets
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revealed that highly conserved oscillatory patterns (PCO) dis-
played greater amplitude than both PSO and CSO (Fig. 4D;
Supplemental Fig. S5C). The two protein domains collagen and
nematode cuticle collagen showed a high percentage of genes
with greater amplitudes, reflecting the essential role of collagens
in the molting cycle (Fig. 4D). Taken together, our comparative
analysis of oscillatory expression patterns identifies gene families
with functional relevance in nematode development.

Regional expression analysis reveals a set of collagens
with potential function in the cuticle remodeling of the head
and tail region during molting

To determine where oscillatory gene expression occurred, we used
the spatial transcriptomes of P. pacificus to study the spatial expres-
sion of oscillating genes (Rodelsperger et al. 2020). In total, we
identified 380 genes with oscillating and regional expression
(Supplemental Table S11), and these genes cover all 11 regions in
P. pacificus (Fig. 5A). We found the oscillations presenting in the
head region (P1, P2, and P3) and tail region (P11) displayed gene
expression with higher mean expression and greater amplitude
(Fig. SA). Overrepresentation analysis of protein domains of these
regional oscillatory genes showed the strongest enrichment for
collagens. The 11 collagens specifically distributed in the head re-
gion (P2 and P3) and tail region (P11) and preferentially displayed
in the molting-related phase classes (PC01, PC04, and PC12) (Fig.
5B,C), suggesting that these regional oscillating collagens presum-
ably have an important function in the cuticle remodeling of head
(including mouth-form and pharyngeal) and tail during the molt-
ing stages.

The novel gene eud-1 was integrated as an upstream regulator
of multiple oscillatory core genes

The major morphological differences between the two phenotyp-
ically plastic mouth-forms in P. pacificus, the St and the Eu form,
suggest a role of multiple developmental genes in controlling these
alternative ontogenic paths. The gene eud-1, which is the master
regulator of mouth-form plasticity in P. pacificus (Ragsdale et al.
2013), is a novel gene that is derived from recent duplications in
the diplogastrid lineage (Casasa et al. 2021). eud-1 showed a graded
expression pattern during larval development and is highly ex-
pressed at the second molt (Supplemental Fig. S7A). Hypothesiz-
ing that eud-1 may regulate other developmental and possibly
also oscillatory genes, we performed SWT on a eud-I-mutant line
to identify differentially expressed genes at two selected time-
points (20 h and 28 h) (Supplemental Fig. S7B). In total, 205 genes
were found to be significantly differentially expressed between the
wild-type and eud-1-mutant conditions (Fig. 6A; Supplemental Ta-
ble S12). When we compared this gene set with oscillatory genes,
we found that 126 (61.5%) differentially expressed genes are in-
deed oscillatory genes (P<2.2 x 1071°, Fisher’s exact test) (Fig. 6B;
Supplemental Fig. S7C). Moreover, 40 members of the oscillatory
core network genes are among the set of differentially expressed
genes (Fig. 5B). Specifically, 38 collagen genes that are regulated
by eud-1 showed oscillations in 11 different phases, and 11 of these
38 collagens are highly enriched in phase 2, which corresponds to
the molting stage (Fig. 6C). These findings may indicate that the
eud-1-dependent oscillatory collagen genes might represent
mouth-form-specific collagens of P. pacificus. More generally,
these findings imply that the taxonomically restricted eud-1 gene
had been integrated into an ancient regulatory network and con-
trols the expression of highly conserved oscillatory genes.

Figure 5. Oscillations are found in multiple P. pacificus body regions. (A)
The bar plots show the numbers of oscillating genes across the 11 P. pacif-
icus regions (left) as defined by spatial transcriptomics, the mean expres-
sion level of oscillatory genes with regional expression (middle), and four
different amplitude classes (right). (B) The plots show regional expression
and phases of the top five overrepresented protein domains. Circles indi-
cate the number of oscillatory genes with expression in a specific region
(upper part) and their assignment into 12 phase classes (lower part). (C)
The left heatmap presents the median z-score-normalized expression val-
ues of the 12 oscillatory regional collagens across the 11 regions. The heat-
map on the right shows their changes in gene expression throughout the
entire postembryonic development.

Discussion

In this study, we have implemented SWT in the nematode model
organism P. pacificus, providing a high-resolution developmental
transcriptome with 38 time points from hatching of the J2 larvae
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Figure 6. Integration of eud-T1 as upstream regulator of oscillatory core genes. (A) The heatmap shows

the expression levels of 205 differentially expressed genes (DEGs) between the eud-1(tul069)-mutant
and wild-type (PS312) animals at 20 h and 28 h. The bar plot indicates the number of up-/down-regu-
lated genes. (B) The pie chart displays the overlap between DEGs and oscillating genes. The bar plot
shows the number of the oscillating DEGs among the three oscillating gene classes. (C) Protein domain
enrichment analysis reveals that the collagen gene family is highly enriched in the 205 DEGs, the x-axis
presents the enrichment score, and the y-axis shows the name of protein domains. The size of the circles
corresponds to the number of oscillatory genes in a given protein domain, and the three different colors
indicate different significance levels as measured by the Fisher’s exact test. The right graph profiles the
overrepresented protein domains according to the 12 phase classes. The number of oscillatory genes

in each phase class is marked.

to young adults. This study combines methods development, com-
parative analysis, and the evolution of oscillating genes in nema-
todes. Nematodes are the largest phylum of multicellular
animals with an expected number of 1-10 million species (Lambs-
head and Boucher 2003). Besides the well-studied model organism
C. elegans, the nematodes contain many important parasites of
plants, livestock, other animals, and humans. However, although
many powerful tools including integrative genomic technologies
are available in C. elegans, similar studies are often hard to perform
in other nematodes. The small body size, the often-limited avail-
ability of specimen, and the inability to grow pure cultures under
laboratory conditions are some of the major factors that make the
application of integrative genomic techniques difficult in many
species. After the original work of Macchietto and coworkers in
Steinernema (2017), our study establishes an updated protocol of
SWT for an unrelated nematode. This protocol was inspired by
our need for high-throughput investigations at lower costs. In par-
ticular, our work on phenotypic plasticity requires the parallel in-
vestigation of large numbers of samples for environmental
perturbation and in experimental evolution approaches. Although
our read depth is somewhat lower than in the original protocol,
the representation of gene expression is comparable between
SWT and STD approaches. Therefore, this protocol will allow scal-
ing up of transcriptomic approaches to large sample sizes at low
cost. Also, we are confident that this protocol can be applied to
the majority of nematode species, if live material of different post-
embryonic stages can be obtained. Such transcriptomic maps may
be of importance for developing drug targets against parasites. Ad-
ditionally, they may potentially help in diagnostics. Besides these
technical aspects, this study has two major conclusions.

First, the gene expression atlas of 38 developmental time
points provides an important reference point for future studies in

P. pacificus. Given the easiness of the
methodology, selected developmental
stages of mutant animals can be com-
pared to the wild-type catalog presented
in this study. This will represent a power-
ful tool for many mechanistic studies in
which the selection of appropriate devel-
opmental stages will be superior over
mixed stages. For example, the compre-
hensive analysis of mouth-form plastici-
ty and its genetic, epigenetic, and
environmental regulation has resulted
in a large number of mutants that can
now be compared by SWT (for review,
see Sommer 2020). The differential ex-
pression analysis of the mouth-form
developmental switch gene eud-1 (Fig. 5)
can serve as a proof of principle for future
studies. Similarly, changing abiotic and
biotic environmental conditions, includ-
ing bacterial diet (Werner et al. 2017;
Akduman etal. 2020), and their influence
on gene expression can now be studied
with high accuracy. Thus, our high-reso-
lution catalog of gene expression can as-
sist in many future investigations as well
as in the comparative analysis of P. pacif-
icus with other organisms.

Second, and most importantly, this
study focused on developmental oscilla-
tions in gene expression. Although the finding of oscillating
gene expression per se is not at all surprising, the comparison of
these patterns between P. pacificus and C. elegans allows for the first
time to add an evolutionary dimension to developmental oscilla-
tions in nematodes. In general, genomic and transcriptomic com-
parisons between P. pacificus and C. elegans build on a large history
(Dieterich et al. 2008; Rodelsperger et al. 2014, 2017, 2018; Prabh
et al. 2018). But most importantly, the work by Prabh and cowork-
ers (2018) established comparative genomic analysis of six
Pristionchus species with more distant relatives, including C. ele-
gans (Fig. 3A). The associated ladder-like phylogeny allows the dis-
tinction of different age classes and the emergence of new genes.
Oscillatory genes are highly enriched in ancient gene classes and
allowed us to identify a highly conserved core network of 528
one-to-one orthologous genes. This P. pacificus-C. elegans shared
oscillation (PCO) network will be useful for future studies when se-
lecting individual genes for the identification of the regulatory as-
pects of expression oscillations and their conservation.

Perhaps the most unexpected finding is the diversity of colla-
gen expression in P. pacificus. For nematodes with their exoskele-
ton, collagens are one of the most important gene families. The
current 151 collagen genes annotated in the genome can be
grouped into two different classes. First, 62 of these genes do not
show oscillatory gene expression. Second, among the 89 oscillat-
ing collagen genes, subsets expressed in 10 distinct phase classes
can be identified (Supplemental Fig. S2). Of the 89 oscillating col-
lagen genes, 38 showed expression peaks during the molting peri-
ods (Supplemental Fig. S3F), suggesting that the synthesis of
phase-specific collagens could make different contributions to cu-
ticle growth during the molting and intermolt periods. One unex-
pected finding was the observation that eud-1-dependent
oscillating collagens are expressed in different phases and that
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11 of these collagens show a strong enrichment in molting (phase
class 2). Future studies might indicate that such collagens have an
important role during mouth-form development in P. pacificus and
might have a specific function in the stoma. In any case, the com-
parison of wild-type and eud-1-mutant animals reveal the power of
SWT for future studies in developmental biology.

Methods

Maintenance of worm cultures

All studies reported in this manuscript have been conducted by us-
ing the wild-type strain P. pacificus PS312, originally isolated in
Pasadena, California, in 1988 (Sommer et al. 1996). In P. pacificus,
we use the term juvenile and designate stages as J2, J3, and J4, as
typical for nematodes. Note that in C. elegans, juveniles are named
L1-L4 for historical reasons. Stock cultures of two strains used in
this study, PS312 and eud-1(tu1069), were reared at 20°C on nem-
atode growth medium (NGM) (Sieriebriennikov et al. 2020).

Nematode synchronization and collection

Bleached egg populations were seeded onto plates to obtain syn-
chronized worm cultures (Werner et al. 2017). Synchronized
eggs-J1 were observed under the Discovery V20 microscopy and
at hatching (Supplemental Fig. S1A) were isolated to a new 6-cm
agar plate with 50 uL OPS50 as starting time point. For later juvenile
stages, the ecdysis (Supplemental Fig. S1D,G,]) within each molt
was chosen as starting time point for animal collection. At the de-
sired time point, single animals were picked into one PCR tube
containing 3 puL nuclear-free water and transferred into liquid ni-
trogen immediately (Fig. 1C). Such samples could be stored at
—80°C for up to a month. In total, worms were collected at 38
time points with three biological replicates, covering the entire
postembryonic development and young adulthood (Fig. 1B).

SWT library preparation

We started sample preparation by 3x freeze-thawing with liquid ni-
trogen. Afterward, 3 pL of lysis buffer (low input cDNA synthesis &
amplification module; NEB E6421S) was added, and samples were
incubated for 40 min at 65°C, followed by 1 min at 85°C. To re-
move genomic DNA, we used the TURBO DNA-free kit
(Invitrogen AM1907), which allows efficient digestion of DNA
within 20 min. Also, the genome digest is performed in the same
PCR tube without cleaning up the sample through a column.
Importantly, we replaced the 10 x TURBO DNase buffer with the
5 x SuperScript II first-strand buffer (Thermo Fisher Scientific,
Invitrogen 18064014), owing to the former containing higher
concentration of Mg?*, which might inhibit the efficiency of re-
verse transcription. In the next step, we applied RNA-SPRI beads
(Agencourt RNAClean XP, protocol 001298v001) to extract
mRNA and clean up the samples. A Single Cell/Low Input cDNA
Synthesis & Amplification Module (NEB E6421S) was used to
generate full-length cDNA and cDNA amplification with 15 cycles
of PCR amplification. The Nextera DNA Flex Library Prep Kit
(Illumina) was used to prepare the DNA library (Fig. 1C). To avoid
potential amplification biases by different PCR cycles, we used 12
PCR cycles for cDNA amplification and eight PCR cycles for DNA
(library) amplification in all samples. Together, this protocol con-
tains four major modifications relative to the work of Macchietto
et al. (2017) and Chang et al. (2021): (1) We lysed worms through
freeze-thawing; (2) we removed genomic DNA and performed
this reaction in the same PCR tube as the cDNA synthesis reaction;
(3) for the library preparation, we reduced the input of cDNA (to

~1ng); and (4) we only amplified the final library through eight cy-
cles of PCR reaction. Raw reads of the 114 SWT samples were sub-
mitted to the European Nucleotide Archive (see Data access).

STD library preparation

To prepare three STD libraries for comparison to SWT (Fig. 1F), we
used the lethargus stage of the fourth molt. We observed individ-
ual worms at lethargus (Supplemental Fig. S1H) under the discov-
ery microscopy and picked appropriate animals to one PCR tube
containing 3 uL nuclease-free water. After 3 x freeze-thawing steps
with liquid nitrogen, more than 70 PCR tubes containing single
animals at the lethargus stage were pooled into one 1.5-mL tube
as one replicate. Three independent biological replicates were pre-
pared in different experiments. To extract RNA, worms suspended
in TRIzol were frozen and thawed three times in liquid nitrogen,
debris was pelletized for 10-15 min at 14,000 rpm at 4°C, and
200 uL of chloroform was added to the supernatant. After vigorous
vortexing and incubation at room temperature for 5 min, tubes
were microfuged for 15 min at 14,000 rpm at 4°C. The aqueous
phase was combined with an equal volume of 100% ethanol,
RNA was purified using RNA Clean & Concentrator kit (Zymo
Research), and its integrity was verified using RNA Nano chips
on the Bioanalyzer 2100 instrument (Agilent). We built libraries
using NEBNext Ultra II Directional RNA Library Prep Kit for
Illumina (New England Biolabs). Raw sequencing of the three new-
ly generated STD samples were submitted to the European
Nucleotide Archive (see Data access).

Transcriptome data for comparative analysis across protocols
and species

This study contains 38 substages covering the first 58 h after hatch-
ing of the J2 larvae with a 1- to 2-h resolution. Three substages in
each molt, and seven substages after the final molt provide infor-
mation about transcriptional changes during the molting stage
and within young adult animals (Supplemental Table S1). To esti-
mate the similarities of our SWT and STD libraries, we used three
SWT samples of the lethargus during the fourth molt and the three
STD samples as described above. To examine how much sequenc-
ing depth is required to detect most of the expressed genes for SWT
and STD libraries, we selected one library containing more than 12
million read pairs from SWT and STD data set; subsampled the raw
reads to nine subsamples with different sequencing depth cover-
ing 0.5 million, 1 million, 2 million, 3 million, 4 million, 6 million,
8 million, 10 million, and 12 million; and profiled the distribution
of number of detected genes among the nine classes of sequencing
depth (Supplemental Fig. 2B). For comparison with C. elegans, we
used the data sets of Kim et al. (2013) with a time course contain-
ing 26 samples at 20°C (sample DH2 for L1-L3, sample DHS5 for L4)
covering 48 h of postembryonic development (Supplemental
Table S1). Raw reads were downloaded from the European
Nucleotide Archive (ENA; https://www.ebi.ac.uk/ena/browser/
home) accession PRJNA212741. Additionally, we compared our
data to the one of Meeuse et al. (2020) with a time course including
48 samples at 25°C (TP1-TP13(TC1, L1-L2), TP14-TP48(TC2, L1-
YA)) (Supplemental Table S1). Raw reads were obtained from the
NCBI Sequence Read Archive (SRA; https://www.ncbi.nlm.nih
.gov/sra) accession SRP195783.

RNA-seq read alignment and estimation of relative abundance

All libraries were sequenced at 150-bp PE on an Illumina HiSeq 3000.
Raw reads were trimmed by the program cutadapt (Martin
2011) version 2.10 with parameters “-q 30,25 --gc-content= S50,
--minimum-length 25:25.” Read pairs were aligned by the HISAT2
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(version 2.1.0) (Kim et al. 2015) software to the P. pacificus genome
assembly (version El Paco) using the gene annotations (version El
Paco gene annotation 3) as additional information. HISAT2 was
run with the additional parameter “--rna-strandness RF.” Mapped
reads were summarized to the genomic features by the
featureCounts (version 1.6.4) with parameters “-a -F GTF -g Parent
-d 50 -D 500.” Ninety-five percent expressed genes with 12 million
PE reads were detected with at least 2 million PE reads; we removed
the six libraries with fewer than 2 million PE reads in the further anal-
ysis, including ENA samples ERS5595844, ERS5595845, ERS5595
849, ERS5595862, ERS5595942, ERS5595945. The six time points
(1h,3h,5h,13h, 52 h, and 54 h) contained two replicates; another
32 time points included three replicates with enough sequencing
depth. Gene expression value, transcripts per million (TPM), was
computed through normalization by library size and feature effective
length. The mean TPM was calculated from three biological replicates;
23,135 REGs were identified as their mean PE reads are greater than
three in at least one of the 38 time points (Supplemental Table S2).
Raw reads of the two C. elegans time courses were mapped to
the C. elegans genome (WS275) using HISAT2 (version 2.1.0) with
parameters “--rna-strandness F.” Mapped reads were summarized
to the longest isoforms by the featureCounts (version 1.6.4)
(Liao et al. 2014) with parameters “-a -F GTF -g Parent -M.” Gene
expression value (TPM) was calculated by the package t-arae/
ngscmdr (version 0.1.0.181203) in R (R Core Team 2020). Genes
with more than 10 read counts in at least one time point were
named as REGs, 17,446 REGs and 17,409 REGs were identified in
the study of Kim et al. (2013) and Meeuse et al. (2020), respectively.

Pairwise correlation analyses and principal component analysis

log,-transformed gene expression levels of 23,135 REG were used
to compute the pairwise correlations between transcriptomes at
different developmental time points using the R command cor
(data, use = “pairwise.complete.obs”, method = “Pearson”). To fur-
ther show the strong temporal relationship between our samples,
we performed a PCA using the function princomp (Sigg and
Buhmann 2008) in R with default parameters. The loadings corre-
sponding to the PC2, PC3, and PC4 appeared to be periodical
patterns.

Classification of oscillatory genes by Meta2D

To classify the oscillatory genes in P. pacificus, we applied the Meta-
Cycle (Wu et al. 2016) package (version 1.2.0) in R, 20 time points
from 5 h to 44 h covering the entire ]3 stage with 2-h intervals were
picked to predict oscillation genes. The parameters (cycMethod = ¢
(“ARS”, “JTK”), minper=7, maxperiod=13, ARSdefaultPer=10,
weightedPerPha=TRUE) were used to perform the meta2d algo-
rithm. We predicted the oscillations for the Kim et al. (2013) data
sets with the parameters (cycMethod =c(“ARS”, “JTK”), minper=
6, maxperiod=12, ARSdefaultPer=9, weightedPerPha=TRUE)
considering this time course under 20°C. We reanalyzed the oscil-
lating genes in the Meeuse et al. (2020) data sets by using the same
parameters. In total, we identified 2964 oscillations in P. pacificus
(Supplemental Table S3) and 2221 oscillations in the Kim et al.
(2013) data set (Supplemental Table S4) by using the two filters, am-
plitude >0.5 and FDR<0.05. 3739 oscillations that classified by
Meeuse et al. (2020) were used to perform further comparison.

Identification of gene expression peaks

To identify the peaks of temporal gene expression during the time-
course, we applied the “findpeaks” function (with nups=2,
ndowns=2) of the package “pracma” (version 2.2.9; #37) in
R. To quantify the number of the expression peaks coinciding

with the molting cycle, we defined the molting periods as the in-
tervals spanning 1 h before until 1 h after molting. These time
points are for the second molt “TP-2M” (16 h, 17 h, 18 h, 19 h,
and 20 h), the third molt “TP-3M” (28 h, 29 h, 30 h, 31 h, 32 h),
and the fourth molt “TP-4M” (42 h, 43 h, 44 h, 45 h, 46 h).
Similarly, they are for the intermolt periods “TP-2I1” (3 h, 5 h,
7h, 9 h, 11 h, 13 h, 15 h), “TP-31” (21 h, 22 h, 24 h, 26h) and
“TP-41" (34 h, 36 h, 38 h, 40 h). Time points for young adult
(TP-YA) include 48 h, 50 h, 52 h, and 54 h. To study the distribu-
tion of oscillation peaks during three molting events, we defined
seven different classes based on the peak distribution. C1, C2, or
C3 indicates oscillating genes that show only one peak during
TP-2M, TP-3M, or TP-4M, respectively. C4, CS5, or C6, represents
oscillating genes that display two peaks during TP-2M and TP-
3M, TP-2M and TP-4M, or TP-3M and TP-4M, respectively. C7 in-
dicates oscillating genes that show three peaks during the three
molting periods.

Pfam domain prediction and overrepresentation analysis
in P. pacificus oscillation genes

To predict Pfam domains of all genes in the P. pacificus genome, we
applied the HMMER (Mistry et al. 2013) version 3.3 with parame-
ters “hmmscan --tblout Pfam-A.hmm”; 17,664 of all 28,896 genes
contain predicted Pfam domains (e-value of full seq<0.01)
(Supplemental Table S8). Overrepresented Pfam domains in the
set of oscillating genes were determined by calculating the fold en-
richment of the number of overlapping genes compared to what to
expect by chance given the number of genes in a particular Pfam
domains and the number of oscillating genes with only expressed
genes considered. To minimize the large enrichments that would
otherwise be caused by Pfam domains with small numbers of
genes, we added a pseudocount of 12 to the total number of genes
for a given Pfam domain before calculating the actual ratio. The P-
value was generated by the Fisher’s exact test.

Gene age analysis

For C. elegans, we performed gene age analysis by obtaining anno-
tated protein sets for C. elegans (WS275), Caenorhabditis briggsae
(WS275), Caenorhabditis becei (QG2083_v1), Caenorhabditis uteleia
(JU2585_v1), Caenorhabditis virilis JU1968_v1), Caenorhabditis pli-
cata (SB355_v1), Caenorhabditis monodelphis (JU1667_v1), Diplos-
capter coronatus (WBPS14), Ancylostoma ceylanicum (WS248),
P. pacificus (E1_Paco_v3), B. xylophilus (WS248), A. suum (WS248),
and Trichinella spiralis (WS248) from WormBase (https://
wormbase.org) and from http://www.pristionchus.org. The set of
C. elegans proteins (the longest isoform per gene) was taken as que-
ry sequences, and gene age classes were defined from the Ortho-
Finder (version 2.3.12) (Emms and Kelly 2020), DIAMOND
(version 0.9.31, with parameters BLASTP -e 0.001) (Buchfink
et al. 2015) searches against all other species and clustered
orthogroups by the MCL algorithm (Enright et al. 2002) with de-
fault parameters; 27,132 (93.9%) P. pacificus annotated genes
and 18,750 (93.6%) C. elegans annotated genes were assigned
into orthogroups, respectively (Supplemental Fig. S3E). Further,
we used a phylostratigraphy approach (Domazet-LoSo et al.
2007; Prabh et al. 2018; Prabh and Rodelsperger 2019; Rodel-
sperger et al. 2020), to trace the origin of the assigned genes on
the phylogeny in P. pacificus and C. elegans. Based on the presence
of the most distant outgroup species in a given orthologous cluster,
we identified 13 gene age classes in both species (Fig. 3A,B; Supple-
mental Tables S5, S6). Note that singletons or the unsigned genes
in orthogroup (6.1% of P. pacificus genes and 6.4% of C. elegans
genes) were removed from this analysis considering they are
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different from any gene age class as in previous analysis (Prabh
et al. 2018). Gene age analysis for P. pacificus was performed using
the nine data sets of predicted proteins from the recently se-
quenced diplogastrid genomes (Prabh et al. 2018) and proteins
from C. elegans, B. xylophilus, A. suum, and T. spiralis.

One-to-one ortholog prediction between P. pacificus and C. elegans

For C. elegans, 20,040 protein sequences were extracted from the
gene annotation (WS275) by taking the longest isoform of each
annotated gene. Similarly, 28,896 protein sequences of the last
version of P. pacificus (El_Paco_v3) were used to identify the one-
to-one orthologs. We applied the OrthoFinder (version 2.3.12) pro-
gram to prediction, DIAMOND (version 0.9.31, with parameters
BLASTP -e 0.001) searches against protein data from both species
were performed, and the orthogroups were clustered by the MCL al-
gorithm with default parameters. In total, 6594 one-to-one ortho-
logs, 529 one-to-many (Ppa vs. Cel) orthologs, 756 one-to-many
(Cel vs. Ppa) orthologs, and 187 many-to-many (Ppa vs. Cel) ortho-
logs were classified from the resulting orthologous clusters.

Gene Ontology (GO) analysis for orthologous oscillatory genes

We applied the DAVID (Dennis et al. 2003) v6.8 web-accessible
programs to do the Gene Ontology (GO) analysis by using the
UniProt accessions of the C. elegans genes, as obtained from the
gene annotation file (WS275). For UniProt accession annotation
of P. pacificus genes, we first applied DIAMOND (version 0.9.31,
with parameters BLASTP -e 0.001) searches against protein se-
quences from both species and obtained the best-reciprocal pairs
with lowest cross-species e-value, and then we annotated the
UniProt accession of P. pacificus gene based on the UniProt acces-
sion of C. elegans gene that is the best-reciprocal hit. The GO anal-
ysis includes biological process (BP), molecular function (MF),
and cellular component (CC), and we used gene enrichment and
EASE scores from the output of DAVID for visualization
(Supplemental Fig. S4D; Supplemental Table S9).

Regional expression analysis of oscillatory genes

The spatial transcriptomic analysis defined 11 regions across the an-
terior posterior axis, which correspond to anatomical structures
such as head, intestine, germline, and tail (Rodelsperger et al.
2020). The corresponding gene sets were defined based on a relative
enrichment over the mean expression (z-score>1). As the spatial
transcriptome was analyzed for a reference annotation that was
based on a strand-specific transcriptome assembly (Rodelsperger
et al. 2016, 2018), we applied the following set of rules to assign
the genes of the last version of P. pacificus (E1_Paco_v3): (1) applied
DIAMOND (version 0.9.31, with parameters blastx -e 0.00001)
searches against protein sequences of the last version of P. pacificus
(El_Paco_v3) and obtained the best-hits with the lowest e-value, (2)
used BEDTools (version 2.26.0, with parameters intersect -wa -wb -s)
to confirm the same genomic location, and (3) selected the longest
predicted transcript as the final corresponding locus to the El_Paco
version 3. This could automatically assign 3155 of the 3502 regional
genes to the corresponding gene identifiers in the latest annotation
(El Paco gene annotation, version 3) (Supplemental Table S10). We
identified 380 P. pacificus genes with oscillatory and regional expres-
sion by overlapping the 2964 oscillations in this study and 3155 re-
gional expression genes (Supplemental Table S11).

Differential expression analysis

To identify differentially expressed genes regulated by eud-1, we
picked two time points, 20 h (the first hour after the second

molt) and 28 h (the last hour before the third molt), to perform
the gene expression comparison between the eud-1(tul609) mu-
tant and wild type (PS312). These experiments were performed in-
dependent of the wild-type SWT for logistic reasons. Differential
expression analysis was performed in R (version 4.0.3) using
DESeq2 (version 1.18.1) (Love et al. 2014). We applied an adjusted
P-value cut-off of 0.05 and a fold change cutoff of two to identify
the DEG genes. Raw reads of the six SWT samples of the eud-1
(tul069) mutant were submitted to the European Nucleotide
Archive (see Data access).

Data access

Raw and processed data sets from this study have been submitted
to the European Nucleotide Archive (ENA; https://www.ebi.ac.uk/
ena) under accession numbers PRJEB42613, PRJEB42633, and
PRJEB42635.
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Supplemental Figure S1. Developmental markers were used to define the duration of
juvenile stage in P. pacificus, related to Fig 1. Images showing the head part of the animals at
the hatching (A), the lethargus (a period of inactivity during which pharyngeal pumping, feeding,
and locomotion become arrested) of the 2", 3™, 4" molt (B, E, H), the apolysis of the 2", 3™, 4"
molt (C, F, I), and the ecdysis (rupture and shedding of the old cuticle) (Lee 2002) of the 2", 3,
4" molt (D, G, J), scalar bar is 10 ym.






Supplemental Figure S2. Evaluation of single worm transcriptomic (SWT) libraries, related
to Fig 1. (A) The scatter plots present the log2(TPM) of all genes between individual STD
replicates (left), SWT replicates (middle), and STD replicate and SWT replicate (right). The
replicates of STD and SWT are at the lethargus of the fourth molt. (B) The line plots show the
number of detected genes as a function of sequencing depth for individual STD and SWT
replicates with more than 12 million reads. Subsampling of reads was done for nine levels of
sequencing depth and the number of detected genes was assessed for three different expression
levels (TPM >= 0.5 (left), TPM >= 10 (middle), TPM >= 100 (right))- (C) The boxplot displays the
number of read pairs (log+o) for all 114 samples, the blue line corresponds to the mean sequencing
depth of 4.5 M read pairs, the orange line shows the sequencing depth of 2 M read pairs. (D) The
bar plot shows the percentage of expressed genes in STD samples with completely (red) or
partially (grey) supported by SWT-seq, 100 genes were randomly chosen from three different
gene groups with distinct gene expression level in the STD samples (Supplemental Table S13)
and the degree of gene structure support was manually assessed after inspection of alignment
files in a genome browser. (E) The pie charts present the degree of the genes with three replicates
of TPM >=1 (red), the genes with two replicates of TPM >=1 (blue), the genes with one replicate
of TPM >=1 (grey), in the 23,135 reliably expression gene set (upper) and the 2,964 oscillating
gene set (lower). (F) The barplot shows the number of time points where the reliably expressed

genes displayed the TPM is equal or greater than 0.5.



Supplemental Figure S3. Thousands of oscillating genes are synchronized with the
molting cycle in P. pacificus, related to Fig 2. (A) Scatter plot classifying genes with oscillating

expression in red (n=2,964). Two indicators, logz2(meta2d_amplitude) >= 0.5 and P-value < 0.05,



were used for gene classification. Genes below either indicator were grouped into the “non-
oscillating genes” (grey, n=20,171). (B) Radar chart profiling oscillation amplitude over the phase
of peak expression. Each point indicates the logz-transformed amplitude, and phase classes. (C)
The boxplots show the variation in mean expression of genes between oscillating and non-
oscillating groups in the 23,135 REG gene set (left) and in the 151 collagen family (right). (D) The
heatmaps visualize the changes in gene expression traces throughout development for non-
oscillating collagens (n=62, right) and oscillating collagens (n=89, right). The mean TPM was
calculated from three biological replicates and was normalized by its maximum of each expression
trace. The order of rows in the heatmap with the oscillating genes was sorted by phase class,
which indicated a phase difference of 30, corresponding to a peak shift by roughly one hour. (E)
The upper barplot shows the number of peaks across 34 time points. The three substages in each
molt are colored in red, and the hour before and after molt are defined as molting periods (see
Materials and Methods) in blue. The lower boxplot profiles the distribution of the gene expression
levels at the time point of peaks among 34 time points. (F) The upper barplot displays the number
of the oscillation genes which exhibit expression peaks during the molting periods, inter-molting
periods. The lower barplot shows the number of collagens (red) and non-collagens (grey) among
seven peak classes (C1-C7, see Materials and Methods for details), The color code in the

heatmap, red means peak and grey means not peak.






Supplemental Figure S4. Ancient gene classes are enriched for oscillatory genes, related
to Fig 3. (A) C. elegans genes were assigned to age classes based on the most distant ortholog
in a given orthology cluster. The age classes are labeled in a yellow (young) - green (old) gradient.
The distribution of gene number among the 13 age classes for the C. elegans genome (n = 20,040)
is shown in the central graph, and the distribution for the C. elegans oscillating genes of Kim et al
(2013) (n = 2,221) is shown in the right part. (B) The graphs indicate the overrepresentation of
gene age classes among the C. elegans oscillating genes sets of Kim et al (2020). The size of
the circles indicates the enrichment score, the x-axis shows the significance level measured by
Fisher's exact test. (C) The plots show the distribution of average expression (top), amplitude
(middle), and phase (bottom) of the oscillating genes in P. pacificus (red), the C. elegans
oscillating genes of Meeuse et al (2020) (dark yellow), and the C. elegans oscillating genes of
Kim et al (2013) (light yellow). (D) The plots show the distribution of the mean expression of the
C. elegans oscillating genes of Kim et al (2013) across 13 gene age classes. (E) The barplots
visualize the percentage of genes in orthogroups (assigned genes) across 13 species on the
phylogeny in P. pacificus (left) and C. elegans (right). 27,132 (93.9 %) P. pacificus annotated
genes and 18,750 (93.6 %) C. elegans annotated genes were assigned into orthogroups,

respectively.






Supplemental Figure S5. Orthologous oscillatory genes among three oscillating gene
sets, related to Fig 4 (A) A total of 6,594 one-to-one orthologous gene pairs were identified
between P. pacificus and C. elegans. In P. pacificus, the oscillating gene set contains 1,002 one-
to-one orthologous genes, in C. elegans oscillating genes of Meeuse et al (2020) it includes 1,285
one-to-one orthologous genes, and in C. elegans oscillating genes of Kim et al (2013) it includes
775 one-to-one orthologous genes. Of these genes, 539 one-to-one orthologous genes are
oscillating in both species (defined as P. pacificus conserved oscillations, ‘PCQO*), 463 orthologous
genes show P. pacificus-specific oscillating pattern (PSO), and 770 orthologous genes were
classified as C. elegans-specific oscillations (CSO). (B) The heatmaps show the developmental
expression of the three gene classes (PCO, PSO and CSO) in P. pacificus and C. elegans. (C)
The box plots display the variation in the mean expression (top) and the amplitude (bottom) of
oscillation between PCO and PSO in P. pacificus (red) and between PCO and CSO in C. elegans
(blue). (D) The matrices show the levels of significance for the tests of GO (gene ontology)
overrepresentation among the three oscillating gene classes. The color scale indicates the fold
change, the labeling of matrix cells shows the number of oscillating genes containing a specific
GO term, the three sub-ontologies containing biological process (BP), molecular function (MF),

and cellular component (CC).






Supplemental Figure S6. Evolution of oscillating expression of orthologous groups,
related to Fig 4 (A) Four orthologous group classes were identified between P. pacificus and C.
elegans. (B) The barplots show the distribution of P. pacificus oscillation genes (red) and C.
elegans oscillation genes (blue) among the four orthologous group classes. (C) 469 of one-to-one
orthologous groups exhibit a shared oscillatory pattern. (D) The pie charts show the degree of
shared oscillation for one-to-many orthologous groups. (E) The pie charts show the degree of

shared oscillation for many-to-many orthologous groups.



Supplemental Figure S7. 205 oscillating genes are regulated by the eud-1, related to Fig 5.
(A) The dynamic expression of the eud-1 gene during postembryonic stages. eud-1 gene
exhibited a graded expression pattern with highly expressed during late J2 and entire J3 stage
rather than an oscillating pattern. (B) The bar plot shows that enough expressed genes were
detected (> 8,500 expressed genes) in every sample indicating that the sequencing depth was
sufficient for DEG analysis. (C) The heatmap shows the dynamic expression pattern of the 126

oscillations that are regulated by the eud-17 locus.
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Abstract

Nematodes show an extraordinary diversity of mouth structures and strikingly different feeding strategies, which has enabled an invasion
of all ecosystems. However, nearly nothing is known about the structural and molecular architecture of the nematode mouth (stoma).
Pristionchus pacificus is an intensively studied nematode that exhibits unique life history traits, including predation, teeth-like denticle for-
mation, and mouth-form plasticity. Here, we used a large-scale genetic screen to identify genes involved in mouth formation. We identified
Ppa-dpy-6 to encode a Mucin-type hydrogel-forming protein that is macroscopically involved in the specification of the cheilostom, the an-
terior part of the mouth. We used a recently developed protocol for geometric morphometrics of miniature animals to characterize these
defects further and found additional defects that affect mouth form, shape, and size resulting in an overall malformation of the mouth.
Additionally, Ppa-dpy-6 is shorter than wild-type with a typical Dumpy phenotype, indicating a role in the formation of the extemnal cuticle.
This concomitant phenotype of the cheilostom and cuticle provides the first molecular support for the continuity of these structures and for
the separation of the cheilostom from the rest of the stoma. In Caenorhabdiitis elegans, dpy-6 was an early mapping mutant but its molecu-
lar identity was only determined during genome-wide RNAI screens and not further investigated. Strikingly, geometric morphometric
analysis revealed previously unrecognized cheilostom and gymnostom defects in Cel-dpy-6 mutants. Thus, the Mucin-type protein DPY-6
represents to the best of our knowledge, the first protein involved in nematode mouth formation with a conserved role in cuticle deposi-
tion. This study opens new research avenues to characterize the molecular composition of the nematode mouth, which is associated with

extreme ecological diversification.

Keywords: nematode stoma; Pristionchus pacificus; Caenorhabditis elegans; dpy-6; developmental plasticity; evo devo

Introduction

Nematodes are extremely abundant, estimated to account for
80% of all land animals and are found in all ecosystems and on
all continents (van den Hoogen et al. 2019). Nonetheless, their cy-
lindrical body is surprisingly uniform with the exception of the
head and mouth region (stoma), which has undergone striking
adaptations during evolution (Wright 1976; Malakhov 1994). This
resulted in a diversity of feeding structures and strategies in free-
living and predatory species as well as in parasites of plants, ani-
mals, and humans. For example, the human hook worm
Ancylostoma duodenale has a mouth structure with 2 plates that
form 2 strong teeth each, which enable the parasite to attach to
the villi in the small intestine causing severe tissue damage
(Anderson 2000). These and other examples indicate that the
mouth and head structures are the site of major evolutionary in-
novation in nematodes. However, little is known about the struc-
tural architecture of the nematode mouth and associated genetic
and molecular processes in any species. This is largely because in
Caenorhabditis elegans, the prime nematode model organism, the

mouth structures have found little attention except for associ-
ated neuronal and behavioral traits. Also, the stoma is formed in
parts by miniature cells that escape visual observation by differ-
ential interference contrast (DIC) microscopy, the usual micro-
scopical technique used in C. elegans research (Hall and Altun
2008; Burr and Baldwin 2016).

In general, the cuticle of nematodes is formed by a syncytial
layer of cells, inconsistently named epidermal or hypodermal
(Wright 1976; Lee 2002). The nematode cuticle is an exoskeleton
that in most species consists of 3 layers of fibrillar proteins with
many evolutionary adaptations. In C. elegans, the major proteins
in the cuticle are collagen-like proteins encoded by a large gene
family with more than 150 members (Cohen and Sundaram
2020). When mutated, some of the collagen-encoding genes or
collagen-modifying enzymes result in a Dumpy (shorter than
wild-type) (Dpy) phenotype. There are more than 30 Dpy mutants
in C. elegans, which have played an important role for genetic
mapping (Brenner 1974). Other components of the cuticle are
cuticulins, glycoproteins, and lectins, many of which have been
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investigated in parasitic species as potential drug targets (Page
et al. 2014). Thus, a substantial knowledge exists about the com-
position of the nematode cuticle, which is in strong contrast to
the composition of the mouth.

The mouth of nematodes is the major opening of the cuticle
but traditionally, the mouth is considered to be fully separated
from the external cuticle (Wright 1976). This view is supported by
the fact that no defects in mouth structures have been reported
in C. elegans Dpy mutants. In general, the stoma consists of the
“buccal cavity” as the lumen that extends from the mouth open-
ing to the anterior end of the pharynx and the “buccal capsule” as
its cuticular lining (Fig. 1) (Flrst von Lieven and Sudhaus 2000).
The cellular architecture underlying these structures has been
elucidated from transmission electron microscopy after original
work in C. elegans (Albertson and Thomson 1976; Wright and
Thomson 1981). Many structural modifications have been identi-
fied from comparative studies, which are in parts controversial
as the identity and homology of epidermal and pharyngeal mus-
cle cells that constitute the buccal capsule remains uncertain (De
Ley et al. 1995; Baldwin et al. 1997; Flrst von Lieven and Sudhaus

(a) Microscopic image (DIC) of Pristionchus pacificus

Ch ch

Gy Pm Gy

Pm

(c) Landmark configuration in Pristionchus pacificus

Cheilostom (Ch)

Gymnostom (Gy)

Promesostegostom (Pm)

2000; Ragsdale and Baldwin 2010). In the buccal capsule 6 regions
can be distinguished (Fig. 1) (De Ley et al. 1995). First, the anterior
most “cheilostom” is surrounded by labial cells and is thought to
be continuous with the cuticle of the worm. According to this in-
terpretation, the cheilostom is separated from the more posterior
parts of the buccal cavity. However, no molecular support for this
hypothesis is available and no C. elegans cuticle mutants are
known to have defects in the cheilostom. Second, the
“gymnostom” is the middle part of the buccal cavity and is sur-
rounded by arcade epidermis. Finally, the “stegostom” is the
posterior-most part of the buccal cavity, which is further subdi-
vided into “pro”-, “meso”’-, “meta’-, and “telo”-stegostom (De Ley
et al. 1995). This region is formed by interradial muscle cells and
often overlapping because these regions are telescoped.
Importantly, the stegostom is a region of major evolutionary
diversification as it forms teeth-like denticles in Pristionchus
pacificus and other Diplogastridae that enable predation (Fig. 1,
a and c) (Furst von Lieven and Sudhaus 2000; Susoy et al. 2015).
Pristionchus pacificus was introduced as a model organism for
comparative and evolutionary studies with genetic and

(b) Microscopic image (DIC) of Caenorhabditis elegans
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(d) Landmark configuration in Caenorhabditis elegans
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Fig. 1. Structural overview of the nematode stoma. a) DIC image of the Pristionchus pacificus mouth in right-lateral perspective (sagittal plane). b) DIC
image of the Caenorhabditis elegans mouth in right-lateral perspective (sagittal plane). ¢) Schematic illustration of the P. pacificus mouth in right-lateral
perspective, including the landmark configuration used for geometric morphometric analysis. d) Schematic illustration of the C. elegans mouth in right-
lateral perspective, including the landmark configuration used for geometric morphometric analysis.
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molecular tools in the mid-1990s (Sommer et al. 1996). This self-
fertilizing species has a 4-day generation time when fed
Escherichia coli under laboratory conditions and has a technologi-
cal platform related to C. elegans. Its genome was originally se-
quenced in 2008 with single molecule re-sequencing facilitating
reverse genetic and genome editing (Dieterich et al. 2008;
Rodelsperger et al. 2017; Han et al. 2020; Nakayama et al. 2020).
In the last decade, much research on P. pacificus focused on the
formation of teeth-like denticles in the mouth that result in intra-
guild predation (Bento et al. 2010; Quach and Chalasani 2020).
Importantly, these teeth-like denticles represent an example of
phenotypic plasticity as they are expressed in 2 alternative forms.
The “stenostomatous” (St) mouth form has a single dorsal tooth
with a narrow buccal cavity, whereas the “eurystomatous” (Eu)
mouth form has 2 teeth and a broader buccal cavity (Fig. 1, a and
). Specifically, Eu animals have a large right ventrosublateral
tooth, curved dorsal tooth, and the anterior tip of their promesos-
tegostom is located posterior to the anterior tip of their gymnos-
tom, whereas the anterior tips of both elements are
approximately on the same level in St animals. While Eu animals
are omnivorous feeders that can use bacteria, fungi, and nemato-
des as food source, St animals are strict bacterial feeders. Many
studies have identified (1) the environmental influences, (2) the
developmental switches, and (3) the gene regulatory network as-
sociated with mouth-form plasticity and the associated evolu-
tionary processes (Ragsdale et al. 2013; Werner et al. 2017,
Sieriebriennikov et al. 2018, 2020; Bui and Ragsdale 2019; Casasa
et al. 2021). Here, we present a large-scale genetic screen to iden-
tify genes involved in mouth formation and identified Ppa-dpy-6
to encode a Mucin-type gel-forming protein that is involved in
the specification of the stoma.

Materials and methods

Maintenance of worm cultures and genetic
crosses

Stock cultures of all strains were reared at room temperature
(20-25°C) on nematode growth medium (NGM) in 6cm Petri
dishes, as outlined before (Sommer et al. 1996). Escherichia coli
OP50 was used as food source. Bacteria were grown overnight at
37°Cin LB medium, and 400 pl of the overnight culture was pipet-
ted on NGM agar plates and left for several days at room temper-
ature to grow bacterial lawns. Nematodes were passed on these
lawns and propagated by passing various numbers of mixed
developmental stages.

Mouth-form phenotyping

Adult hermaphrodites were immobilized on 5% Noble Agar pads
with 0.3% NaNj added as an anaesthetic, and examined using
DIC microscopy. Animals that had a large right ventrosublateral
tooth, curved dorsal tooth, and the anterior tip of the promeso-
stegostom posterior to the anterior tip of the gymnostom were
classified as Eu morphs. Animals that did not exhibit these 3
characters simultaneously were classified as St morphs.

Worm size measurement

To study body length of wild-type and mutant animals, we used
7 development stages after bleaching of J1/eggs: 24 h (J2), 36 h (J3),
48h (J4), 72h (1-day-old adults), 96 h (2-day-old adults), 120h (3-
day-old adults), 144h (4-day-old adults), and performed between
10 and 25 replicates. We found a strong increase in body size dur-
ing the 3 juvenile stages (2, J3, and J4) but little growth during
adulthood (Supplementary Fig. 3a). The maximum body length

(1.06 mm) was reached at 4 days adulthood. For the comparison
of body length between Dpy mutants and wild-type, we singled
out the 5-day-old adults to NGM plates without bacteria. Bright
field images of the worms were taken using 0.63x objective of
ZEISS SteREO Discovery V16 and the AxioCam camera with
parameters “magnification 40x, field of view 5.8 mm, resolution
1.1 pm, depth of field 26 um.” Images were analyzed using the
Wormsizer plug-in for Image J/Fiji (Schindelin et al. 2012). The
raw data of worm size measurement in this study can be found
in Supplementary Data 1.

Quantification of morphological change in
mutant animals

We quantified morphological differences in the mouths of wild-
type and mutant worms, using our recently published protocol
(Theska et al. 2020), which combines landmark-based geometric
morphometrics with model-based clustering (a detailed account
of our analysis is provided in the Supplementary Material). In
short, we obtained image stacks of the nematode mouths in lat-
eral position and recorded the X and Y coordinates of 15 fixed
landmarks (Fig. 1, ¢ and d and Supplementary Table 4) which
capture the overall form of the mouth using FIJI (ver. 2.1.0)
(Schindelin et al. 2012). We generated landmark data for 193 ani-
mals and created 2 separate data sets: (1) a P. pacificus (exclu-
sively Eu animals) data set (n=118) comprising the wild-type
strain (PS312), a frameshift mutant of Ppa-dpy-6 (tul645), and a
“rescue” strain RS4003 (tul696); and (2) a C. elegans data set
(n=75) comprising the wild-type N2 and the Cel-dpy-6 mutant
CB14. All steps of the geometric morphometric analysis of mouth
form, shape, and size were performed in R (ver. 4.1.1) (R Core
Team 2021), using a combination of the cromoreH (ver. 4.0.1)
(Adams and Otarola-Castillo 2013; Adams et al. 2021) and MorpHO
(ver. 2.9) (Schlager et al. 2017, 2021) packages. Shape and form
differences were visualized using PCA,; differences in mouth size
were approximated by the centroid size and visualized in box-
plots. To test whether mouth form, shape, and/or size changed
due to a mutation in dpy-6, we performed distance-based permu-
tational MANOVA (PERMANOVA) (Anderson 2001, 2014) with a
randomized residual permutation procedure (RRPP) (Collyer et al.
2015; Collyer and Adams 2018, 2021), using linear model fits pro-
duced with the procD.Im function of ceomoren. Pairwise compari-
sons among strains were performed using the pairwise function
of the RRPP package (ver. 1.1.0; Collyer et al. 2015, 2018, 2021). To
identify groups of specimens with similar morphology, we per-
formed model-based clustering with the Mclust function of the
mcusT R package (ver. 5.4.7) (Li and Durbin 2009; Fraley et al.
2021). We only used “meaningful” principal components of shape
or form variation (identified with MoreHo’s getMeaningfulPCs func-
tion in Schlager 2017; Schlager et al. 2021) as input variables for
clustering, in order to avoid overparameterization of the multi-
variate normal models. To assess static allometry in the adult
nematode mouths, we generated common and group-specific al-
lometry model fits with procD.Im and compared them in a homo-
geneity of slopes (HOS) test using the anova function of the R sTats
package (R Core Team 2021). The compatibility of our data with a
respective allometry hypothesis was tested using the aforemen-
tioned PERMANOVA-RRPP approach (Collyer et al. 2015).
Allometric trajectories were visualized by plotting the first princi-
pal component (PC1) of a matrix containing predicted shapes
from a multivariate regression of shape on size against the log-
transformed centroid size of each specimen, using the
plotAllometry function of ceomorrH (Adams and Otarola-Castillo
2013; Adams et al. 2021).
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EMS mutagenesis

To obtain Dumpy mutants with a short body size, we performed
a large-scale genetic screen using ethyl methanesulfonate (EMS)
mutagenesis in P. pacificus PS312. Specifically, we incubated a
mixture of J4 larvae and young adults in M9 buffer (3 g/l KH,PO,,
6 g/l Na,HPO,, 5g/1 NaCl, 1mM MgSO.) with 47mM EMS for 4h
(Sommer et al. 1996). A total of 1,500 healthy young adults were
singled out on new plate in several rounds of mutagenesis. After
animals had laid approximately 20 eggs, parents were removed
and F1 progeny were allowed to reach maturity. A total of 5-10 F1
animals (which contain heterozygous mutants) from each PO
plate were then singled out. In total, 9,000 F1 animals were iso-
lated and F2 progeny (which contained a mixture of genotypes,
including homozygous mutants) were allowed to develop to
adulthood. We isolated Dpy mutants that are shorter than wild-
type using a discovery V20 stereomicroscope (Zeiss). Around 200
Dpy mutants were isolated and re-screened for mouth-form
defects in the F3 or F4 generation using DIC microscopy. In total,
we isolated 6 EMS mutants displaying a simultaneous Dpy and
mouth-form phenotype (Fig. 2a and Supplementary Fig. 1a).

Mapping of tu743

For mapping, the EMS mutant tu743 was backcrossed 3 times to
the PS312 wild-type strain. The backcrossed line was sequenced by
generating a NGS library using Low Input Library Prep kit
(Clontech) and sequenced on the Illumina HiSeq3000 platform.
Raw Ilumina reads of the tu743 mutant and of a mapping panel
were aligned to the El Paco assembly of the P. pacificus genome

(Dieterich et al. 2008; Rodelsperger et al. 2017) by using the BWA
software package (ver. 0.6) with parameter “bwa mem -M” (Li and
Durbin 2009). Mutations were called by using the samtools (ver.
1.10) software with the parameter “bcftools mpileup—max-depth
1000 | beftools call -cv” (Li et al. 2009). In total, 98 nonsynony-
mous/nonsense mutations (Supplementary Table 2) and 7 muta-
tions in introns near splice sites of annotated genes (El Paco gene
annotations v3) were identified in the candidate interval by a pre-
viously described custom variant classification software (Rae et al.
2012). The single-worm transcriptome of entire postembryonic
stage in P. pacificus was downloaded from the European Nucleotide
Archive with the study accession number PRJEB42613 (https://
www.ebi.ac.uk/ena/browser/view/PRJEB42613).

CRISPR/Cas9 mutagenesis

We followed the previously published protocol for P. pacificus with
subsequently introduced modifications (Han et al. 2020; Nakayama
et al. 2020). All target-specific CRISPR RNAs (crRNAs) were designed
to target 20bp upstream of the protospacer adjacent motifs (PAMs).
A total of 10 ul of the 100 uM stock of crRNA (CRISPR/Cas9 RNA; IDT)
was combined with 10l of the 100 uM stock of tracrRNA (catalog #
1072534; IDT), denatured at 95°C for Smin, and allowed to cool
down to room temperature and anneal. The hybridization product
was combined with Cas9 protein (catalog# 1081058; IDT) and incu-
bated at room temperature for Smin. The mix was diluted with
Tris-EDTA buffer to a final concentration of 18.1 uM for the RNA hy-
brid and 2.5puM for Cas9. For the induction of specific site-directed
mutations via CRISPR/Cas9, a ssDNA oligo template was included in

Fig. 2. Dumpy and mouth-form phenotypes of 6 novel P. pacificus mutants. a) The upper bar plot shows differences in the length of the worm body
among wild-type (PS312) and the 6 mutant strains. The lower bar plot displays changes in mouth-form ratios between strains. Turkeys multiple
comparison were tested by the Turkeys HSD test, with letters upon each volume indicating significant differences between the means, P-adjusted value

< 0.05, n> 20. b) Mouth form of wild-type Eu, St morph of the Ppa-eud-1 mutant (tu1069), Eu morph with reduced cheilostom of the tu743 mutant strain, and

the St morph with a reduced cheilostom of tu743 in a Ppa-eud-1 double mutant. Additional images in 2 focal planes are shown in Supplementary Fig. 1b.
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the mix at a concentration of 4uM. The repair template contained
the desired modifications flanked by S0bp homology arms either
side of the edited sequences. The plasmid carrying the Ppa-eft-3 pro-
moter and modified TurboRFP sequences (Han et al. 2020) was used
as co-injection marker. sgRNAs, associated primers and repair tem-
plates for generating mutants and specific targeted knock ins uti-
lized in this study can be found in Supplementary Table 5.
Injections were performed on a Zeiss Axiovert microscope
(Zeiss, Germany) coupled to an Eppendorf TransferMan micro-
manipualtor and Eppendorf FemtoJet injector (Eppendorf AG.,
Hamburg, Germany). The microinjection mixture was injected in
the gonad rachis of approximately 1-day-old adult hermaphro-
dites. Eggs laid by injected animals within a 12-16-h period post
injection were recovered. After 2 days, the PO plates containing
the F1 animals with fluorescent signal of co-injection marker
were isolated, and 8-10 F1 progenies from the isolated PO plates
were singled out on individual plates. After F1 animals have laid
eggs, they were placed in 10 pl of single worm lysis buffer (10 mM
Tris-HCl at pH 8.3, 50 mM KCl, 2.5 mM MgCl,, 0.45% NP-40, 0.45%
Tween 20, 120 ug/ml Proteinase K), and incubated in a thermocy-
cler at 65°C for 1h, followed by heat deactivation of the protein-
ase at 95°C for 10min. The resulting lysate was used as a
template in subsequent PCR steps. The genotype of the F1 ani-
mals were subsequently analyzed via Sanger sequencing and
mutations identified before re-isolation in homozygosis.

Genetic transformation

Transcriptional reporter lines of Ppa-dpy-6 were generated by PCR
amplification of a 2.2-kb upstream region of the predicted start
codon (Supplementary Table 6) using Gibson assembly (New
England Biolabs). The resulting product was cloned into a pUC19
vector containing GFP (Han et al. 2020) and the Ppa-rpl-23 3'UTR.
For injection, we used 10ng/ml of the Notl-digested Ppa-dpy-
6::GFP plasmid with 60ng/ml of genomic carrier DNA, also
digested with Notl. We found the same expression pattern in 2 in-
dependent lines. For the reporter construct of Cel-dpy-6, we
cloned a 2.2-kb upstream region of the predicted start codon in
N2 (Supplementary Table 6) into a pUC19 vector containing gfp
and Cel-rpl-23 3'UTR via Gibson assembly (New England Biolabs).
The injection mix for transformation contained 10ng/ul of the re-
porter construct and 60 ng/pl genomic DNA. The same expression
pattern was confirmed in 3 independent lines.

Analysis of oscillatory gene expression of
Ppa-dpy-6 and Cel-dpy-6

To profile the temporal gene expression of Ppa-dpy-6 and Cel-dpy-
6 during postembryogenesis, we extracted the FPKM of Ppa-dpy-6
at 38 time points with 3 biological replicates (Sun et al. 2021) and
the RPKM of Cel-dpy-6 at 48 time points (Meeuse et al. 2020). Mean
FPKM at each time point was calculated for profiling the gene ex-
pression of Ppa-dpy-6, and RPKM at 48 time points was used to
display the gene expression of Cel-dpy-6. The meta2d_Base and
meta2d_AMP of oscillating gene set, which was generated from
the results of the meTacycLe package, were used to both, profile the
distribution of the mean gene expression and amplitude of all os-
cillating genes and the comparison of the mean expression and
amplitude between dpy-6 and the average of oscillating gene sets
in both species.

Comparison of gene expression of Ppa-dpy-6
between wild-type and eud-1 mutant animals

We collected the transcriptome data at 20h posthatching for
PS312 wild-type and eud-1(tul069) mutant animals from

European Nucleotide Archive under the study accession number
PRJEB42633 to compare the gene expression of Ppa-dpy-6 between
Ppa-eud-1 mutant and wild-type (Sun et al. 2021). The RNA-seq
data for the comparison of Ppa-dpy-6 expression between the Ppa-
nhr-40 mutant and wild-type, and the Ppa-nhr-1 mutant and wild-
type, were downloaded from the European Nucleotide Archive
with the study accession number PRJEB34615. We reperformed
differential expression analysis using peseo? (ver. 1.18.1) (Love
et al. 2014) and applied an adjusted P-value cut-off of 0.05 and a
fold change cut-off of 2 to identify differentially expressed genes.
To compare the expression of Ppa-dpy-6 between mouth-form
mutants and wild-type, we extracted the FPKM values of Ppa-dpy-
6 (Supplementary Table 7) from each data set and applied a com-
parison by using the Tukey HSD test function in the acricorae
package (version 1.3.3) with default parameters.

Results

A genetic screen for Dumpy mutants with
accompanying mouth-form defects

To isolate genetic mutants defective in P. pacificus stomatal struc-
tures, we performed a combinatorial screen by first obtaining Dpy
mutants that are shorter than wild-type, followed by re-
screening these mutants for mouth-form defects. This rationale
was based on preliminary findings that some available Dpy and
Uncoordinated Movement (Unc) mutants showed concomitant
defects of stomatal structures (Miller 2010). From a screen of
1,500 mutagenized animals, a total of 9,000 F1 progeny were sin-
gled out to individual plates. This resulted in the isolation of
around 200 Dpy mutants with a phenotypic range similar to pre-
vious studies (Kenning et al. 2004). During re-screening, we found
6 mutants to have a concomitant mouth-form phenotype
(Fig. 2a, Supplementary Fig. 1a, and Supplementary Tables 1 and
2). We focus on the mutant RS3887(tu743), which is severely Dpy
and has a strong morphological phenotype in the stoma. First in-
spection by light microscopy of RS3887(tu743) mutant animals in-
dicated a strong reduction in the size of the cheilostom in these
otherwise Eu animals (Fig. 2b). To investigate the role of
RS3887(tu743) in St animals, we crossed this line into the Ppa-eud-
1 mutant background that results in an all-St phenotype
(Ragsdale et al. 2013). In eud-1(tu1069); tu743 double mutants, we
found similar defects in the cheilostom (Fig. 2b and
Supplementary Figs. 1b and 3b). Thus, R$3887 (tu743) affects the
cheilostom in Eu and St animals and represents the first mutant
with a specific defect in the nematode stoma.

RS3887 carries a mutation in the Mucin-type gene
Ppa-dpy-6

To identify the molecular lesion responsible for the cheilostom
defect of RS3887, we backcrossed this mutant line to wild-type
animals and performed whole-genome sequencing (see Materials
and Methods for detailed methodology). We found a total of 109
single-nucleotide polymorphisms (SNPs) resulting in nonsynony-
mous or nonsense mutations in annotated genes or intronic
changes near splice sites in these backcrossed animals
(Supplementary Fig. 2a and Supplementary Table 3). This in-
cluded 1 SNP in the P. pacificus ortholog of Cel-dpy-6. As RS3887
shows a severe Dpy phenotype, dpy-6 was a strong candidate for
the causal gene behind the combined Dpy and cheilostom-
defective phenotype. Note that the C>T SNP in Ppa-dpy-6 is lo-
cated at the 3’-splice site of intron 10 (Supplementary Fig. 2c).
Therefore, we used CRISPR/Cas9-mediated gene knockouts and
engineering to confirm the phenotypic consequences of this
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Table 1. Ppa-dpy-6 associated phenotypes.

Genotype Mutagen Mutation Body shape Cheilostom % Eu

a PS312 n.a. n.a. n.a. WT WT >95

b RS3887 (tu743) EMS C>T intronic 11th exon Dumpy Short >95

c Ppa-dpy-6 (tu1643) CRISPR Frameshift 3rd exon Dumpy Short >95

Ppa-dpy-6 (tu1644) CRISPR Frameshift 3rd exon Dumpy Short >95

Ppa-dpy-6 (tu1645) CRISPR Frameshift 3rd exon Dumpy Short >95

d Ppa-dpy-6 (tu1646) CRISPR C>T intronic 11th exon Dumpy Short >95

e Ppa-dpy-6 (tu1658) CRISPR Frameshift 11th exon Dumpy Short >95

Ppa-dpy-6 (tu1659) CRISPR Frameshift 11th exon Dumpy Short >95

Ppa-dpy-6 (tu1660) CRISPR Frameshift 11th exon Dumpy Short >95

f RS3887 reversion CRISPR T>C intronic 11th exon WT WT >95
g Ppa-dpy-6 & Ppa-eud-1 EMS, CRISPR and cross C>T intronic 11th exon Dumpy Short <5

N> 50 for all strains. % Eu, percent eurystomatous animals; n.a., not applicable; WT, wild-type.

mutation. First, we created 3 mutant lines in Ppa-dpy-6 using a
sgRNA in exon 3, all of which resulted in frameshift mutations.
All 3 alleles Ppa-dpy-6 (tul643, tul644, and tul645) are strongly
Dpy, have a reduced cheilostom, but do not affect the mouth-
form ratio (Table 1la-c, Supplementary Fig. 3c, and
Supplementary Table 1). Thus, all 3 Ppa-dpy-6 alleles have a phe-
notype that is indistinguishable of the original RS3887(tu743) mu-
tant. Second, we reconstituted the original C>T mutation in
intron 10 by CRISPR/Cas9 engineering and this mutant strain has
a similar Dpy and cheilostom phenotype (Table 1d and
Supplementary Fig. 3c). Three mutant lines with frameshift
mutations in exon 11 were obtained from the same injection. All
3 alleles Ppa-dpy-6 (tul658, tul659, and tul660) have the same
phenotype as RS3887 (Table le and Supplementary Fig. 3c).
Finally, we reverted the C>T mutation back to wild-type in the
RS3887 mutant background. The resulting strain RS4003 has a
normal body shape and a normal cheilostom (Table 1f and
Supplementary Fig. 3c). We conclude that mutations in Ppa-dpy-6
result in strongly reduced body size and concomitant defects in
the cheilostom. Thus, Ppa-dpy-6 represents the first gene involved
in the specification of the morphology of the stoma.

In C. elegans, dpy-6 was cloned as part of genome-wide RNA in-
terference screens, but was not further characterized (Simmer
et al. 2003). DPY-6 shows sequence similarities to Mucins, a fam-
ily of glycosylated hydrogel-forming proteins conserved through-
out the animal kingdom. In humans, Mucins play important
roles as mucus barriers in wet epithelial surfaces of the body,
such as eyes, lungs, and the stomach with a proposed function as
biological hydrogel that coats surface structures (Witten and
Ribbeck 2017; Wagner et al. 2018), which would be compatible
with the phenotype of Ppa-dpy-6 in the cuticle and cheilostom.

Geometric morphometrics reveal mutant
phenotype in mouth form, shape, and size

To analyze the mouth-form defects of Ppa-dpy-6 with greater ac-
curacy, we used our recently established protocol for geometric
morphometric analyses in microscopic animals (Theska et al.
2020) and found a consistent phenotype in mouth shape (see
Supplementary Material for detailed procedure). First, a PCA of
mouth shape revealed that Ppa-dpy-6(tul645) mutants occupy a
separate aspect of the shape space when compared to wild-type
(PS312) and rescued animals (RS4003, tu1696) (Fig. 3a). Note that
wild-type and rescued animals occupy strongly overlapping areas
of the shape space, indicating that their mouth shapes are very
similar. Looking at the variation described by the individual prin-
cipal components revealed that PC1 described 77.1% of the total
variation, rendering this shape data almost 1-dimensional.
However, PC1 is not the only PC that contains biologically

relevant information. In fact, we found 3 PCs (PC1=77.1%,
PC2=4.0%, and PC3=3.0%) to be “meaningful” according to the
getMeaningfulPCs function of MorrHo (threshold value = 1.29,
based on n=118). Our PCA indicates (1) a clearly different mouth
shape in Ppa-dpy-6(1645) mutants compared to wild-type animals
and (2) a practically complete reversal of the mutant shape when
the function of Ppa-dpy-6(1645) is restored with CRISPR. This is
also supported by multivariate statistical analysis, which shows
that the independent variable “strain” strongly influences P. pacif-
icus mouth shape as a response variable (PERMANOVA-RRPP:
shape ~ strain, Z=5.9, and P =0.0001). Pairwise comparisons of
distances between the group means of individual strains revealed
that our shape data are incompatible with the null hypotheses
that no mouth shape differences exist between Ppa-dpy-6(tu1645)
mutants and wild-type or rescued animals (wild-type strain vs.
Ppa-dpy-6(1645): Z=3.5 and P =0.0001, rescue strain vs. Ppa-dpy-
6(1645): Z=3.6 and P =0.0001), but compatible with the null hy-
pothesis that no clear differences exist in mouth shape between
wild-type and rescued animals (wild-type strain vs. rescue strain:
Z=1.2 and P =0.1322). Finally, we used model-based clustering
to identify how many separate groups can be identified in the
shape data and found only 2 separate clusters, one that contains
all Ppa-dpy-6 mutants and another containing all wild-type and
rescued animals (Fig. 3b). Thus, PCA, PERMANOVA, and model-
based clustering analyses reveal clear mouth shape alterations in
Ppa-dpy-6 mutants.

Second, we estimated the positive and negative extreme
shapes for PC1 using wireframe representations of the P. pacificus
mouth. We found that the most prominent mouth shape differ-
ence is an extremely shortened and slightly posteriorly shifted
cheilostom in Ppa-dpy-6(1645) mutants. This is also reflected in
very large relative contributions of landmarks 1 and 15 (anterior
tips of the cheilostom) to PC1 (LM1=20.0% and LM15=20.7% of
the described variation). Another obvious change is the anteriorly
shifted (relative to the rest of the buccal cavity), but similarly
sized, metastegostomal tooth (LM6=7.6% and LM7 =12.3%, LM
9=7.9% of the variation described by PC1) (Fig. 3c).

Third, we investigated whether mouth size influences mouth
shape, that is, whether there is allometry. A HOS test revealed
that a common allometry model (shape ~ size + strain) is most
appropriate to fit the shape data. Thus, we found that the slopes
of the allometric trajectories among all 3 strains are similar, with
mouth size moderately influencing mouth shape and “strain” be-
ing the major factor of influence (PERMANOVA-RRPP: size,
Z=3.3, and P =0.0001; strain, Z=5.3, and P =0.0001). We con-
clude that our data are incompatible with a null hypothesis of
isometry (see Supplementary Material for more details), but com-
patible with the alternative hypothesis of allometry. Additionally,
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Fig. 3. Geometric morphometric analysis of mouth shape, size, and form in P. pacificus (exclusively Eu animals of each strain). a) PCA of the mouth
shape for the wild-type (PS312), the Ppa-dpy-6(tul1645) mutant, and the rescue strain (RS4003, tu1696). The plot shows the distribution of all specimens
in a shape space. b) Clusters identified in the P. pacificus shape data set. Clusters were found by model-based clustering, using all “meaningful” principal
components as input variables. c) Superimposed wireframe representations of extreme shapes along PC1. d) Allometric trajectories for each of the

P. pacificus strains. The allometry model that was used to fit the data is indicated above the plot. The y-axis corresponds the PC1 of a matrix of predicted
values, which were obtained by a multivariate regression of shape on size. e) PCA of the mouth forms of each P. pacificus strain. The plot shows the
distribution of all specimens in a “size-shape” (i.e. form) space. f) Boxplot showing the centroid sizes for all specimens of each P. pacificus strain. The box
indicates the interquartile range (IQR, i.e. the range from the first to the third quartile) and the solid line indicates the median centroid size. Lower
whisker extends from the lower quartile to the smallest value which is at most 1.5 IQR away from the lower quartile. Upper whisker extends from the
upper quartile to the largest value which is at most 1.5 IQR away from the upper quartile. Specimens which fall beyond the whiskers (in either
direction) are plotted as individual dots and are regarded to be outliers. Relative effect sizes (Z-scores) and P-values obtained via PERMANOVA-RRPP are

indicated where appropriate. Asterisks “*” indicate incompatibility with a null hypothesis, while periods “.” indicate compatibility (see Supplementary
Material for details).
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pairwise comparisons of LS means among strains revealed that
our allometry data are compatible with the null hypothesis of no
blatant differences between wild-type and rescued worms (wild-
type strain vs. rescue strain: Z=1.4 and P =0.0828), while we
could find clear differences in the LS means of Ppa-dpy-6 mutants
on the one hand, and wild-type and rescued animals on the other
(wild-type strain vs. Ppa-dpy-6: Z=3.5 and P =0.0001, rescue
strain vs. Ppa-dpy-6: Z=3.6 and P =0.0001). Most importantly, the
allometric trajectories of Ppa-dpy-6 and wild-type animals have
very different intercepts along the y-axis (Fig. 3d). Thus, while all
3 strains have similar allometric slopes, they do not share a gen-
eral underlying trajectory and the mutant mouth shape cannot
be obtained by scaling up or down the size of the wild-type mouth
shape along such a general allometric trajectory.

Fourth, we analyzed morphometric differences in mouth
form. Some clarification is appropriate here: previously, we collo-
quially used the term “mouth form” to refer to the 2 different
mouth morphologies (Eu and St) that can be found in P. pacificus.
In this section however, we strictly use the morphometric deno-
tation of form. Briefly, in traditional morphometrics size and
shape are treated as logically separate aspects of a biological
structure and it is common practice to analyze variation in size
separate from variation in shape (Mitteroecker et al. 2013). When
taken together, the shape and the size of a structure define its
form. Thus, analyses which focus on differences in form address
the entirety of morphological variation in a biological structure,
rather than variation in a specific structural aspect like shape or
size. In modern morphometrics, multiple tools are available to in-
vestigate biological form and here we performed a “size-shape”
PCA sensu Mitteroecker et al. (Mitteroecker et al. 2004, see
Supplementary Material for additional information). We plotted
the first 2 principal components of mouth-form variation against
each other to visualize a form space (Fig. 3e). PC1 of the “size-
shape” PCA describes less variation (66.5%) than PC1 of the shape
PCA (77.1%), while PC2 of the “size-shape” PCA describes much
more variation (15.4%) than PC2 of the shape PCA (4%). We were
able to recover a clear separation of Ppa-dpy-6 mutant mouth
forms from wild-type and rescued animals, similar to what we
found in the shape PCA (Fig. 3, a and e). This is also reflected in
the statistical analysis of the mouth-form data set, which indi-
cated that Ppa-dpy-6 mutants differ from wild-type animals more
prominently in mouth form (Z=6.7, Fig. 3e) than in mouth shape
(Z=5.9, Fig. 3a). Pairwise comparisons of distances between
group means revealed that our form data are incompatible with
the null hypothesis that there are no mouth form differences be-
tween Ppa-dpy-6 mutants, and wild-type or rescued animals
(wild-type strain vs. Ppa-dpy-6(1645): Z=4.3, P =0.0001, rescue
strain vs. Ppa-dpy-6(1645): Z=4.4 and P =0.0001). Similar to the
results from our shape analysis, our form data are compatible
with the null hypothesis that there are no discernable mouth
form differences between wild-type and rescued animals (wild-
type vs. rescue strain: Z=1.2, P =0.1253), indicating a reversal of
the mutant mouth form to the wild-type situation after CRISPR-
repair of the mutant Ppa-dpy-6(1645) allele. This is further corrob-
orated by model-based clustering: we were able to identify 2 sep-
arate clusters in our form space which almost perfectly
correspond to Ppa-dpy-6(1645) mutant animals on the one hand,
and wild-type and rescued animals on the other (Supplementary
Fig. 3).

Lastly, we investigated mouth size using the centroid size as
proxy. We found that, on average, wild-type and rescued worms
tend to have larger mouths than both Ppa-dpy-6 mutants (Fig. 3f).
The median centroid sizes of wild-type and rescued animals are

1747 and 18.10um, while it is 16.83pm in Ppa-dpy-6(1645)
mutants. Thus, the median centroid size of wild-type animals
and the first (lower) quartile of rescued animals correspond to
the third (upper) quartile of Ppa-dpy-6(1645) mutants (17.54 um)
and the median centroid size of Ppa-dpy-6(1645) mutants is
smaller than the first (lower) quartile of both, wild-type and
rescued animals (Fig. 3e). Statistical analysis indicates that our
size data are incompatible with the null hypothesis of no mouth
size differences among the 3 strains (PERMANOVA-RRPP:
mouth size ~ strain: Z=4.5 and P =0.0001). Interestingly, pairwise
comparisons of distances between group means revealed that
these data are compatible with the null hypothesis that no blatant
mouth size differences exist between wild-type and rescued ani-
mals (Z=0.9 and P =0.1785), while it is incompatible with the null
hypotheses of no mouth size differences between the Ppa-dpy-6
mutant strain and the wild-type or rescue strain (Ppa-dpy-6(1645)
vs. wild-type strain: Z=2.9 and P =0.0002, Ppa-dpy-6(1645) vs. res-
cue strain: Z=3.7, P =0.0001). Thus, we were able to fully reverse
the observed mutant phenotypes in mouth form, mouth shape,
and mouth size by repairing the mutant allele of Ppa-dpy-6(1645)
with CRISPR. The high resolution of the phenotypic analyses we
applied here highlight the power and necessity for modern geo-
metric morphometrics in evo devo studies on miniature animals.

Ppa-dpy-6 is an oscillatory gene, requires
eud-1-dependent environmental signaling, and

is expressed in the hypodermis

Given the prominent stoma phenotype, we next wanted to study
gene regulation of Ppa-dpy-6. Single-worm transcriptomics (SWT)
in P. pacificus has recently provided a high-resolution map of the
postembryonic developmental transcriptome (Sun et al. 2021). Of
the more than 28,000 predicted genes of P. pacificus, nearly 3,000
show oscillatory expression with discrete phases, amplitudes,
and expression levels (Sun et al. 2021). This includes many of the
body-wall collagens that are often transcribed before molting
and are involved in cuticle formation. Therefore, we analyzed the
expression profile of Ppa-dpy-6 and found strong oscillation in ex-
pression with the highest peak 4 h before the second, third, and
fourth molt (Fig. 4a). This expression profile is consistent with a
role of Ppa-dpy-6 in the synthesis of the new cuticle. When we
profiled the expression of Cel-dpy-6 during postembryogenesis us-
ing the data of Meeuse et al. (2020), we found that the expression
of Cel-dpy-6 also displayed an oscillating pattern coupled to the
molting cycle (Fig. 4b). Interestingly, profiling the distribution of
the mean expression and relative amplitude of oscillating genes
in both species, we found that Ppa-dpy-6 and Cel-dpy-6 exhibited
higher gene expression levels and greater oscillating amplitudes
than the mean value of the oscillating gene sets (Fig. 4c).
Together, these temporally conserved gene expression patterns
of Ppa-dpy-6 and Cel-dpy-6 indicate a highly conserved role in cuti-
cle formation.

Next, we wanted to know if Ppa-dyp-6 is controlled by the
mouth-form plasticity gene regulatory network that has recently
been identified (Sieriebriennikov et al. 2020). The sulfatase-
encoding gene eud-1 is a major developmental switch involved in
environmental sensing and developmental reprogramming
(Ragsdale et al. 2013; Sommer 2020). SWT of eud-1 mutant animals
have recently been performed at 20 and 28h after hatching (Sun
et al. 2021). When we compared Ppa-dpy-6 expression in wild-type
and Ppa-eud-1 mutant animals, we found a strong upregulation of
Ppa-dpy-6 in the mutant condition (Fig. 4d). Thus, Ppa-dpy-6 expres-
sion is sensitive to Ppa-eud-1-dependent environmental signaling.
In contrast, we found no difference in Ppa-dpy-6 expression when
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Fig. 4. Temporal expression patterns of Ppa-dpy-6 and expression of Ppa-dpy-6 in the Ppa-eud-1 mutant condition. a) Dynamic expression of Ppa-dpy-6
during postembryonic development. X-axis represents the 38 time points after hatching, the y-axis is the log2() of FPKM, 3 replicates per time point. The
data were extracted from the single-worm transcriptome data set of Sun et al. (2021). b) Bar plot profiles of the dynamic expression of Cel-dpy-6 during
postembryonesis using the data set of Meeuse et al. (2020). ¢) Line plots profiling the comparison of the mean expression and the relative amplitude
between Ppa-dpy-6 (red) and the mean of the P. pacificus oscillatory gene set (blue), and between Cel-dpy-6 (yellow) and the mean of C. elegans oscillating
gene set (blue). d) Vocano plot revealing that Ppa-dpy-6 is one among the strongest differentially expressed genes (DEG) in the comparison between Ppa-
eud-1 mutant and wild-type conditions. Downregulated genes in blue, upregulated genes in red, and nonsignificantly expressed genes in gray. Bar plot
displaying differences in gene expression of Ppa-dpy-6 in Ppa-eud-1 and wild-type condition. All samples used are at 20 h after hatching. Turkeys multiple
comparison were tested by the Turkeys HSD test, with the letters upon each volume indicating significant differences between the means, P-adjusted

value <0.05.

comparing the transcriptomes of wild-type animals and those of
the 2 nuclear hormone receptor (NHR) mutants Ppa-nhr-1 and Ppa-
nhr-40 (Sieriebriennikov et al. 2020) (Supplementary Fig. 6, a and
b). This finding indicates that during evolution toward the
Pristionchus lineage dpy-6 has come under the control of the eud-1
switch locus as this gene does not exist in C. elegans. Furthermore,
these data suggest that not all eud-1-dependent environmental
sensing goes through Ppa-nhr-1 and Ppa-nhr-40 and that other
downstream transcription factors likely exist.

Finally, to study the expression pattern of Ppa-dpy-6, we gener-
ated a 2-kb promoter fusion construct with GFP. Ppa-dpy-6 is con-
tinuously expressed in postembryogenesis and adult stages
(Fig. 5). We observed expression in the hypodermal syncytia
hyp1, hyp5, hyp6/7, and the anterior and posterior arcade cells
(Fig. 5 and Supplementary Video 1), the characterization of which
is based on the recent reconstruction of the head hypodermis in
P. pacificus (Harry et al. 2021). Interestingly, when we generated a
Cel-dpy-6 reporter construct, we found a similar expression pat-
tern except for C. elegans also showing expression in hyp4

(Table 2). We conclude that the oscillatory gene expression and
the large overlap in gene expression of Ppa-dpy-6 and Cel-dpy-6 are
consistent with a conserved role in cuticle formation. Therefore,
we finally used geometric morphometrics of Cel-dpy-6 mutants to
search for a stoma phenotype, as no defects in the mouth were
previously reported.

Cel-dpy-6 mutants have defects in the cheilostom
and gymnostom

We compared the mouth shapes of wild-type (N2) and Cel-dpy-
6(e14) mutants (CB14) and found a strong mutant phenotype that
is reminiscent to the one observed for Ppa-dpy-6. Specifically, PCA
of mouth shapes revealed that Cel-dpy-6(e14) mutants occupy a
different part of the shape space than wild-type animals with
both strains being almost completely separated along PC1
(Fig. 6a). Similar to our findings in the Ppa-dpy-6 analysis, the first
3 principal components of shape variation in C. elegans
(PC1=38.5%, PC2=23.7%, and PC3=7.7%) can be regarded as
“meaningful” according to the getMeaningfulPCs function of

Zz0z udy go uo Jasn usbuign ABojoig Joj sinyiisu| youeld Xel Ag 0951 879/S£ZaeAl/c/0zz/a10n1e/sonauab/woo dnoolwepeoe//:sdjy wolj pepeojumoq



10 | GENETICS, 2022, Vol. 220, No. 3

Fig. 5. Spatial expression patterns of Ppa-dpy-6. Spatial expression of Ppa-dpy-6 from a 2.2-kb Ppa-dpy-6 promoter element driving GFP expression in
different focal planes. aa, anterior arcade cell; pa, posterior arcade cell; Hyp, hypodermal syncitia; dr, dorsal right; dl, dorsal left; v, ventral. Images were
analyzed using Image] software and Arivis Vision 4D software (Arivis AG, Berlin, Germany).

Table 2. dpy-6 expression in anterior epithelial syncytia in
P. pacificus and C. elegans

P. pacificus C. elegans
Posterior arcade + +
Anterior arcade + +
Hypl + +
Hyp2 - -
Hyp3 - -
Hyp4 — +
Hyp5 + +
Hyp6/7 + +

MorrHo (threshold value = 1.38, based on n=75). The presence of
a Cel-dpy-6(e14) mutant phenotype in mouth shape is further sup-
ported by multivariate statistical analysis (PERMANOVA-RRPP:

shape ~ strain, Z=5.4 and P =0.0001). Pairwise comparisons of
distances between group means revealed that shape data are in-
compatible with the null hypothesis of no mouth shape differen-
ces between the Cel-dpy-6(e14) and wild-type (Z=5.1, P =0.0001).
This conclusion is further strengthened by model-based cluster-
ing, which identified separate wild-type and mutant clusters in
the shape data (Fig. 5b). We conclude that mutating the one-to-
one ortholog of Ppa-dpy-6 in C. elegans also results in a clearly
identifiable mutant mouth shape defect, just as observed for Ppa-
dpy-6 mutants.

Given this conclusion, we wondered whether the shape differ-
ences between wild-type and Cel-dpy-6 mutants actually stem
from morphological changes in the same structures for which we
observed shape differences in P. pacificus. Comparing the esti-
mated extreme shapes along PC1 revealed that 2 components of
the mouth are strongly affected by the genetic perturbation.
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Fig. 6. Geometric morphometric analysis of mouth shape, size and form in C. elegans. a) PCA of the mouth shape for the wild-type (N2) and the Cel-dpy-6
mutant strain (CB14). The plot shows the distribution of all specimens in a shape space. b) Clusters identified in the C. elegans shape data set. Clusters
were found by model-based clustering, using all “meaningful” principal components as input variables. c) Superimposed wireframe representations of
extreme shapes along PC1. d) Allometric trajectories for the C. elegans strains. The allometry model that was used to fit the data is indicated above the
plot. The y-axis corresponds the PC1 of a matrix of predicted values which were obtained by a multivariate regression of shape on size. e) PCA of the
mouth forms of C. elegans. The plot shows the distribution of all specimens in a “size-shape” (i.e. form) space. f) Boxplot showing the centroid sizes

for all specimens of both C. elegans strains. The box indicates the interquartile range (IQR, i.e. the range from the first to the third quartile) and the

solid line indicates the median centroid size. Lower whisker extends from the lower quartile to the smallest value which is at most 1.5 IQR away

from the lower quartile. Upper whisker extends from the upper quartile to the largest value which is at most 1.5 IQR away from the upper quartile.
Specimens which fall beyond the whiskers (in either direction) are plotted as individual dots and are regarded to be outliers. Relative effect sizes
(Z-scores) and P-values obtained via PERMANOVA-RRPP are indicated where appropriate. Asterisks “*” indicate incompatibility with a null hypothesis,

wn

while periods “.” indicate compatibility (see Supplementary Material for details).
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First, the cheilostom of Cel-dpy-6(e14) mutants is shortened along
the anterior—-posterior axis, and the mouth opening is wider than
in wild-type worms. Second, the gymnostom of Cel-dpy-6(e14)
mutants is shortened along the anterior-posterior axis and the
main cuticular tube of the mouth (gymnostom+promesostegos-
tom) is narrower than in wild-type worms (Fig. 6, a—c). These
observations are also reflected in very large relative contributions
of landmarks 1 and 15 (anterior tips of the cheilostom) to PC1
(LM1=17.1% and LM15=12.4% of the described variation), and
of landmarks 4 and 12 (posterior tips of the gymnostom) also to
PC1 (LM4=26.4% and LM15=28.5% of the described variation).
Thus, we were able to identify a similar phenotype in cheilostom
shape in dpy-6 mutants of both nematode species, but only
C. elegans shows a phenotype in gymnostom shape.

Next, we performed an allometry analysis similar to the one
we used for P. pacificus. The HOS test revealed a common allome-
try model as most appropriate to fit C. elegans shape data, with
both mouth size and strain being highly influential factors on
mouth shape as a phenotypic response variable (PERMANOVA-
RRPP: shape ~ size + strain; size, Z=5.3 and P =0.0001; strain,
Z=5.1 and P =0.0001). We conclude that the C. elegans shape
data set are incompatible with a null hypothesis of isometry, and
instead, is compatible with the alternative hypothesis of allome-
try (Fig. 5d), a finding in line with our observations for P. pacificus.
Interestingly, the dpy-6(e14) mutation apparently does not change
the allometric trend in adult stomatal growth of both nematode
species (i.e. the slope of the trajectory; see Supplementary
Material for more details), but it changes adult mouth shape and
size. The mouth shape phenotype in Cel-dpy-6(e14) mutants can-
not be explained by an allometric scaling effect only, as this
would require similar y-intercepts of mutant and wild-type tra-
jectories, a finding that is congruent with the observation in
P. pacificus (Figs. 3d and 6d).

Finally, we investigated whether there are phenotypes in
mouth form and size in Cel-dpy-6 mutants. The “size-shape” PCA
revealed that wild-type animals and mutants occupy nonover-
lapping aspects in the form space created by PC1 and PC2
(Fig. 6e). We found that the first 3 principal components of form
variation can be considered “meaningful” (threshold value: 1.38,
n=75). Given that PC1 explains such a large amount of form vari-
ation (69.9%) and that there is a considerable overlap in shape
variation along PC1, we consider the overall mouth form differ-
ence between wild-type and mutant to be less obvious than the
difference in shape (Fig. 6, a and e). Therefore, the C. elegans
strains show the opposite pattern to P. pacificus in that they differ
more prominently in mouth shape (Z=5.4) than in mouth form
(Z=4.2, compare Figs. 3, a and e and 6, a and e). Furthermore,
pairwise comparison of the C. elegans strains revealed that our
form data are incompatible with the null hypothesis that there
are no mouth form differences between them (wild-type strain
vs. Cel-dpy-6: Z=3.9, P =0.0001). When analyzing mouth size, we
found that (on average) wild-type worms have larger mouths
than Cel-dpy-6(e14) as the median centroid size of wild-type ani-
mals is 23.88um, while it is 21.79um for the Cel-dpy-6(e14)
mutants (Fig. 6f). Additionally, the first (lower) quartile of wild-
type mouth sizes (22.98 pm) is larger than the third (upper) quar-
tile of mutant mouth sizes (22.22 ym), which we interpret as in-
dicative of a clear mouth size phenotype in mutant animals. This
is further supported by the statistical analysis, which found that
our data are incompatible with the null hypothesis that there are
no differences in mouth size (FERMANOVA-RRPP: mouth size ~
strain: Z=5.6 and P =0.0001). These findings perfectly corre-
spond to the observations for P. pacificus (compare Figs. 3f and 6f).

In conclusion, Ppa-dpy-6 and Cel-dpy-6 show overlapping defects
in all structural aspects of stoma morphology with some minor
differences between species as revealed by our geometric mor-
phometric analysis. This overall conclusion supports dpy-6 as an
important and evolutionary conserved gene controlling nema-
tode mouth formation—the first one to be characterized in
greater detail.

Discussion

We have identified the Mucin-type hydrogel-forming protein
DPY-6 to play a major role in the formation of the cheilostom in
both P. pacificus and C. elegans. The associated morphological
defects indicate that the cheilostom and body wall cuticle share
common structural components, a finding that supports the tra-
ditional notion that the cheilostom is continuous with the exter-
nal cuticle. In both species, we observed dpy-6 expression in the
hypodermal syncytia hyp1l, hyp5, and hyp6/7 and the anterior
and posterior arcade cells indicating their involvment in the for-
mation of the cuticle and the cheilostom. Strikingly, however, ex-
cept for dpy-6 no other Dpy mutants in C. elegans show defects of
the cheilostom. Thus, the cheilostom is likely different from the
cuticle in its exact chemical composition. While the conserved
role of DPY-6 in cuticle deposition can easily be deduced from the
strong Dpy phenotype, the full understanding of its role in stoma
formation required sophisticated geometric morphometric analy-
ses. Note that the cheilostom defect of Ppa-dpy-6 is visible in stan-
dard light microscopy, whereas the Cel-dpy-6 phenotype was
more subtle and could be accessed properly only through geo-
metric morphometrics. This highlights the power of modern
quantification methods for morphological differences in minia-
ture animals and indicates that these techniques would aid simi-
lar research programs in other organisms, such as rotifers or
tardigrades. Together, the identification of the first structural
component of the nematode stoma will initiate 3 new research
directions.

First, our genetic analysis of dpy-6 is consistent with its gene
product serving as an initiation point for the identification of ad-
ditional proteins of the Pristionchus stoma. This will hopefully
help to address some of the ultimate questions associated with
mouth-form plasticity in P. pacificus. Are there qualitative differ-
ences—that is novel structural components—in the teeth of
P. pacificus or other members of the Diplogastridae that are un-
known from other free-living nematodes? Also, are the differen-
ces between the Eu and the St mouth form of quantitative or
qualitative nature? We speculate that qualitative differences be-
tween the stoma of P. pacificus and other nematodes such as
C. elegans do exist and future studies will hopefully identify their
molecular nature.

Second, the molecular nature of DPY-6 will result in nanotech-
nological approaches. DPY-6 shows high sequence similarity to
human mucins, a group of glycoproteins that shape the barrier
function of the mucus (Phani et al. 2018; Werlang et al. 2019). As
typical for mucins, DPY-6 is a high-molecular weight protein with
a large number of tandemly repeated serine and threonine resi-
dues in its backbone that serve as O-glycosylation sites. When
hydrated, mucins form hydrogels with crosslinking domains in-
cluding disulfide bonds supplied by cysteine residues (Wagner
et al. 2018). Additionally, the glycosylation will further increase
the complexity of protein aggregates. Importantly, multiple
structural variations exist in human gel-forming mucins that are
not fully understood. Therefore, future work on Ppa-dpy-6 using
the simplicity of the nematode body plan and phenotypic readout
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might help to characterize the different domains of mucin pro-
teins. In addition, in vitro studies of Ppa-DPY-6 can reveal its
nanotechnological properties similar to investigations of the
spidefs web as another example of a biological hydrogel (Witten
and Ribbeck 2017).

Finally, the identification of Ppa-dpy-6 as a structural compo-
nent of the stoma extends the knowledge of the gene regulatory
network (GRN) involved in P. pacificus teeth formation and the
evolutionary age structure of these genes. Many genes involved
in environmental sensing and subsequent developmental switch-
ing have resulted from lineage-specific gene duplications, that is,
the eud-1/sulfatase of P. pacificus is one of 2 duplicates of the sin-
gle sul-2 gene in C. elegans (Bui and Ragsdale 2019; Casasa et al.
2021). Interestingly and in contrast to these findings, the 2 known
transcription factors Ppa-NHR-1 and Ppa-NHR-40 acting down-
stream in the GRN are highly conserved in nematode evolution.
NHR-1 and NHR-40 of P. pacificus have 1:1 orthologs in C. elegans,
while their known regulatory targets are again rapidly evolving
(Sieriebriennikov et al. 2020). Ultimately, the identification of the
structural components of teeth formation will represent a major
milestone for a full understanding of the GRN of mouth-form
plasticity. In conclusion, the identification of the first structural
component of the nematode stoma will lead to novel activities in
various research areas and provides an important framework for
future investigations.

Data availability

Raw and processed data sets from this study have been submit-
ted to the European Nucleotide Archive (ENA; https://www.ebi.
ac.uk/ena) under the accession number PRJEB45271. The land-
mark data used for geometric morphometric analyses are pro-
vided in Supplementary Data 1 and 2.

Supplemental material is available at GENETICS online.
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Detailed methods for morphological analyses:

In order to quantify phenotypic differences in the mouths of wild-type and mutant
worms, we used our recently published protocol for shape analysis in microscopic animals
(Theska et al. 2020). We generally follow the exact descriptions provided in this protocol, with
only a few minor modifications. In the following paragraphs we provide a detailed account on
how we handled our data, which settings we used to analyze morphological differences in

this data, and which aspects we added to the previously published pipeline.

Replicability of our landmark data

First, we assessed the replicability of the landmark configurations we defined for both
species (see Table S4) by randomly sampling 10 adult hermaphrodites of both P. pacificus [Eu]
and C. elegans, encrypting their names in the image stacks, and obtaining landmark data from
each of these specimens in three technical replicates. Our landmark annotator took 15 min
breaks in between labeling individual worms and each worm was labeled only once per day.
The three technical replicates of each landmark configuration were acquired on three
subsequent days (i.e., after 24h breaks). We then calculated the measurement error (%ME)?
for each of the two species of interest, following the procedure described by Claude (Claude
2008). Additionally, we perform a GPA on these 'replicate' data sets and visualize the amount
of shape variation among replicates in a PCA plot (Figure S5). We found that our landmark
configurations are highly similar (i.e., the replicates of each specimen are very close to each
other in the shape space, while the main shape variation results from natural shape
differences among worms) and we were able to confirm a small %ME for both P. pacificus
(16.3%), and C. elegans (14.4%). This is further supported by multivariate statistical analysis:
for both species the PERMANOVA-RRPP (see below) approach revealed that the effect that
the factor 'specimen' has on the phenotypic response variable 'mouth shape' is much stronger
than the effect that the factor 'replicate' has (P. pacificus: shape ~ specimen: Z=9.2 and P =
0.000999, shape ~ replicate: Z=-2.4 and P = 0.993; C. elegans: shape ~ specimen: Z = 8.8 and
P = 0.000999, shape ~ replicate: Z = -3.0 and P = 1.0; see Tables S8-11). Thus, we conclude

that our landmark data is highly replicable.



Additional information on the geometric morphometric analysis of shapes

Initially, we generated landmark data for 200 animals (40 specimens per strain) and
created two separate data sets: (l) a P. pacificus data set comprising the wild-type strain
(PS312), a frameshift mutant of Ppa-dpy-6 (tu1645), and the 'rescue' strain RS4003 (tu1696);
and (ll) a C. elegans data set comprising the wild-type N2 and the Cel-dpy-6 mutant CB14.
Analyses were performed in R (ver. 4.1.1) (R Core Team 2021) on a MacBook Pro (13-inch,
2020, macOS Catalina ver. 10.15.6) equipped with a 2 GHz Quad-Core Intel Core i5 processor,
16GB RAM (3733 MHz LPDDR4X), and an Intel Iris Plus graphics card (1536 MB). General
Procrustes analysis (GPA) was performed with the gpagen function of the GEOMORPH package
(ver.4.0.1.) (Adams and Otarola-Castill 2013; Adams et al. 2021). Procrustes coordinates were
projected into a linear tangent space to obtain Euclidean distances for statistical analysis. We
performed GPA on each of the two landmark data sets and checked for outlier specimens
using the plotOutliers function of GEOMORPH. In the C. elegans data set, we identified and
subsequently removed five outliers among the wild-type animals, and in the P. pacificus data
set we identified and removed two outliers among the Ppa-dpy-6 mutants. We re-ran the GPA
on these 'outlier-corrected' landmark data sets (C. elegans: n=75; P. pacificus: n=118,
Supplementary Data 2,3) and used the resulting shape data for all downstream analyses.
Differences in mouth shape were visualized by plotting the first two principal components
(PCs) of variation in a shape space. Additionally, wireframe representations of the nematode
mouth were generated for the positive and negative extreme shapes along PC1 to visualize
the differences which separate wild-type and mutant mouths in the shape space (Theska et

al. 2020).

Multivariate statistical analysis of phenotypic data using PERMANOVA with RRPP
Phenotypic differences (i.e., mouth shape, form, and size) were assessed utilizing a
distance-based permutational MANOVA (PERMANOVA) (Anderson et al. 2014; 2021) with a
randomized residual permutation procedure (RRPP) (Collyer et al. 2015; 2018; 2021). This test
assesses the terms of a statistical model using the Euclidean distances among specimens as a
source of information, rather than explained covariance matrices among variables (Anderson
et al. 2014;2021). RRPP is an approach that uses a resampling experiment to randomize the
row vectors of a matrix containing residuals from a reduced model to calculate

pseudorandom values for estimation of effects from a full model (Collyer et al. 2015; 2018;



2021). For simplicity, we only reported relative effect sizes (Z-scores) and P-values in the main
text, but additional statistics are provided in the Supplementary Tables below. The Z-scores
for all PERMANOVA effects were calculated as the number of standard deviations of observed
F-values from empirically generated sample distributions of random values found via RRPP
(i.e., a relative effect size of Z = 2.0 has a signal that is two times larger than the standard
deviation). The obtained P-values represent the probability of finding a random value larger
than the observed value.

Before statistical analysis, we considered any PERMANOVA effect as 'incompatible
with the null hypothesis' if (1) the relative effect size was at least twice as large as the standard
deviation (i.e., Z-score > 2.0) and (ll) the P-value was below a type | error rate of a = 0.05 (i.e.,
5%). We assessed the compatibility of the data with a null hypothesis through RRPP in 10,000
iterations using the procD.Im function of GEOMORPH under an arbitrarily set seed of '12345'.
Generally, an association (i.e., Z2> 2.0 and P < 0.05) between a phenotypic response variable
'Y' (here: mouth shape, mouth (centroid) size, or mouth form) and the independent variable
'X' (here: strain or, for allometry, centroid size — see below) suggests that our data is
incompatible with the null hypothesis of 'no difference in Y between the wild-type and the
mutant strains' and indicates compatibility with the alternative hypothesis that 'there is a
mutant phenotype in Y'. The absence of an association between the response variable of
interest and the independent variable 'strain' (i.e., Z< 2.0 and P 2 0.05) indicates compatibility
of our data with the null hypothesis or a lack of statistical power to detect phenotypic
differences in 'Y' between wild-type and mutant animals. In our figures, incompatibility of our
phenotypic data with a corresponding null hypothesis is indicated with an asterisk '*' and
compatibility with a period '.". Pairwise comparisons of LS means among groups were
performed with the pairwise function of the RRPP package (ver. 1.1.0). The full statistics
(including degrees of freedom, Sum of Squares, Mean Squares, coefficients of determination,
F statistics, relative effect sizes, and P-values) for all PERMANOVA-RRPP assessments of
mouth form, shape, and size are reported in the table supplements 12-17. Full summary
statistics of the corresponding pairwise comparisons are reported in the table supplements

18-23.



Additional information on geometric morphometric analysis of mouth form and size

In addition to the analyses of mouth shape and mouth allometry, we also accessed
differences in mouth form among specimens through a 'size-shape' PCA (sensu Mitteroecker
et al.). We simply appended a size variable (here, the log-transformed centroid size) to our
shape data matrices, in order to obtain form data sets (form is defined as shape plus size, see
Klingenberg 2016). We subsequently performed a PCA on the form data sets to visualize
morphological differences in a 'size-shape space'. Additionally, we assessed differences in
mouth size using the centroid size of the original shape data set as source of information. The
centroid size is the square root of the sum of squared distances of each landmark to the
corresponding centroid in the landmark configuration, and thus provides information on the

overall size of the nematode mouth (Theska et al. 2020).

Additional information on group structure analysis by clustering

We used model-based clustering to reveal the number and structure of separate
groups with similar morphology in our shape and form data sets. This approach is opposite to
the PERMANOVA-RRPP in the sense that it does not define groups (e.g., strains) a prior to
than subsequently test for differences among these predefined groups. The clustering
analysis was performed in R (ver. 4.1.1.) using the mcLUsT (ver. 5.4.7) package (Scrucca et al.
2016; Fraley et al. 2021). All procedures were carried out exactly following the previous
protocol. To avoid overparameterization of our models, we only used 'meaningful' PCs of
each shape data set as input for the clustering approaches. '‘Meaningful' PCs were determined
with the getMeaningfulPCs function of the MORPHO package (ver. 2.9) (Schlager et al. 2017,
2021). This function calculates a threshold value that is based on a log-likelihood ratio and
dependent on the sample size (e.g., an estimated threshold of 2.0 means that a PC can be
considered 'meaningful’ if it describes at least two times as much variation as the next PC)
(Schlager et al. 2021; Bookstein 2014). We calculated the meaningful PCs separately for the

shape PCA and size-shape PCAs we performed on both data sets.

Analyses of static allometric trajectories
Allometry, the relationship of biological shape with size, is a major factor driving
morphological diversification (Klingenberg 2016; Esquerre et al. 2017). Thus, it is not

surprising that allometry is frequently found in shape data sets, often underlying the variation



described by PC1 of the PCA performed on the shape data (Mitteroecker et al. 2004; Adams
and Nistri 2010). Since dumpy-mutants are known to exhibit clear differences in adult size
relative to wildtype worms, we wondered whether potential alterations of mouth
morphology in these mutants can be explained by size as well. Here, we assessed the
relationship of the adult mouth shape and its log-transformed centroid size (i.e., static
allometry in adult worms) for each of the strains under investigation in form of a homogeneity
of slopes (HOS) test based on the same distance-based PERMANOVA approach we used for
shape analysis. We followed the exact descriptions to perform this test which are given in the
"GEOMORPH version 3.1.0 assistance" vignette provided by M. Collyer (version from 01. April
2021, see 'How to perform allometry analyses' paragraph in https://cran.r-
project.org/web/packages/geomorph/vignettes/geomorph.assistance.html). In short, we
created linear model fits (using procD.Im of GEOMORPH) for a simple null model of allometry
(shape ~ size) and two complex allometry model fits: (I) a common allometry model (shape ~
size + strain) and (ll) a group-specific allometry model (shape ~ size * strain). Then, we
compared the simple null model of allometry to the common allometry model using the
anova function of the R STATS package. A large Z-score and a small P-value indicate a
compatibility of our shape data with the common allometry model, suggesting that its
underlying linear model are more appropriate to fit the data. Thus, in such a case, we favored
the common allometry model over the simple null model and we subsequently compared the
common allometry model (as the new null model) to the group-specific allometry model,
using the same ANOVA approach. Again, we interpreted a large Z-score together with a small
P-value to indicate a higher compatibility of our shape data with the group-specific allometry
model (which assumes allometric slopes to be different among the strains), than with the
common allometry model (which suggests that different strains have similar allometric
growth patterns). Thus, low compatibility of our shape data with the group-specific allometry
model (i.e., small Z-scores along with large P-values) indicates that allometric trajectories are
similar across strains or that there is a lack of statistical power to detect group-specific
allometric trends.

Our allometry model comparisons (i.e., the HOS test) revealed that for both data sets
a common allometry model is the most appropriate (table supplements 24,25 and 28,29) to
fit the shape data. Thus, within both species, the slopes of the static allometric trajectories of

each strain are similar. Therefore, we chose the common allometry model for each of our two



shape data sets and assessed the compatibility of our data with the respective allometry
hypothesis through the aforementioned PERMANOVA-RRPP approach with 10,000 iterations
using the procD.Im function of GEOMORPH under an arbitrarily set seed of '12345'. An
association of shape and size (Z> 2.0 and P < 0.05) was interpreted as incompatible with the
null hypothesis of 'isometric growth' and indicative of allometry (i.e., that the mouth shape
changes with size), while the absence of an association (Z< 2.0 and P > 0.05) was regarded to
be indicative of isometry or a lack of statistical power to detect allometry. The full statistical
results of the allometry analysis for both species are provided in table supplements 26 and
30. Given that the HOS test revealed similar allometric slopes, we performed pairwise
comparisons of the allometric data for our nematode strains by focusing on the LS means of
these groups, rather than on slope features (e.g., slopes length, angle, or gradient). The
summary statistics of these pairwise comparisons are reported in the table supplements 27

and 31.
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Supplementary Figures

Supplementary Figure 1. Additional images. a, Body size of wild-type (PS312) and the six mutant strains
(designated as RS3886-RS3891). b, Mouth structure of wild-type eurystomatous (Eu) morph, stenostomatous
(St) morph of the Ppa-eud-1 (tu1069) mutant, Eu morph with reduced cheilostom of the Ppa-dpy-6(tu1645)
mutant (strain R$3887), and the St morph of the Ppa-dpy-6; Ppa-eud-1 double mutant with reduced cheilostom
in two focal planes.



Supplementary Figure 2. Mapping of tu743 and CRISPR/Cas9 mutagenesis on Ppa-dpy-6. a, The left bar plot
shows the distribution of single nucleotide polymorphisms in the tu743 mutant relative to PS312 wild-type with
five classes, including intergenic, synonymous, nonsynonym, intronic near splice site, and nonsense mutations.
The right plot displays the distribution of the three classes, which result in changes in the amino acid sequences
among six chromosomes. b, Schematic gene model of Ppa-dpy-6 and the design of two different sgRNAs and
CRISPR mutants obtained from these sgRNA. ¢, Screenshot of the IGV profiles of the reads of the RS3887 tu743
mutant strain at the Ppa-dpy-6 locus indicating the T > C substitution in intron 10 at the splice site of Ppa-dpy-6.
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Supplementary Figure 3. Body length of Ppa-dpy-6 associated mutants. a, The left line plot presents the
differences in the length of the whole body of wild-type strain (PS312) at seven distinct developmental time
points, containing post-bleaching 24 h (J2), 36 h (J3), 48 h (J4), 72 h (one-day old adult), 96 h (two-day old adult),
120 h (three-day old adult), and 144 h (four-day old adult). Worms were cultured on OP50 at 20 °C, more than
20 replicates for each time point. The right box plot displays the distribution of the body length of old adults (>
five-day old adult), n > 20. b, Bar plot shows the length of worm body between wild-type (PS312), Ppa-eud-1
mutant (tu1069), Ppa-dpy-6 (tu743), and the double mutant (tu743; tu1069). c, Bar plot displays length of worm
body of wild-type (PS312), and the five Ppa-dpy-6 mutant strains. Turkeys multiple comparison were tested by
the Turkeys HSD test, letters upon each volume indicate significant difference between the means, p-adjusted
value < 0.05, n > 20.
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a Model-based clustering (meaningful PCs: PC1-3) b Model-based clustering (meaningful PCs: PC1-3)
'size-shape' space for P, pacificus 'size-shape' space for C. elegans
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Supplementary Figure 4. Model-based clustering performed on mouth form data sets. a, clusters identified in
the P. pacificus form data set. b, clusters identified in the C. elegans form data set. Only 'meaningful' principal
components of form variation were used as input variables.
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a PCA of mouth shape (P, pacificus replicate data set) b PCA of mouth shape (C. elegans replicate data set)

10 [Eu] specimens labeled three times independently 10 specimens labeled three times independently
shape ~ specimen: Z = 9.2, P = 0000999 * shape ~ specimen: Z = 8.8, P = 0000999 *
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Supplementary Figure 5. Replicability of landmark data for the nematode mouths. a, PCA of shape variation in
the P. pacificus replicate data set. b, PCA of shape variation in the C. elegans replicate data set. Different colors
and symbols represent different specimens. Replicates of the same specimens are connected by convex hulls.
%ME, percent measurement error according to Yezerinac et al.? (i.e., the amount of shape variation in the
replicate data set which is due to annotation imprecision). Z-scores (relative effect sizes) and P-values were
obtained with PERMANOVA-RRPP (see details above, Supplementary Tables S8-S11).
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Supplementary Figure 6. Gene expression of Ppa-dpy-6 in nuclear-hormone-receptor (NHR) mutant
backgrounds. a, Vocano plots reveals that Ppa-dpy-6 is not among the differentially expressed genes (DEG) in
nhr-40 and nhr-1 loss-of-function of nhr-40 gain-of-function mutants. Downregulated genes in blue, upregulated
genes in red, and non-differentially expressed genes in grey. Fold change cutoff is 2, adjusted P-value cut-off is
0.05. b, Comparison of gene expression of Ppa-dpy-6 in nhr-40 loss-of-function, nhr-40 gain-of-function mutant,
and wild-type (left), and in nhr-1 loss of function mutant and wild-type (right). All samples used in a and b are at
mouth-form determination period (Sieriebriennikov et al. 2020), lof = loss-of- function, gof = gain-of-function.
Turkeys multiple comparison were tested by the Turkeys HSD test, and the letters upon each volume means
significant difference between the means, p-adjusted value < 0.05.
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Supplementary Tables

Supplementary Table 1. Detailed information on Ppa-dpy-6 associated mutants

Strain . Backgrou Gene locus .

ID (RS) Strain ID (tu) Mutagen d strain (EI_Paco_V3 Modifications Source

RS3886 | tu742 EMS This paper

RS3887 | tu743 EMS This paper

RS3888 | tu744 EMS This paper

RS3889 | tu745 EMS This paper

RS3890 | tu746 EMS This paper

RS3891 | tu747 EMS This paper

RS3899 | tu1643 CRISPR | Ps312 | ppa3gagg | Sbpdeletioninthethirdexonof | i oo
the Ppa-dpy-6

RS3900 | tu1644 CRISPR | PS312 | ppa3gagg | 28bpinsertioninthethirdexon | . oo
of the Ppa-dpy-6

RS3905 | tu1645 CRISPR | Ps312 | ppa3sagg | 2Pbpdeletioninthe thirdexonof | . oo
the Ppa-dpy-6
create the C>T substitution of the .

R 1 164 RISPR PS312 PPA384 Th

S3910 | tul646 CRIS S3 38488 Ppa-dpy-6 in PS312 is paper

RS3901 | tul647;tu743 CRISPR tu743 PPA38488 rescue Ppa-dpy-6 in tu743 strain This paper

RS3914 | tu1658 CRISPR | Ps312 | ppa3gagg | Lbpinsertioninthe lithexonof | ;o oo
the Ppa-dpy-6

RS3915 | tu1659 CRISPR | Ps312 | ppa3gagg | 3/ bpinsertioninthe lithexonof | i oo
the Ppa-dpy-6

RS3916 | tu1660 CRISPR | Ps312 | ppa3gagg | 4 bpdeletioninthe 1lthexonof | i oo
the Ppa-dpy-6

RS3111 | tu1069 CRISPR PS312 PPA43535 10 bp deletion in the third exon of | Sieriebrienniko
the Ppa-eud-1 v et al. 2018

RS3924 RS3887;tul06 | EMS, PPA38488; | Introduce the CRISPR mutation of This paper

9 CRISPR PPA43535 | Ppa-eud-1 into the RS3887 Pap
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Supplementary Table 2.

Mouth-form ratio of the EMS strains tu742-tu747

ISI;rain :;dividual 2: of No. of St | % Eu Strain ID :rl;dividual IE\I: of ;\lto. of % Eu
bs312 F1’5312_ind0 o o (1)00. wuras §u745_ind0 0 0 00
PS312 ;SSlz—i”do 19 1 95.0 tu745 ;”7 45.ind0 | 21 0.0
bs31s zs312_ind0 o o (1)00. rras gu745_ind0 0 1 00
bs31s ZS312_ind0 o o (1)00. wu7as 2u745_ind0 0 0 00
bs312 ES312_ind0 0 o c1)00. wuras ;u745_ind0 0 0 00
bs312 ZSSlZ_indO o 0 (1)00. ruras éu745_ind0 o -0 00
PS312 55312—"“10 19 1 95.0 tu745 ;”7 45.ind0 | 20 0.0
bs31s Zssn_mdo o o C1)00. (u7as ;u745_ind0 0 0 00
bs31s gss1z_indo o o c1)00. wu7as ;u745_ind0 0 o 00
bs312 gSSlZ_indl 0 o (1)00. wu7as (t)u745_ind1 0 0 00
tu742 3“7 42.ind0 | 20 0.0 tu746 ;”7 46.ind0 | , 27 12.9
tu742 ;”7 42.ind0 | 25 3.8 tu746 ;”7 46.ind0 | ¢ 17 26.1
tu742 '_;;”7 42_ind0 | 22 8.3 tu746 ;”7 46_ind0 | 21 19.2
tu742 2“7 42_ind0 | 19 5.0 tu746 2”7 46_ind0 | 19 20.8
tu742 ;”7 42.ind0 | 20 0.0 tu746 ;”7 46_ind0 | ¢ 15 28.6
tu742 2”7 42.ind0 | 19 5.0 tu746 2”7 46ind0 | 18 10.0
tu742 ;“7 42.ind0 | 20 0.0 tu746 ;”7 46.ind0 | 1, 7 66.7
tu742 2”7 42_ind0 | 4 20 4.8 tu746 ;”7 46_ind0 | 16 20.0
tu742 ;”7 42_ind0 | 4 21 45 tu746 ;“7 46.Ind0 | ¢ 10 44.4
tu742 8“7 42 ind1 | 20 0.0 tu746 8”7 46indl | 18 10.0
tu743 t1“7 43.ind0 | g 2 90.0 tu747 t1“7 47.ind0 | ¢ 6 72.7
tu743 ;”7 43.ind0 | g 1 95.0 tu747 ;”7 47_ind0 1 5, 6 78.6
tu743 ;“7 43.ind0 | g 1 95.0 tu747 ;”7 47.ind0 | 43 21 38.2
tu743 2”743—i"d0 17 3 85.0 tu747 2”747—i"d0 7 13 35.0
tu743 ;“7 43.ind0 | 55 1 95.8 tu747 ;“7 47.ind0 1 4 7 65.0
tu743 2“7 43.ind0 | g 1 95.0 tu747 2”7 47.ind0 | g 4 81.8
tu743 ;“7 43.ind0 1 5, 2 90.9 tu747 ;”7 47.ind0 | g 2 90.0
tu743 ;“743—i”d0 21 1 95.5 tu747 2”747—i"d0 11 7 61.1
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tu743_ind0

tu747_ind0

w43 | 18 2 90.0 w7 | g 11 12 47.8
tu743 3”743—i"d1 19 1 95.0 tu747 3“747—i"d1 18 2 90.0
tu744 ;“7 44_ind0 | g 9 50.0

tu744 ;”7 44.ind0 | 12 29.4

tu744 ;”7 44_ind0 | g 19 29.6

tu744 2“7 44_ind0 | 25 38

tu744 ;“7 44.ind0 |, 11 476

tu744 2“7 44_ind0 | ¢ 15 28.6

tu744 ;”7 44_ind0 | 23 8.0

tu744 ;“7 44_ind0 | 4 20 13.0

tu744 g”7 44.ind0 |, 14 417

tu744 3”7 44_indl |, 16 20.0
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Supplementary Table 3. List of non-synonymous substitutions, nonsense substitutions and the substitutions in
intronic near splice site in tu743 mutant

Chrom Position Ref Mut | Gene ID (El Paco V3) Classification Putative C. elegans
osome ortholog

Chrl 1626620 G A ppa_stranded_DN18867_c0_g1_il intronic_near_splice_sit | spd-1

Chrl 3084346 C T PPA38488 intronic_near_splice_sit | dpy-6

Chrl 3824021 C T PPA24475 intronic_near_splice_sit

Chrlll 129246 G A PPA17835 intronic_near_splice_sit | let-805

Chrv 5869190 C T PPA03558 intronic_near_splice_sit | F56F10.1

ChrVv 7549180 G A ppa_stranded_DN18023_c0_g1_il intronic_near_splice_sit | ser-5

Chrv 2243076 C T PPA23050 intronic_near_splice_sit | rad-8

Chrl 3852296 T A PPA29201 nonsense dhc-3

Chrlll 1287249 A T PPA02442 nonsense glr-2

Chrv 1843872 C T PPA10610 nonsense

Chrl 4742880 C A PPA42121 nonsynonym asd-2

Chrl 6745893 C T PPA02066 nonsynonym

Chrl 7070181 G A PPA28207 nonsynonym

Chrl 8637570 | A G PPA45065 nonsynonym

Chrl 9040509 T C ppa_stranded_DN30480_c0_g1_i3 nonsynonym sipa-1

Chrl 9226073 G A PPA01881 nonsynonym C29G2.6

Chrl 1024332 G A PPA25009 nonsynonym CELE_F41G3.10
Chrl 1070290 G A PPA10389 nonsynonym CELE_F40F9.10
Chrl 1138090 G A PPA37714 nonsynonym CELE_T10G3.3
Chrl 1227163 A T ppa_stranded_DN12886_c0_g1_il nonsynonym CELE_Y73F8A.35
Chrl 1835444 C T PPA18108 nonsynonym

Chrl 1999454 G A Contig0-snapTAU.622 nonsynonym CELE_TO07D3.4
Chrl 2154374 G A PPA31671 nonsynonym Ibp-1

Chrl 2296623 G A PPA07314 nonsynonym

Chrl 2464863 A T ppa_stranded_DN29041_c0_g1_il nonsynonym CELE_Y4C6B.4
Chrl 2577954 G T PPA07095 nonsynonym pgrn-1

Chrl 2617752 G A ppa_stranded_DN27869_c0_g1_il nonsynonym CELE_Y53F4B.9
Chrl 2866459 G C ppa_stranded_DN25223_c0_g2_il nonsynonym ivns-1

Chrl 2869864 G A ppa_stranded_DN27915_c1_g2_i2 nonsynonym FA6H5.3

Chrl 3092251 T A PPA21692 nonsynonym air-2

Chrl 3115168 C T PPA38482 nonsynonym npp-11

Chrl 3121515 C T PPA38476 nonsynonym CELE_F53B6.4
Chrl 3183154 C T ppa_stranded_DN24132_c1_g1_il nonsynonym nas-10

Chrl 3188118 C T ppa_stranded_DN11105_c0_g1_il nonsynonym C15C6.2

Chrl 3188119 | T A ppa_stranded_DN11105_c0_g1_il nonsynonym C15C6.2

Chrl 3192976 C T ppa_stranded_DN27249_c0_g1_il nonsynonym tsp-11

Chrl 3228929 C T PPA23730 nonsynonym pgp-10

Chrl 3331629 | T A ppa_stranded_DN21200_c0_g1_il nonsynonym CELE_W02D9.2
Chrl 3360265 G A PPA00025 nonsynonym CELE_Y57G11C.9
Chrl 3636447 C T PPA00476 nonsynonym nhr-28

Chrl 3685136 C A PPA38259 nonsynonym glh-3

Chrl 3696854 | T A PPA33913 nonsynonym

Chrl 3763901 C A PPA38349 nonsynonym zipt-15

Chrl 3831847 G A ppa_stranded_DN12571_c0_g1_il nonsynonym

Chrl 3836733 C T PPA24496 nonsynonym

Chrl 3851548 C T PPA29201 nonsynonym dhc-3

Chrl 3852305 C T PPA29201 nonsynonym dhc-3

Chrl 3928562 C T ppa_stranded_DN29329_c0_g1_i3 nonsynonym CELE_F22G12.5
Chrll 1239789 T C ppa_stranded_DN30137_c0_g2_i3 nonsynonym CELE_K07C5.3
Chrll 1798426 C T PPA14720 nonsynonym

Chrll 2116389 T A PPA36530 nonsynonym elo-1

Chrlll 316553 G C ppa_stranded_DN28612_c0_g1_il nonsynonym CELE_Y75B8A.7
Chrlll 1510368 C T PPA04029 nonsynonym srsx-35

Chrlll 4294991 C A PPA02947 nonsynonym

Chrlll 5073718 C T PPA05259 nonsynonym mrps-10

Chrlll 7864948 C T PPA15345 nonsynonym

Chrlll 1016633 C A ppa_stranded_DN27642_c0_g2_il nonsynonym let-716

Chrlll 1016633 C A ppa_stranded_DN27642_c0_g2_i2 nonsynonym let-716

Chrlll 1032331 A C PPA03169 nonsynonym cdh-4

18



Chrlll 1055834 C T PPA40084 nonsynonym CELE_T28D6.5
Chrlll 1166376 C T PPA25490 nonsynonym C13B9.2

Chrlll 1236173 C T ppa_stranded_DN28219_c0_g1_il nonsynonym doxa-1

Chrlll 1292407 C T ppa_stranded_DN16501_c0_g1_i4 nonsynonym sftb-1

Chrlll 1315230 G A PPA36678 nonsynonym

Chrlll 2026517 G A ppa_stranded_DN29773_c2_g1_i3 nonsynonym RO5D3.12
Chrlll 2030171 T C ppa_stranded_DN25495_c1_g2_il nonsynonym ztf-18

Chrlv 1825046 C G PPA14698 nonsynonym plc-4

Chrlv 1851637 G T ppa_stranded_DN30915_c1_gl_i6 nonsynonym wdfy-3

Chrlv 2366706 A G PPA42887 nonsynonym

Chrlv 2632444 C A PPA42712 nonsynonym

Chriv 2720828 T A PPA13673 nonsynonym znf-207

ChrlV 3056791 C T Iso_D.12473.1 nonsynonym

ChrV 1859556 C G PPA33781 nonsynonym pept-1

ChrV 3697367 T C PPA30982 nonsynonym

ChrV 5149268 A C PPA33807 nonsynonym

ChrV 6089722 G A PPA01242 nonsynonym ced-7

ChrV 6356139 T C PPA27650 nonsynonym CELE_Y92H12BR.7
ChrVv 6437626 G A PPA43437 nonsynonym

ChrV 7865942 C G PPA03142 nonsynonym CELE_WO02A2.5
ChrVv 8238020 C G ppa_stranded_DN18776_c0_g1_il nonsynonym

ChrVv 9333361 C T PPA26749 nonsynonym ubc-25

ChrVv 9693645 T G PPA31261 nonsynonym

ChrVv 1078286 G A ppa_stranded_DN31053_c0_g1_i2 nonsynonym ccep-290
ChrVv 1227677 A T ppa_stranded_DN18733_c0_g1_il nonsynonym lin-41

Chrv 1228818 G A PPA09266 nonsynonym ppfr-1

ChrVv 1252591 G A PPA39971 nonsynonym slc-25a42
Chrv 1276287 G A PPA39682 nonsynonym abtm-1

Chrv 1324471 C T PPA08122 nonsynonym ant-1.1

Chrv 1410204 C T PPA35687 nonsynonym

Chrv 1559072 G C PPA12037 nonsynonym kin-32

Chrv 1560884 G T PPA12041 nonsynonym cutl-11

Chrv 1582504 C T PPA11165 nonsynonym bath-36

Chrv 1631799 C T ppa_stranded_DN31518 c0_g1_i2 nonsynonym atm-1

Chrv 1649669 C T PPA11055 nonsynonym noah-1

ChrV 1727803 C T PPA35811 nonsynonym

ChrV 1831972 C T PPA35854 nonsynonym

ChrV 1886102 | T A ppa_stranded_DN24465_c0_g3_i2 nonsynonym lim-7

ChrV 1982665 C T ppa_stranded_DN31403_c0_g1_i5 nonsynonym

ChrV 1994990 G T PPA35952 nonsynonym

ChrVv 2054492 T A ppa_stranded_DN29783_c1_g1_i3 nonsynonym let-607

ChrVv 2054492 T A ppa_stranded_DN29783_c1_gl_i4 nonsynonym let-607

ChrVv 2209488 T A ppa_stranded_DN24948_c0_g1_il nonsynonym rad-54.

ChrVv 2327107 C A PPA34021 nonsynonym

ChrX 18682 A G PPA09538 nonsynonym CELE_KO06A9.1
ChrX 20645 A G PPA09538 nonsynonym CELE_KO06A9.1
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Supplementary Table 4. Description on the 15 fixed (i.e., non-sliding) landmarks used to quantify morphological
differences in Pristionchus pacificus and Caenorhabditis elegans strains.

landmark Pristionchus pacificus Caenorhabditis elegans

1 anterior tip of the dorsal cheilostom anterior tip of the dorsal cheilostom

2 posterior tip of the dorsal cheilostom posterior tip of the dorsal cheilostom

3 anterior tip of the dorsal gymnostom anterior tip of the dorsal gymnostom

4 posterior tip of the dorsal gymnostom posterior tip of the dorsal gymnostom

5 posterior tip of the dorsal | posterior tip of the dorsal promesostegostom
promesostegostom

6 posterior base point of the dorsal tooth posterior base point of the dorsal flap

(metastegostom) (metastegostom)

7 anterior tip of the dorsal tooth anterior tip of the dorsal flap

(metastegostom) (metastegostom)

8 lateral base point of the right lateral base point of the right

ventrosublateral tooth (metastegostom) ventrosublateral flap (metastegostom)

9 | anterior tip of the right ventrosublateral anterior tip of the right ventrosublateral flap

tooth (metastegostom) (metastegostom)

10 ventral base point of the right ventral base point of the right

ventrosublateral tooth (metastegostom) ventrosublateral flap (metastegostom)

11 posterior tip of the ventral posterior tip of the ventral

promesostegostom promesostegostom

12 posterior tip of the ventral gymnostom posterior tip of the ventral gymnostom

13 anterior tip of the ventral gymnostom anterior tip of the ventral gymnostom

14 posterior tip of the ventral cheilostom posterior tip of the ventral cheilostom

15 anterior tip of the ventral cheilostom anterior tip of the ventral cheilostom
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Supplementary Table 5. CRISPR/Cas9 sgRNA target sequences and primer information used to generate all Ppa-
dpy-6 (PPA38488) mutants including specific targeted modifications

Strain | Modification Type of primer Sequences
CRISPR sgRNA ATCGTTGTCGTCCCTTCAGA
Ppa-dpy-6
knock out Forward Primer CATTCCAGATTTCACCATCGTCAAGAGGATAAAG
PS312 .
from the third | Reverse Primer GGCATCTCTCTGTGCCTTCAACTCATCCAAT
exon
Sequencing Primer | CATTCCAGATTTCACCATCGTCAAGAGGATAAAG
CRISPR sgRNA GGGTCATGGGAATGTCCGAA
Ppa-dpy-6
bsa1y | knockout Forward Primer TCAGACTGAGTGGCCATCGGCA
from the 10th | Reverse Primer GATGAATAAGTCACTGACGGGTCC
exon
Sequencing Primer | TCAGACTGAGTGGCCATCGGCA
CRISPR sgRNA GGGTCATGGGAATGTCCGAA
Create the Forward Primer TCAGACTGAGTGGCCATCGGCA
substitution of | Reverse Primer GATGAATAAGTCACTGACGGGTCC
PS312 C>Tinthe X X
S3 intronic splice | Seduencing Primer | TCAGACTGAGTGGCCATCGGCA
;'te_‘;f ’; ‘; ‘; CTTTCTTCATCCTCTTCAGCTTGCTTGTCCATGTCGAATTGAGGAGGAAGGGT
Py-o8 Repair Templates | CATGGGAATGTCCGAAGGGCATGAATGATCTTTGATCTTTCTGAAAGGTCTCT
CTTCCCTTACCCCCAC
CRISPR sgRNA GGGTCATGGGAATGTCCGAA
Repaire the Forward Primer TCAGACTGAGTGGCCATCGGCA
substitution of | Reverse Primer GATGAATAAGTCACTGACGGGTCC
743 T>Cinthe ) )
tu intronic splice Sequencing Primer | TCAGACTGAGTGGCCATCGGCA
Z'te_‘;f Pepnaé CTTTCTTCATCCTCTTCAGCTTGCTTGTCCATGTCGAATTGAGGAGGAAGGGT
Pyoe Repair Templates | CATGGGAATGTCCGAAGGGCCTGAATGATCTTTGATCTTTCTGAAAGGTCTCT
CTTCCCTTACCCCCAC

Supplementary Table 6. Description of transgenic constructs

Strain Strain Backgroud .
D (RS) ID (tu) Gene ID strain Promoter CDS 3'UTR
GFP sequence

Ppa-dpy-6, 2,189 bp upstream sequences of

RS3892 | tEX340 | ppasgass ps312 the first ATG of PPA38488 (H;gzeg)a" rpl-23
Ppa-dpy-6, 2,189 bp upstream sequences of GFP sequence

RS3893 | WEX34L | poaszgass ps312 the first ATG of PPA38488 (H;gzeg)a" rpl-23
Cel-dpy-6, 2,275 bp upstream sequences of

RS3894 | tuEx342 F16F9.2 N2 the first ATG of F16F9.2 GFP sequence rpl-23
Cel-dpy-6, 2,275 bp upstream sequences of 3

RS3895 | tuEx343 F16F9.2 N2 the first ATG of F16F9.2 GFP sequence rpl-23
Cel-dpy-6, 2,275 bp upstream sequences of

RS3896 | tuEx344 F16F0.2 N2 the first ATG of F16F9.2 GFP sequence rpl-23
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Supplementary Table 7. FPKM values used in the analysis of differential expression gene

Comparison the gene expression of Ppa-dpy-6 in between Ppa-eud-1 mutant and WT

Strain name Strain description Replicate_ID Developmental stage FPKM
tu1069 Ppa-eud-1 loss of function strain Replicate_1 20 hours after hatching 39.7
tu1069 Ppa-eud-1 loss of function strain Replicate_2 21 hours after hatching 54.3
tu1069 Ppa-eud-1 loss of function strain Replicate_3 22 hours after hatching 82.9
PS312 Wild-type strain Replicate_1 23 hours after hatching 0.0
PS312 Wild-type strain Replicate_2 24 hours after hatching 0.0
PS312 Wild-type strain Replicate_3 25 hours after hatching 0.2

Comparison the gene expression of Ppa-dpy-6 in between Ppa-nhr-40 mutants and WT
Strain name Strain description Replicate_ID Developmental stage FPKM
tus05 Ppa-nhr-40 gain of function strain Replicate_1 Mouth form determination 70.2
tu505 Ppa-nhr-40 gain of function strain Replicate_2 Mouth form determination 50.3
iub6 Ppa-nhr-40 gain of function strain Replicate_3 Mouth form determination 47.3
iub6 Ppa-nhr-40 gain of function strain Replicate_4 Mouth form determination 62.5
tul418 Ppa-nhr-40 loss of function strain Replicate_1 Mouth form determination 49.2
tul418 Ppa-nhr-40 loss of function strain Replicate_2 Mouth form determination 47.2
tul423 Ppa-nhr-40 loss of function strain Replicate_3 Mouth form determination 53.5
tul423 Ppa-nhr-40 loss of function strain Replicate_4 Mouth form determination 60.7
PS312 Wild-type strain Replicate_1 Mouth form determination 54.3
PS312 Wild-type strain Replicate_2 Mouth form determination 49.1
PS312 Wild-type strain Replicate_3 Mouth form determination 46.2
PS312 Wild-type strain Replicate_4 Mouth form determination 56.5
Comparison the gene expression of Ppa-dpy-6 in between Ppa-nhr-1 mutant and WT

Strain name Strain description Replicate_ID Developmental stage FPKM
tul163 Ppa-nhr-1 loss of function strain Replicate_1 Mouth form determination 42.7
tul163 Ppa-nhr-1 loss of function strain Replicate_2 Mouth form determination 39.2
tul164 Ppa-nhr-1 loss of function strain Replicate_3 Mouth form determination 49.1
tul164 Ppa-nhr-1 loss of function strain Replicate_4 Mouth form determination 48.3

PS312 Wild-type strain Replicate_1 Mouth form determination 53.8
PS312 Wild-type strain Replicate_2 Mouth form determination 49.2
PS312 Wild-type strain Replicate_3 Mouth form determination 42.8

Mouth form determination: Combined stage of 24 h and 48 h post-bleaching
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Supplementary Table 8. PERMANOVA-RRPP summary statistics for replicate factor of P. pacificus mouth shape
replicability (n=10, replicates=3). Linear model used: shape ~ replicate. Iterations used: 1,001. Seed used: 12345.
Effect type: F. Z, relative effect sizes; P, probability of finding a random value larger than the observed F value
(P-value).

source df SS MS R? F Z P (>F)
replicate 2 0.002887 0.0014435 0.02475 0.3427  -2.4493 0.993
residuals 27 0.113739 0.0042126 0.97525

total 29 0.116626

Supplementary Table 9. PERMANOVA-RRPP summary statistics for specimen factor of P. pacificus mouth shape
replicability (n=10, replicates=3). Linear model used: shape ~ specimen. lterations used: 1,001. Seed used:
12345. Effect type: F. Z, relative effect sizes; P, probability of finding a random value larger than the observed F
value (P-value).

source df SS MsS R? F y4 P (>F)
specimen 9 0.102674 0.0114083 0.88037 16.354 9.2699 0.000999
residuals 20 0.013952 0.0006976 0.11963

total 29 0.116626

Supplementary Table 10. PERMANOVA-RRPP summary statistics for replicate factor of C. elegans mouth shape
replicability (n=10, replicates=3). Linear model used: shape ~ replicate. Iterations used: 1,001. Seed used: 12345.
Effect type: F. Z, relative effect sizes; P, probability of finding a random value larger than the observed F value
(P-value).

source df SS VY R? F z P (>F)
replicate 2 0.000646 0.00032314 0.01452 0.1989 -3.0027 1.0
residuals 27 0.043859 0.00162443 0.98548

total 29 0.044506

Supplementary Table 11. PERMANOVA-RRPP summary statistics for specimen factor of C. elegans mouth
shape replicability (n=10, replicates=3). Linear model used: shape ~ specimen. Iterations used: 1,001. Seed used:
12345. Effect type: F. Z, relative effect sizes; P, probability of finding a random value larger than the observed F
value (P-value).

source df SS VY R? F z P (>F)
specimen 9 0.039784 0.0044205 0.89392 18.726 8.8816 0.000999
residuals 20 0.004721 0.0002361 0.10608

total 29 0.044506

Supplementary Table 12. PERMANOVA-RRPP summary statistics for P. pacificus mouth shapes (n=118). Linear
model used: shape ~ strain. Iterations used: 10,000. Seed used: 12345. Effect type: F. Z, relative effect sizes; P,
probability of finding a random value larger than the observed F value (P-value).

source df SS MS R? F Z P (>F)
strain 2 1.01955 0.50977 0.65646 109.87 5.9632 0.0001
residuals 115 0.53355 0.00464 0.34354

total 117 1.55310
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Supplementary Table 13. PERMANOVA-RRPP summary statistics for C. elegans mouth shapes (n=75). Linear
model used: shape ~ strain. Iterations used: 10,000. Seed used: 12345. Effect type: F.

source df SS MS R? F Z P (>F)
strain 1 0.059076 0.059076 0.32253 34.754 5.4348 0.0001
residuals 73 0.124089 0.001700 0.67747

total 74 0.183165

Supplementary Table 14. PERMANOVA-RRPP summary statistics for P. pacificus mouth forms (n=118). Linear
model used: form ~ strain. Iterations used: 10,000. Seed used: 12345. Effect type: F.

source df SS MS R? F z P (>F)
strain 2 1.10374 0.55187 0.58068 79.626 6.7103  0.0001
residuals 115 0.79704 0.00693 0.41932

total 117 1.90078

Supplementary Table 15. PERMANOVA-RRPP summary statistics for C. elegans mouth forms (n=75). Linear
model used: form ~ strain. Iterations used: 10,000. Seed used: 12345. Effect type: F.

source df SS Mms R? F V4 P (>F)
strain 1 0.21504 0.215038 0.46015 62.222 4.2637 0.0001
residuals 73 0.25229 0.003456 0.53985

total 74  0.46732

Supplementary Table 16. PERMANOVA-RRPP summary statistics for P. pacificus mouth sizes (n=118). Linear
model used: centroid size ~ strain. Iterations used: 10,000. Seed used: 12345. Effect type: F.

source df SS MmS R? F y4 P (>F)
strain 2 25.122 12.5609 0.23849 18.008 4.5533 0.0001
residuals 115 80.214 0.6975 0.76151

total 117 105.335

Supplementary Table 17. PERMANOVA-RRPP summary statistics for C. elegans mouth sizes (n=75). Linear
model used: centroid size ~ strain. Iterations used: 10,000. Seed used: 12345. Effect type: F.

source df SS MS R? F Z P (>F)
strain 1 82.069 82.069 0.54601 87.798 5.6049 0.0001
residuals 73 68.237 0.935 0.45399

total 74  150.305

Supplementary Table 18. Summary statistics of pairwise comparisons among P. pacificus mouth shapes
(n=118). Pairwise comparisons of LS means were performed with the pairwise function of RRPP. Abbreviations:
d, distance between the means; UCL, upper confidence limit; Z, relative effect size (Z-score); P, probability of
finding a random value larger than the observed distance value (P-value).

pairwise comparisons d UCL (95%) Z P>d
wildtype vs. rescue 0.03609841 0.04582869 1.217962 0.1322
wildtype vs. Ppa-dpy-6 | 0.18483771 0.04642146 3.593817 0.0001
Ppa-dpy-6 vs. rescue 0.20883560 0.04610816 3.642244 0.0001
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Supplementary Table 19. Summary statistics of pairwise comparisons between C. elegans mouth shapes (n=75).
Abbreviations: d, distance between the means; UCL, upper confidence limit; Z, relative effect size (Z-score); P,
probability of finding a random value larger than the observed distance value (P-value).

pairwise comparisons d UCL (95%) Z P>d
wildtype vs. Cel-dpy-6 0.05625639 0.01726215 5.129054 0.0001

Supplementary Table 20. Summary statistics of pairwise comparisons among P. pacificus mouth forms (n=118).
Pairwise comparisons of LS means were performed with the pairwise function of RRPP. Abbreviations: d,
distance between the means; UCL, upper confidence limit; Z, relative effect size (Z-score); P, probability of
finding a random value larger than the observed distance value (P-value).

pairwise comparisons d UCL (95%) Z P>d
wildtype vs. rescue 0.0395137 0.04839635 1.217225 0.1322
wildtype vs. Ppa-dpy-6 0.1908064 0.04897315 4.329126 0.0001
Ppa-dpy-6 vs. rescue 0.2182532 0.04899521 4.466567 0.0001

Supplementary Table 21. Summary statistics of pairwise comparisons between C. elegans mouth forms (n=75).
Pairwise comparisons of LS means were performed with the pairwise function of RRPP. Abbreviations: d,
distance between the means; UCL, upper confidence limit; Z, relative effect size (Z-score); P, probability of
finding a random value larger than the observed distance value (P-value).

pairwise comparisons d UCL (95%) Z P>d
wildtype vs. Cel-dpy-6 0.1073307 0.03117189 3.926253 0.0001

Supplementary Table 22. Summary statistics of pairwise comparisons among P. pacificus mouth sizes (n=118).
Pairwise comparisons of LS means were performed with the pairwise function of RRPP. Abbreviations: d,
distance between the means; UCL, upper confidence limit; Z, relative effect size (Z-score); P, probability of
finding a random value larger than the observed distance value (P-value).

pairwise comparisons d UCL (95%) Z P>d
wildtype vs. rescue 0.2785290 0.4114308 0.9472539 0.1785
wildtype vs. Ppa-dpy-6 0.8172373 0.4218938 2.9842151 0.0002
Ppa-dpy-6 vs. rescue 1.0957663 0.4193543 3.7446847 0.0001

Supplementary Table 23. Summary statistics of pairwise comparisons between C. elegans mouth sizes (n=75).
Pairwise comparisons of LS means were performed with the pairwise function of RRPP. Abbreviations: d,
distance between the means; UCL, upper confidence limit; Z, relative effect size (Z-score); P, probability of
finding a random value larger than the observed distance value (P-value).

pairwise comparisons d UCL (95%) Z P>d
wildtype vs. Cel-dpy-6 2.096794 0.6345145 4.489541 0.0001
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Supplementary Table 24. ANOVA summary statistics for a comparison of a simple allometry model (shape ~
log(size)) and a common allometry model (shape ~ log(size) + strain) for the P. pacificus data set (n=118).
Iterations used: 1,000. Effect type: F. RRPP = T. Size refers to the centroid sizes contained in the shape data.
procD.Im was used to fit the data, anova was used for the model comparison.

model res.df df rSS SS MS R? F Z P
shape ~ 116 1 1.36576 0.00000

log(size)

(Null)

shape ~ 114 2 0.51853 0.84723 0.42362 0.54551 93.134 5.1362 0.001
log(size)

+ strain

total 117 1.55310

Supplementary Table 25. ANOVA summary statistics for a comparison of a common allometry model (shape ~
log(size) + strain) and a group-specific allometry model (shape ~ log(size) * strain) for the P. pacificus data set
(n=118). Iterations used: 1,000. Effect type: F. RRPP =T. Size refers to the centroid sizes contained in the shape
data. procD.Im was used to fit the data, anova was used for the model comparison.

model res. df rSS SS MS R? F Z P
df

shape ~ 114 1 0.51853 0.000000

log(size)

+ strain

(Null)

shape ~ 112 2 0.50132 0.017212 0.0086059 0.011082 1.9227 1.7334 0.044

log(size)

* strain

total 117 1.55310

Supplementary Table 26. PERMANOVA-RRPP summary statistics for P. pacificus mouth allometry (n=118).
Linear model used: shape ~ log(centroid size) + strain. Iterations used: 10,000. Seed used: 12345. Effect type: F.

c.size = centroid size. procD.Im was used to fit the data.

source df SS MS R? F Z P(>F)
log(c.size) 1 0.18476 0.18476 0.11896 40.592 3.310 0.0001
strain 2 0.84944 0.42472 0.54693 93.311 5.317 0.0001
residuals 114 0.51889 0.00455 0.33410

total 117 1.55310

Supplementary Table 27. Summary statistics of pairwise comparisons among P. pacificus mouth allometries
(n=118). Pairwise comparisons of LS means were performed with the pairwise function of RRPP. Abbreviations:
d, distance between the LS means; UCL, upper confidence limit; Z, relative effect size (Z-score); P, probability of
finding a random value larger than the observed distance value (P-value).

pairwise comparisons d UCL (95%) Z P>d
wildtype vs. rescue 0.03860415 0.04338278 1.450365 0.0828
wildtype vs. Ppa-dpy-6 0.19129182 0.04631384 3.556634 0.0001
Ppa-dpy-6 vs. rescue 0.21818263 0.04884414 3.625766  0.0001
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Supplementary Table 28. ANOVA summary statistics for a comparison of a simple allometry model (shape ~
log(size)) and a common allometry model (shape ~ log(size) + strain) for the C. elegans data set (n=75). Iterations
used: 1,000. Effect type: F. RRPP =T. Size refers to the centroid sizes contained in the shape data. procD.Im was
used to fit the data, anova was used for the model comparison.

model res.df df rSS SS MS R? F Z P
shape ~ 73 1 0.143393 0.00000

log(size)

(Null)

shape ~ 72 1 0.095601 0.04779 0.04779 0.26092 35.993 5.9397 0.001
log(size)

+ strain

total 74 0.183165

Supplementary Table 29. ANOVA summary statistics for a comparison of a common allometry model (shape ~
log(size) + strain) and a group-specific allometry model (shape ~ log(size) * strain) for the C. elegans data set
(n=75). Iterations used: 1,000. Effect type: F. RRPP =T. Size refers to the centroid sizes contained in the shape
data. procD.Im was used to fit the data, anova was used for the model comparison.

model res.df df rSS SS MS R? F y4 P
shape ~ 72 1 0.0956 0.00000

log(size)
+ strain
(Null)

shape ~ 71 1 0.0948 0.000765 0.000765 0.00417 0.573 -1.164 0.87
log(size)
* strain
total 74 0.1831

Supplementary Table 30. PERMANOVA-RRPP summary statistics for C. elegans mouth allometry (n=75). Linear
model used: shape ~ log(centroid size) + strain. Iterations used: 10,000. Seed used: 12345. Effect type: F. c.size
= centroid size. procD.Im was used to fit the data.

source df SS MS R? F y4 P (>F)
log(c.size) 1 0.039762 0.039762 0.21709 30.024 5.3888 0.0001
strain 1 0.048048 0.048048 0.26232 36.280 5.1584 0.0001
residuals 72 0.095355 0.001324 0.52059

total 74 0.183165

Supplementary Table 31. Summary statistics of pairwise comparisons among C. elegans mouth allometries
(n=75). Pairwise comparisons of LS means were performed with the pairwise function of RRPP. Abbreviations:
d, distance between the LS means; UCL, upper confidence limit; Z, relative effect size (Z-score); P, probability of
finding a random value larger than the observed distance value (P-value).

pairwise comparisons d UCL (95%) Z P>d
wildtype vs. Cel-dpy-6 0.07529769 0.02232566 4.92008 0.0001

27



PLOS GENETICS

Check for
updates

OPEN ACCESS

Citation: Sieriebriennikov B, Sun S, Lightfoot JW,
Witte H, Moreno E, Rodelsperger C, et al. (2020)
Conserved nuclear hormone receptors controlling
a novel plastic trait target fast-evolving genes
expressed in a single cell. PLoS Genet 16(4):
€1008687. https://doi.org/10.1371/journal.
pgen.1008687

Editor: Artyom Kopp, University of California Davis,
UNITED STATES

Received: December 11,2019
Accepted: February 20, 2020
Published: April 13, 2020

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
all of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
https://doi.org/10.1371/journal.pgen.1008687

Copyright: © 2020 Sieriebriennikov et al. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: Raw reads from the
RNA-seq experiment have been deposited at the
European Nucleotide Archive, study accession

RESEARCH ARTICLE

Conserved nuclear hormone receptors
controlling a novel plastic trait target fast-
evolving genes expressed in a single cell

Bogdan Sieriebriennikov®~, Shuai Sun, James W. Lightfoot, Hanh Witte,
Eduardo Moreno, Christian Rédelsperger, Ralf J. Sommer® *

Department for Integrative Evolutionary Biology, Max Planck Institute for Developmental Biology, Tubingen,
Germany

a Current address: Department of Biology, New York University, New York, NY, United States of America
* ralf. sommer@tuebingen.mpg.de

Abstract

Environment shapes development through a phenomenon called developmental plasticity.
Deciphering its genetic basis has potential to shed light on the origin of novel traits and adap-
tation to environmental change. However, molecular studies are scarce, and little is known
about molecular mechanisms associated with plasticity. We investigated the gene regula-
tory network controlling predatory vs. non-predatory dimorphism in the nematode Pris-
tionchus pacificus and found that it consists of genes of extremely different age classes. We
isolated mutants in the conserved nuclear hormone receptor nhr-1 with previously unseen
phenotypic effects. They disrupt mouth-form determination and result in animals combining
features of both wild-type morphs. In contrast, mutants in another conserved nuclear hor-
mone receptor nhr-40display altered morph ratios, but no intermediate morphology. Despite
divergent modes of control, NHR-1 and NHR-40 share transcriptional targets, which encode
extracellular proteins that have no orthologs in Caenorhabditis elegans and result from line-
age-specific expansions. An array of transcriptional reporters revealed co-expression of all
tested targets in the same pharyngeal gland cell. Major morphological changes in this gland
cell accompanied the evolution of teeth and predation, linking rapid gene turnover with mor-
phological innovations. Thus, the origin of feeding plasticity involved novelty at the level of
genes, cells and behavior.

Author summary

Rather than following a pre-determined genetic “blueprint”, organisms can adjust their
development when they perceive relevant environmental signals—a phenomenon called
plasticity. This improves performance in changing environment and may also affect how
species evolve. To learn how plasticity works on the mechanistic genetic level, we investi-
gated the roundworm Pristionchus pacificus. It may develop either as a toothed predator
or as a narrow-mouthed microbe-eater depending on food source and population density,
an ability that evolved less than 100 million years ago. Previous studies identified switch
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genes, whose inactivation or overactivation forces either predatory or non-predatory
development. Here, we identified the first core gene, which is required for the specifica-
tion of both morphologies. It encodes a transcription factor, whose inactivation creates
animals that appear intermediate between predators and non-predators. We queried
which genes are simultaneously controlled by this previously unknown regulator and by a
closely related protein that acts as a classical switch. All of the co-regulated genes were
recently born and are acting in a single cell that was strongly modified when predator vs.
non-predator plasticity evolved. We suggest that conserved regulators of different classes
enlisted novel genes in a refurbished cell to regulate a novel plastic trait.

Introduction

Developmental plasticity is the ability to generate different phenotypes in response to environ-
mental input [1]. As a result, even genetically identical individuals may develop distinct pheno-
types, the most extreme example being castes in social insects [2]. Developmental plasticity is
attracting considerable attention in the context of adaptation to climate change [3-6] and as a
facilitator of evolutionary novelty [7-11]. However, the role of plasticity in evolution has been
contentious [6,12] because the genetic and epigenetic underpinnings of plastic traits have long
remained elusive. Nonetheless, recent studies have begun to elucidate associated molecular
mechanisms in insects and nematodes [13-16]. Ultimately, the identification of gene regula-
tory networks (GRN) controlling plasticity will provide an understanding of development in
novel environments and enable the testing of theories about the long-term evolutionary signif-
icance of plasticity.

The free-living nematode Pristionchus pacificus has recently been established as a model to
study plasticity [13]. These worms can develop two alternative mouth forms, called eurystoma-
tous (Eu) and stenostomatous (St) mouth forms, respectively. Eu morphs have a wide buccal
cavity and two large opposed teeth enabling predation on other nematodes, while St morphs
have a narrow buccal cavity and one tooth limiting their diet to microbial sources [17,18] (Fig
1A-1C, S1A Fig). The wild-type P. pacificus strain PS312 preferentially forms Eu morphs in
standard culture conditions on agar plates, but becomes predominantly St in liquid culture
[19]. Additionally, nematode-derived modular metabolites excreted by adult animals induce
the predatory Eu morph [20,21]. A forward genetic screen identified the sulfatase gene eud-1
as a developmental switch confirming long-standing predictions that plastic traits are regu-
lated by binary switches [18]. Subsequent studies implicated several other enzyme-encoding
genes, such as nag-1, nag-2, and sult-1/seud-1 in regulating mouth-form plasticity [22-25].
Additionally, the chromatin modifier genes Isy-12 and mbd-2 influence eud-1 expression [26].
In contrast, only one transcription factor, the nuclear hormone receptor (NHR) NHR-40, was
so far found to regulate mouth-form fate [27], and no downstream targets have been identified
(Fig 1D).

Here, we leveraged the power of suppressor screen genetics to identify the conserved
nuclear hormone receptor NHR-1 as a second transcription factor controlling mouth-form
development. It differs from nhr-40 and all the other genes identified to date in that nhr-1
mutants develop a morphology that combines features of the two morphs, consistent with dis-
rupted mouth-form determination. Furthermore, transcriptomic profiling revealed that NHR-
40 and NHR-1 share transcriptional targets, which exhibit functional redundancy and are
expressed in a single pharyngeal gland cell, g1D. This cell has undergone extreme morphologi-
cal remodeling in nematode evolution, which is associated with the emergence of teeth and
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Fig 1. Mouth-form plasticity in P. pacificus. (A) Mouth structure of wild-type eurystomatous (Eu) morph, wild-type
stenostomatous (St) morph, nhr-1 mutant, and nhr-40 mutant. Unlabeled images in two focal planes are shown in S1A Fig. (B)
Scanning electron microscopy image of the mouth opening of the Eu morph. (C) The Eu morph devouring its prey. (D) Putative
gene regulatory network controlling mouth-form plasticity in P. pacificus. (E) Design of the suppressor screen. DT = dorsal
tooth, RVSLT = right ventrosublateral tooth, RVSLR = right ventrosublateral ridge, EMS = ethyl methanesulfonate.

https://doi.org/10.1371/journal.pgen.1008687.g001

predatory feeding. Interestingly, nhr-1 and nhr-40 are well conserved, whereas all target genes
are rapidly evolving and have no orthologs in C. elegans. This study enhances the understand-
ing of the GRN regulating mouth-form plasticity, elucidates the evolutionary dynamics of
underlying genes and links morphological innovations with rapid gene evolution.

Results

Suppressor screen in nhr-40 identifies another NHR gene regulating
mouth-form development

While our previous studies have identified various components involved in the regulation of
mouth form plasticity, most of these genes are expressed in neurons responsible for environ-
mental sensing and we had yet to find factors acting in the tissues forming the mouth struc-
ture. Therefore, we looked for more downstream factors by conducting a suppressor screen in
the mutant background of nhr-40. This is the most downstream gene in the current GRN con-
trolling P. pacificus mouth-form plasticity and it encodes a transcription factor [27]. We muta-
genized nhr-40(tu505) worms, which are all-Eu, and isolated one allele, tu515, that had a no-
Eu phenotype (Fig 1E, Table 1).
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Table 1. Mouth-form frequencies in wild type and mutant lines.

Medium Genotype Eu, % N
NGM agar wild type PS312 98 650
NGM agar nhr-40(tu505) 100 100
NGM agar nhr-40(tu505) tu515 0 136
NGM agar tu515 0 136
NGM agar nhr-1(tul163) 0 133
NGM agar nhr-1(tul164) 0 140
NGM agar nhr-1(tul163)/tu515 0 70
NGM agar nhr-1(tul163);tuEx305[nhr-1(+);egl-20p:: TurboRFP] 85 110
NGM agar nhr-1(tul163);tuEx310[nhr-1(+);egl-20p:: TurboRFP] 86 112
NGM agar nhr-1(tul163);tuEx328[nhr-1(+)::HA;egl-20p:: TurboRFP] 86 150
NGM agar nhr-40(tu505) nhr-1(tul163) 2 134
NGM agar nhr-40(tul418) 0 150
NGM agar nhr-40(tul419) 0 150
NGM agar nhr-40(tu1420) 0 150
NGM agar nhr-40(tul423) 0 150
NGM agar nhr-40(iub6) 100 100
NGM agar nhr-40(tul421) 100 150
NGM agar nhr-40(tul422) 100 100
NGM agar duodecuple Astacin mutant® 98 55
NGM agar quintuple CAP mutant” 94 50
NGM agar PPA04200(tu1213) PPA39293(tul214) 100 50
NGM agar PPA04200(tul216) PPA39293(tul217) 100 50
NGM agar PPA27560(tul475) 100 51
NGM agar PPA27560(tul476) 100 53
NGM agar PPA30108(tu1230) 100 50
NGM agar PPA30108(tul231) 100 50
NGM agar PPA30435(tul477) 100 48
NGM agar PPA30435(tul478) 98 54
NGM agar PPA38892(tul473) 100 50
NGM agar PPA38892(tul474) 100 50
S-medium wild type PS312 5 850
S-medium nhr-40(tu505) 100 150
S-medium nhr-40(tul1418) 150
S-medium nhr-40(tul419) 150
S-medium nhr-40(tu1420) 150
S-medium nhr-40(tul1423) 150
S-medium nhr-40(iub6) 100 150
S-medium nhr-40(tul421) 100 150
S-medium nhr-40(tul1422) 100 150

N = total number of animals examined
*The genotype of the duodecuple Astacin mutant is PPA03932(tu1259) PPA32730(tu1503);PPA05669(tu1316)

PPA05618(tul317) PPA21987(tul329) PPA16331(tul339) PPA27985(tul1340) PPA34430(tul341) PPA20266(tu1385)
PPA42924(tu1386);PPA05955(tu1481) PPA42525(tu1482).
"The genotype of the quintuple CAP mutant is tuDf6[PPA21912 PPA29522 PPA21910] tuDf7[PPA05611 PPA39470]
tuDf$[PPA13058 PPA39735].

https://doi.org/10.1371/journal.pgen.1008687.t001
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The phenotype was fully penetrant, both in the presence of nhr-40(tu505) and after out-
crossing, i.e. Eu animals were never observed under any culture condition. Thus, tu515 repre-
sents a novel factor influencing the mouth-form ratio. Interestingly, however, tu515 mutants
also exhibited a non-canonical mouth morphology (Fig 1A, S1A and S3 Figs). In contrast to all
previously isolated mutants, which either display altered mouth-form frequencies or an aber-
rant morphology, tu515 individuals develop a morphology that combines normal features of
the two morphs with no apparent dimorphism. Specifically, tu515 mutants closely resemble
the St morph in that they have a flattened dorsal tooth, lack a fully developed right ventrosu-
blateral tooth, and the anterior tip of the promesostegostom aligns with the anterior tip of the
gymnostom plate. However, the width of the mouth and the curvature of the dorsal tooth
appear intermediate between Eu and St, and the right ventrosublateral ridge is frequently
enlarged and resembles an underdeveloped tooth of the Eu morph (Fig 1A, S1A Fig). There-
fore, while other known mutants affect mouth-form determination by changing the preferred
developmental trajectory, tu515 is the first mutant that disrupts determination, resulting in
non-canonical morphology that resembles the St morph but combines features of both
morphs.

To map tu515, we performed bulked segregant analysis. We examined the list of non-syn-
onymous and nonsense mutations within the candidate region on the X chromosome (S2B
Fig, S1 Table) and discovered a non-synonymous mutation in another NHR-encoding gene,
nhr-1. The substitution changed the sequence of a highly conserved FFRR motif within the
DNA recognition helix [28] to FFRW, which may cause the loss of DNA-binding activity. We
performed the following experiments to verify that nhr-1 is the suppressor of nhr-40(tu505).
First, we created nhr-1 mutants using CRISPR/Cas9 by generating frameshift mutations at the
beginning of the ligand-binding domain (LBD). The resulting alleles ¢111163 and tu1164 exhib-
ited a no-Eu phenotype and the same morphological abnormalities as tu515 (Fig 1A, S1A Fig,
Table 1). Second, we crossed the tu1163 and tu515 mutants and established that tul163/tu515
trans-heterozygotes were no-Eu showing that the two mutants do not complement each other
(Table 1). Third, we overexpressed the complementary DNA (cDNA) of nhr-1 driven by the
nhr-1 promoter region in the nhr-1(tul163) mutant background and obtained an almost com-
plete rescue (Table 1). Fourth, we crossed nhr-1(tul163) with nhr-40(tu505) and observed a
highly penetrant no-Eu phenotype in double mutant animals, similar to the phenotype of
tu515 nhr-40(tu505) mutants (Table 1). Taken together, frameshift alleles of nhr-1 and the
original suppressor allele tu515 exhibit the same phenotype, do not complement each other,
and have identical epistatic interactions with nhr-40(tu505). Therefore, we conclude that nhr-1
is the suppressor of nhr-40(tu505).

Reverse genetic analysis of nhr-40 results in all-stenostomatous mutants

The available alleles of nhr-1 and nhr-40 have different phenotypes with regard to mouth-form
frequency and morphology. This is surprising because NHRs often form heterodimers [29], in
which case loss-of-function phenotypes of interacting partners are identical. Two different
hypotheses could explain our observations. First, nhr-1 and nhr-40 may indeed have different
functions. Second, the three available alleles of nhr-40 (tu505, iub6, iub5), all of which are non-
synonymous substitutions outside of the DNA-binding domain (DBD) [27], may represent
gain-of-function alleles. Our previous analysis had suggested that these alleles are loss-of-func-
tion based on the phenotype of nhr-40 overexpression, which resulted in all-St animals [27].
However, we recently realized that in C. elegans, overexpression of Cel-nhr-40 and loss-of-func-
tion of Cel-nhr-40 induced by RNAi and a deletion mutation all cause similar developmental
defects [30]. This may occur if NHR-40 inhibits its own transcription [31] or if the
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Fig 2. Reverse genetics, transcriptomics and expression patterns of nhr-40 and nhr-1. (A) Protein structure of NHR-40 in wild-type and mutant animals. (B)
Expression levels of nhr-40 and nhr-1 in wild type and mutants as revealed by transcriptomic profiling. (C) Antibody staining against the HA epitope in an nhr-I rescue
line. (D) Expression patterns of nhr-40 and nhr-1 transcriptional reporters in a double reporter line. TurboRFP (magenta) and Venus (green) channels are presented as
maximum intensity projections. Co-expression results in white color. D = dorsal, V = ventral, A = anterior, P = posterior, N.S. = not significant, FPKM = Fragments Per
Kilobase of transcript per Million mapped reads.

https://doi.org/10.1371/journal.pgen.1008687.g002

concatenated coding sequence of the rescue construct acts as a substrate to induce RNAI [30].
Therefore, we investigated nhr-40 in P. pacificus further, and generated nonsense alleles using
CRISPR/Cas9.

We introduced mutations in two different locations in nhr-40 (Fig 2A). The alleles tu1418
and fu1419 truncate the DBD. The tu1420 allele contains a frameshift at the beginning of the
LBD while leaving the DBD intact. We phenotyped the newly obtained mutants in liquid S-
medium, which represses the Eu morph, and on agar plates, which induces it [19]. All frame-
shift alleles had a completely penetrant all-St phenotype in both culture conditions, which is
opposite to the original ethyl methanesulfonate (EMS) alleles (Table 1). The newly obtained
nhr-40 mutants displayed no morphological abnormalities such as those observed in nhr-1
mutants. Moreover, nhr-1 mutants were epistatic to such mutants with respect to abnormal
mouth morphology (54 Fig). Additionally, we created a null allele, tu1423, which contains a 13
kb deletion or rearrangement of the locus (S2A Fig). This null allele again had a completely
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Fig 3. Target genes of NHR-40 and NHR-1. (A) Experimental setup of transcriptomics experiment and selection criteria to identify target genes. (B) Trends among
target genes compared to genome-wide pattern. (C) Transmission electron microscopy reconstruction of the dorsal pharyngeal gland cell (g1D) [53] and expression

patterns of transcriptional reporters for nine selected targets of NHR-40 and NHR-1. TurboRFP channel is presented as standard deviation projections. lof = loss-of-

function, gof = gain-of-function, *** = p<0.001, D = dorsal, V = ventral, A = anterior, P = posterior.

https://doi.org/10.1371/journal.pgen.1008687.9003

penetrant all-St phenotype and showed no morphological abnormalities (Table 1). To elimi-
nate the possibility that the phenotype of the EMS mutants was caused by random mutations
outside nhr-40, we introduced a nucleotide substitution identical to iub6 via homology-
directed repair (Fig 2A). Indeed, the two resulting alleles, t141421 and tu1422, had an all-Eu
phenotype, identical to that of iub6 and other EMS alleles, and opposite to that of the frame-
shift alleles (Table 1). Thus, frameshift mutations in DBD, LBD, and the deletion/rearrange-
ment of the entire gene have an opposite phenotype to that of the three previously isolated
non-synonymous substitutions. We conclude that tu505, iub6, iub5, tul421 and tul422 are
gain-of-function alleles.

NHR-40 and NHR-1 interact post-transcriptionally

In GRNS, transcription factors may activate or repress each other transcriptionally [32-36], or
alternatively, they may interact at the post-transcriptional level. The latter includes indirect
interactions, such as independent binding to the same promoters [37], or ligand-mediated
interactions [38]. To distinguish if nhr-1 and nhr-40 interact at the transcriptional or post-
transcriptional level, we analyzed the transcriptomes of wild type, nhr-1 loss-of-function, nhr-
40 loss-of-function and nhr-40 gain-of-function mutants at two developmental stages (Fig 3A).
RNA collected from J2-J4 larvae is enriched with transcripts expressed at the time of mouth-
form determination, as environmental manipulation during this time window affects morph
frequency [39]. RNA collected from J4 larvae and adults is enriched with transcripts expressed
at the time of mouth-form differentiation, because cuticularized mouthparts that distinguish
the two morphs are believed to be secreted during the J4-adult molt [40]. We found that at
both time points, nhr-40 transcript levels were not affected by loss-of-function of nhr-1.
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Similarly, nhr-1 transcript levels were not affected by loss-of-function of nhr-40, although they
were slightly, but not significantly increased by nhr-40 gain-of-function (Fig 2B). Thus, at the
transcriptional level, both nhr genes remain unaffected by the loss-of-function of the other
gene. Therefore, NHR-40 and NHR-1 may interact at the post-transcriptional level, although
the possibility remains that their transcriptional interaction in specific cells is masked in
whole-animal transcriptome data.

nhr-40 and nhr-1 are expressed at the site of polyphenism

Next, we wanted to determine the expression pattern of nhr-1 and nhr-40 and test if they were
co-expressed. We took three complementary approaches to establish the expression pattern of
nhr-1. First, we created transcriptional reporters comprising the presumptive promoter region
upstream of the potential start site in the second exon fused with TurboRFP or Venus. The
resulting expression pattern was broad with the strongest expression in the head, including
both muscle and gland cells of the pharynx, and what may be the hypodermal and arcade cells
(Fig 2D, S1B Fig). Second, we performed antibody staining against an HA epitope tag in the
nhr-1 rescue line described above. We observed a similar expression pattern that was predict-
ably localized to the nuclei (Fig 2C). Finally, we used CRISPR/Cas9 to “knock in” an HA tag in
the endogenous nhr-1 locus at the C-terminus of the coding sequence. Antibody staining
against HA revealed a similar expression pattern, but with a weaker signal due to the lower
number of copies of endogenous DNA (S1C Fig). Together, these results show that NHR-1
localizes to nuclei of multiple cells in the head region, with strong expression in pharyngeal
muscle cells, which presumably secrete structural components of the teeth.

To explore whether NHR-40 and NHR-1 are expressed in overlapping tissues, we created a
double reporter line, in which the nhr-40 promoter is fused to TurboRFP and the nhr-1 pro-
moter to Venus. We observed a strong and consistent expression of nhr-40 in the head.
Specifically, it localized to the pharyngeal muscle cells and cells whose cell body position is
consistent with them being arcade or hypodermal cells (Fig 2D, S1D Fig). nhr-40 and nhr-1
signals co-localized in a subset of presumptive hypodermal and arcade cells, and in the
pharyngeal muscles. In contrast, only nhr-1 was expressed in the dorsal pharyngeal gland
cell g1D (Fig 2D, S1D and S1E Fig). In summary, while the expression of nhr-40 is more
restricted than the expression of nhr-1, the two genes display robust co-localization in several

cell types.

Common transcriptional targets of NHR-40 and NHR-1 encode
extracellular proteins expressed during mouth-form differentiation

Since NHR-40 and NHR-1 are co-expressed and regulate the same phenotype, we speculate
that they regulate a set of common target genes, even though such regulation may be indirect.
We analyzed the full list of genes differentially expressed between the wild type and mutant
samples from the experiments described above. Given the pleiotropic action of NHR-40 and
NHR-1, we applied the following selection criteria. We only retained genes whose transcript
levels at either of the two examined time points were simultaneously altered in nhr-1, nhr-40
loss-of-function, and nhr-40 gain-of-function mutants (Fig 3A). Only 28 genes satisfied this cri-
terion, and their expression changed in the same direction in the loss-of-function mutants of
nhr-1 and nhr-40. We further retained those genes whose expression changed in one direction
in the loss-of-function mutants of nhr-1 and nhr-40, and in the opposite direction in the gain-
of-function mutants of nhr-40 (Fig 3A), resulting in a list of 24 genes, provided in Table 2,
Interestingly, the expression of 23 of them decreased in the loss-of-function mutants (Table 2).
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Table 2. List of targets of NHR-40 and NHR-1.

Chr Wormbase El Paco annotation |Predicted PFAM domains | LFC, nhr-1 | LFC, nhr-1 | LFC, nhr-40 | LFC, nhr-40 | LFC, nhr-40 | LFC, nhr-40
‘WS268 identifier v1 identifier vs. WT, DT | vs. WT, DF | lofvs. WT, lofvs. WT, gof vs. WT, gof vs. WT,

DT DF DT DF

X PPA05669 UMM-S328- Astacin -6.2 -8.0 -7.2 -7.8 2.1 1.1
9.28-mRNA-1

v PPA42525 UMM-S2847- Astacin -4.8 -4.0 -7.8 -4.7 1.4 NS
7.46-mRNA-1

v PPA05955 UMM-S2847- Astacin -4.0 -3.7 -6.6 -6.0 1.6 1.1
6.45-mRNA-1

X PPA05618 UMM-S328- Astacin -3.6 -2.9 -7.7 -7.0 1.5 1.0
7.47-mRNA-1

X PPA16331 UMA-S293- Astacin -2.7 -4.1 -3.5 -4.2 1.7 NS
8.46-mRNA-1

X PPA39735 UMM-S328- CAP -2.2 -2.5 -5.1 -5.3 1.4 NS
10.33-mRNA-1

1 PPA32730 UMM-S57- Astacin -2.2 -1.6 -3.7 -3.0 1.7 0.8
4.91-mRNA-1

X PPA13058 UMM-S328- CAP -2.1 -2.4 -4.8 -4.8 1.4 NS
10.78-mRNA-1

v PPA39293 UMM-S283- Glyco_hydro_18 -1.8 -1.0 -3.0 -1.9 0.9 NS
11.38-mRNA-1

X PPA29522 UMM-S322- CAP -1.6 NS -3.1 -1.5 1.0 NS

3.5-mRNA-1

X PPA39470 UMM-S293- CAP -1.5 -2.2 -44 -4.9 1.4 NS
11.30-mRNA-1

X PPA21910 UMA-8322- CAP -1.4 NS -2.3 -1.2 0.9 NS
3.38-mRNA-1

v PPA04200 UMM-S283- Glyco_hydro_18; MFS_1 -1.3 -0.8 -2.1 -1.3 0.9 NS
11.45-mRNA-1

X PPA21987 UMA-S322- Astacin -1.1 -1.1 -1.5 NS 0.9 0.9
7.39-mRNA-1

X PPA27985 UMS-52861- Astacin -1.0 -1.6 -14 -1.8 0.9 0.9
1.50-mRNA-1

X PPA30108 UMS-S328- none -0.9 -2.0 -1.7 -3.1 1.4 0.7

0.4-mRNA-1

II PPA27560 UMS-S10- none NS -2.5 NS -1.5 1.6 NS
46.25-mRNA-1

1 PPA30435 UMM-S57- Lectin_C NS -2.5 -6.4 -7.5 1.7 0.8
36.5-mRNA-1

X PPA34430 UMA-S2861- Astacin NS -2.0 -14 -2.2 1.0 0.9
1.27-mRNA-1

X PPA38892 UMM-S250- ShK NS -2.0 -1.8 2.2 1.0 NS
3.76-mRNA-1

X PPA20266 UMM-S2857- Astacin NS -1.9 -1.4 -2.5 1.1 NS
0.30-mRNA-1

X PPA42924 UMM-S§2857- Astacin NS -1.1 NS -1.7 0.8 NS
0.41-mRNA-1

I PPA03932 UMM-S7- Astacin NS -1.1 NS -1.6 1.1 0.8
5.16-mRNA-1

v PPA06264 UMA-S2838- adh_short; KR; NS 2.2 NS 3.0 -2.0 NS

46.74-mRNA-1 THF_DHG_CYH_C

Chr = chromosome, LFC = log fold change, WT = wild type, lof = loss of function, gof = gain of function, DT = determination, DF = differentiation, NS = not significant.

https://doi.org/10.1371/journal.pgen.1008687.t002
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We hypothesized that if the making of cuticularized mouthparts involves these genes, they
must encode extracellular proteins, and their expression is likely to be biased towards the time
of mouth-form differentiation. To verify the extracellular function of the target proteins, we pre-
dicted signal peptides and compared the list of targets with the genome-wide pattern. Indeed,
we found that the targets of NHR-40 and NHR-1 are significantly enriched with genes contain-
ing signal peptides (Fig 3B). To examine a potential temporal expression bias, we compared the
wild-type transcriptomes at the time of mouth-form determination and mouth-form differenti-
ation. While most genes in the genome (51%) showed uniform expression at the two time
points, 23 of the 24 targets of NHR-40 and NHR-1 were more highly expressed at the time of
mouth-form differentiation (Fig 3B). Surprisingly, we also observed a third trend in our data
set. While only 12% of all genes in the genome are located on the X chromosome, 15 of the 24
targets of NHR-40 and NHR-1 were X-linked (Fig 3B), which resembled the bias in the chromo-
somal location of hermaphrodite-specific somatically expressed genes in C. elegans [41].

To explore the potential functions of the NHR-40 and NHR-1 targets, we used information
about their annotated protein domains. Surprisingly, 12 of the 24 genes contain an Astacin
domain (Table 2) typical of secreted or membrane-anchored Zinc-dependent endopeptidases
[42]. Of the 40 Astacin-containing genes in C. elegans, only dpy-31, nas-6 and nas-7 have
known functions, whereby mutations in these genes result in abnormal cuticle synthesis
[43,44]. Another five of the 24 NHR targets encode a CAP (cysteine-rich secretory proteins,
antigen 5, and pathogenesis-related 1) domain (Table 2), which is contained in extracellular
proteins with diverse functions [45-47], including the proteolytic modification of extracellular
matrix [48]. Two genes belong to the glycoside hydrolases family 18 (Table 2), which includes
chitinases and chitinase-like proteins [49] that may modify the cuticle, as chitin is the main
component of the cuticle in nematodes [50]. Finally, the NHR target list includes an unanno-
tated protein, PPA30108 (Table 2), which contains multiple GGF and GGR repeats, similar to
some structural proteins of spider silk [51,52]. Thus, the examination of the domain composi-
tion of the targets of NHR-40 and NHR-1 suggests that many encode enzymes that may
directly modify the cuticle.

A duodecuple Astacin mutant shows no mouth-form abnormalities

Next, we tested if mutations in the identified genes affected mouth-form frequency or mor-
phology. We therefore performed systematic CRISPR/Cas9 knockout experiments of the 23
genes downregulated in the loss-of-function mutants. To compensate for potential redundancy
between paralogous genes encoding identical domains, we produced lines in which all such
genes are inactivated simultaneously. For example, rather than generating 12 strains with
mutations affecting single Astacin-encoding genes, we produced a duodecuple mutant line, in
which we sequentially knocked out all 12 genes (Table 1). We phenotyped the mutants both
on agar plates and in liquid S-medium. However, we detected no significant change in mouth-
form frequencies and no recapitulation of the morphological defects of nhr-1. Similarly, we
produced a quintuple CAP mutant and double chitinase mutants and observed no change in
mouth-form frequency or morphology (Table 1). We speculate that this may be caused by the
extreme redundancy in the factors involved. For instance, despite mutagenizing 12 Astacin-
encoding genes, there are more than 60 such genes in the genome. Consistent with this, in a
phenotypic screen of Astacin genes in C. elegans, the majority showed no detectable pheno-
types and the function of one, nas-7, was only elucidated due to its enhancement of a weakly
penetrant allele of nas-6 [44]. Alternatively, it is also possible that some examined genes func-
tion in other tissues unrelated to mouth morphology. Therefore, we next studied the spatial
expression of selected downstream target genes.
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Downstream targets genes are expressed in the same pharyngeal gland cell

We selected six of the 12 Astacin genes, one chitinase gene, one CAP gene, and the gene bear-
ing similarity to spider silk proteins, and created transcriptional reporters by fusing their pro-
moters with TurboRFP. Remarkably, all reporter lines showed expression in the same single
cell, the dorsal pharyngeal gland cell g1D (Fig 3C). In contrast, we found no expression in the
pharyngeal muscles or other expression foci of nhr-40 and nhr-1. Thus, all analyzed targets are
co-expressed with nhr-1 in g1D (Fig 3C, S1E Fig). The recent reconstruction of the pharyngeal
gland cell system of P. pacificus [53] revealed that the cell body of g1D is located at the poste-
rior end of the pharynx. It sends a long process through the entire pharynx to the anterior tip
where it connects, via a short duct in the cuticle, to a channel in the dorsal tooth which opens
into the buccal cavity (Figs 1B and 3C). Importantly, the process of g1D is surrounded by pha-
ryngeal muscle cells which directly underlie the teeth. Therefore, we hypothesize that the
enzymes excreted from g1D act on the structural components that are themselves secreted by
the pharyngeal muscles.

Expansion of the pharyngeal gland cells is concomitant with the emergence
of teeth

The expression of the targets of NHR-40 and NHR-1 in g1D is remarkable, because g1D is the
site of a major evolutionary innovation in the family Diplogastridae, to which P. pacificus
belongs. The pharynx in free-living nematodes of the order Rhabditida and the outgroup [54]
family Teratocephalidae is divided into two parts. The anterior part, called the corpus, is mus-
cular, and in some lineages ends with a dilation, called the median bulb. The posterior part,
called the postcorpus, is divided into a narrow isthmus and a dilation, called the terminal bulb,
which contains muscle cells and three to five gland cells. The terminal bulb contains muscular
valves that form a specialized cuticular structure, the grinder, which helps fragment food parti-
cles [55] (Fig 4). Phylogenetic reconstruction indicates that the outgroup Teratocephalidae,
and the rhabditid families Cephalobidae and Rhabditidae retained the ancestral character
states, whereby they have a grinder, but no teeth [56-58]. In contrast, Diplogastridae have no
grinder, but they have concomitantly gained teeth at the base of the family [7,59]. The acquisi-
tion of teeth and the loss of the grinder were accompanied by the reduction of the muscle cells

Fig 4. Evolution of pharynx morphology in the order Rhabditida.
https://doi.org/10.1371/journal.pgen.1008687.g004
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in the postcorpus, and an expansion of three gland cells g1D, glVL, and g1 VR, one in each sec-
tor of the trilaterally symmetrical pharynx [53,59] (Fig 4). While the exact role of pharyngeal
gland cells in C. elegans and other nematodes has remained elusive [55], we speculate that the
functional remodeling of g1D, in which the target genes of NHR-40 and NHR-1 are expressed,
may be a prerequisite for the formation of teeth and the evolution of predation. Therefore, we
investigated the evolutionary dynamics of the identified genes expressed in this cell.

Conserved transcription factors regulate fast-evolving target genes

To investigate if the morphological lineage-specific evolutionary innovation in P. pacificus and
Diplogastridae is associated with taxonomically restricted genes, we reconstructed the phylog-
eny of NHR genes and their identified targets. This is an important evolutionary question as
recent genomic studies involving deep taxon sampling revealed high evolutionary dynamics of
novel gene families in Pristionchus, with only one third of all genes having 1:1 orthologs
between P. pacificus and C. elegans [60,61]. First, we reconstructed the phylogeny of NHR
genes. We identified similar numbers of NHR genes in the genomes of P. pacificus and C. ele-
gans—254 and 266 genes, respectively. In the phylogenetic tree (Fig 5A), most clades contained
genes from predominantly or exclusively one of the two species. These genes likely result from
lineage-specific duplications and losses, a phenomenon commonly seen in nematode gene
families [62]. nhr-40 and nhr-1, however, belonged to one of the few clades that contained a
mixture of genes from both species, with many genes displaying a 1:1 orthology relationship.
Indeed, the P. pacificus and C. elegans copies of nhr-40 and nhr-1 showed 1:1 orthology with
100% bootstrap support (Fig 5A). Importantly, nhr-40 and nhr-1 are also extremely closely
related to each other (Fig 5A). Thus, in the overall context of NHR evolution, nhr-40 and nhr-1
are closely related duplicates that have been conserved since the divergence of P. pacificus and
C. elegans.

The conservation of nhr-40 and nhr-1 is in stark contrast to the evolutionary history of
their downstream targets. To reconstruct the phylogenies of the Astacin, CAP and chitinase
genes (Fig 5B-5D), we used functional domains rather than complete genes to facilitate the
alignment of genes with different domain architectures. Similar to the case of NHRs, all three
gene families exhibit strong signatures of lineage-specific expansions. Furthermore, all target
genes containing Astacin, CAP and chitinase domains belonged to such lineage-specific clades
(Fig 5B-5D). These findings suggest that the targets of NHR-40 and NHR-1 undergo rapid
turnover. This is further supported by the phylogeny of CAP genes within the genus Pris-
tionchus. Specifically, the five targets identified in P. pacificus clustered separately from the
homologs in the early branching species P. fissidentatus with 94% bootstrap support (Fig 5E).
Thus, two conserved NHRs target rapidly evolving downstream genes of multiple gene fami-
lies. We speculate that the striking co-expression of the target genes might results from an
ancient regulatory linkage between the NHRs and the promoters of the ancestral target genes.
Alternatively, however, these transcription factors might have captured new promoters by
mutations creating binding sites for them, a possibility that will become directly testable once
the target sequences of NHR-1 and NHR-40 have been identified.

Discussion

In this study, we expanded the GRN controlling predatory vs. non-predatory plasticity in P.
pacificus, thereby enhancing the molecular understanding of plasticity. We uncovered novel
genetic factors and genomic features at two regulatory levels, which allowed linking rapid gene
evolution with morphological innovations associated with plasticity. First, we identified a
mutation in the nuclear receptor gene nhr-1, which disrupts mouth-form determination. Most
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Fig 5. Evolution of nhr-40, nhr-1, and their target genes. Arrowheads point at the genes of interest. Protein-based trees of NHR genes (A), Astacin domains (B),
chitinase domains (C), and CAP domains (D) in P. pacificus and C. elegans. (E) Nucleotide-based tree of the CAP domains from a poorly-resolved protein-based subtree
of all predicted CAP domains in P. pacificus and P. fissidentatus.

https://doi.org/10.1371/journal.pgen.1008687.g005

previously identified genes, such as eud-1 or sult-1/seud-1, influence the determination process
by affecting the preferred developmental trajectory, but the resulting morphology exhibits no
observable differences to the corresponding wild-type morphology [18,23,24]. On the other
hand, interfering with heat shock protein activity, including a mutation in daf-21/Hsp90, pro-
duces aberrant morphologies while maintaining the dimorphism [63]. In contrast to both
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classes of genetic interventions, mutations in nhr-1 lead to a morphology that combines fea-
tures of normal Eu and St morphs, with no apparent dimorphism (S3 Fig). Therefore, we spec-
ulate that NHR-1 is required for mouth-form determination and the specification of both
morphs. By contrast, we showed that gain- and loss-of-function mutations in nhr-40 result in
all-Eu and all-St phenotypes respectively, reminiscent of the role of daf-12, another nhr gene,
in controlling dauer plasticity in C. elegans [64]. Different phenotypic effects of nhr-1 and nhr-
40 are also consistent with the lack of evidence of transcriptional regulation of one factor by
the other. Except for DAF-12 in C. elegans, no single nematode NHR has been de-orphanised.
Therefore, the identification of the potential ligands of NHR-1 and NHR-40 may reveal addi-
tional layers of regulation and elucidate their cross-talk. Indeed, recent studies suggested that
cytosolic sulfotransferases, including sult-1/seud-1 in P. pacificus and its homolog ssu-1 in C.
elegans, may regulate NHRs by modifying their ligands [23,24,65].

Second, the transcriptomic analysis of nhr-1 and nhr-40 mutants revealed an unexpectedly
small number of downstream targets. While cell-specific signals may be masked in whole-ani-
mal transcriptome data, and our selection criteria excluded genes affected by the gain-of-func-
tion of nhr-40 in other ways than by exhibiting increased transcript levels, having a small list of
target genes enabled a systematic analysis of their genomic location, function and expression.
Surprisingly, the majority of targets were located on the X-chromosome, which parallels X-
linkage of many previously identified genes associated with mouth-form, including both nhr-
40 and nhr-1, and additionally the multigene switch locus comprising eud-1, nag-1 and nag-2.
While the exact meaning of this phenomenon remains unclear, the X chromosome in C. ele-
gans is enriched with hermaphrodite-biased somatically expressed genes [41]. Accordingly,
the incidence of Eu morphs is higher in P. pacificus hermaphrodites than in males [39], which
may be reflected in the chromosomal distributions of the genes associated with the Eu morph.

Both the absence of phenotypes in duodecuple and quintuple mutants, and the restricted
expression of all tested genes in the same cell g1D are compatible with extreme functional
redundancy. Such redundancy might result from features of genome evolution that are com-
mon to nematodes and other animals. Studies over the last decade revealed that nematode
genomes are gene-rich and exhibit high rates of gene birth and death [60,66,67]. In particular,
enzyme-encoding genes are subject to high evolutionary dynamics [62]. Therefore, the posi-
tion of genes in GRNs may determine the speed and direction of their evolution. Consistent
with this idea, many genes encoding proteins of signal transduction and their terminal tran-
scription factors are highly conserved across animals [68-70]. In this study, we complement
this knowledge by showing that the downstream targets of conserved transcription factors are
indeed fast evolving genes. Importantly, their expression focus, the g1D cell, also underwent a
major evolutionary change, whereby its structural and functional remodeling accompanied
the emergence of teeth in the family Diplogastridae. Thus, our study demonstrates that fast-
evolving genes are expressed in a fast-evolving cell, linking morphological innovations with
rapid gene evolution.

Materials and methods
Maintenance of worm cultures and genetic crosses

Stock cultures of all strains used in this study were reared at room temperature (20-25°C) on
nematode growth medium (NGM) (1.7% agar, 2.5 g/L tryptone, 3 g/L NaCl, 1 mM CaCl,, 1
mM MgSO,, 5 mg/L cholesterol, 25 mM KPO, buffer at pH 6.0) in 6 cm Petri dishes, as out-
lined in the C. elegans maintenance protocol [71]. Escherichia coli OP50 was used as food
source. Bacteria were grown overnight at 37°C in L Broth (10 g/L tryptone, 5 g/L yeast extract,
5 g/L NaCl, pH adjusted to 7.0), and 400 pL of the overnight culture was pipetted on NGM
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agar plates and left for several days at room temperature to grow bacterial lawns. P. pacificus
were passed on these lawns and propagated by passing various numbers of mixed developmen-
tal stages. To cross worms, agar plates were spotted with 10 pL of the E. coli culture, and five to
six males and one or two hermaphrodites were transferred to the plate and allowed to mate.
Males were removed after two days of mating.

Mouth form phenotyping

We phenotyped worms in two culture conditions. Rearing P. pacificus on solid NGM induces
the Eu morph and facilitates identification of Eu-deficient (all-St) phenotypes. Conversely,
growing worms in liquid S-medium (5.85 g/L NaCl, 1 g/L K,HPO,, 6 g/L KH,POy,, 5 mg/L
cholesterol, 3 mM CaCl,, 3 mM MgSOy,, 18.6 mg/L disodium EDTA, 6.9 mg/L FeSO4¢7H,0, 2
mg/L MnCl,#4H,0, 2.9 mg/L ZnSO4+7H,0, 0.25 mg/L CuSO4¢5H,0 and 10 mM Potassium
citrate buffer at pH 6.0) represses the Eu morph and facilitates identification of Eu-constitutive
(all-Eu) phenotypes [19,71]. As food source, S-medium contained E. coli OP50 in the amount
corresponding to 100 mL of an overnight culture with ODgg, 0.5 per 10 mL of medium. We
started phenotyping by isolating eggs from stock culture plates, which contained large num-
bers of gravid hermaphrodites and eggs deposited on the agar surface [71]. To isolate eggs, we
washed worms and eggs from plates with water, and incubated them in a mixture of 0.5 M
NaOH and household bleach at 1:5 final dilution for 10 min with regular vortexing to disinte-
grate vermiform stages. Remaining eggs were pelleted at 1,300 g for 30 sec, washed with 5 mL
of water, pelleted again, resuspended in water and pipetted on agar plates or into S-medium.
Agar plates were left at room temperature (20-25°C) for 3-5 days and 25 mL Erlenmeyer
flasks with liquid medium were shaken at 22°C, 180 rpm for 4-6 days. Adult hermaphrodites
were immobilized on 5% Noble Agar pads with 0.3% NaNj; added as an anaesthetic, and exam-
ined using differential interference contrast (DIC) microscopy. Animals that had a large right
ventrosublateral tooth, curved dorsal tooth, and the anterior tip of the promesostegostom pos-
terior to the anterior tip of the gymnostom plate were classified as Eu morphs. Animals that
did not exhibit these three characters simultaneously were classified as St morphs, although
there was a distinction between the morphology of nhr-1 mutants and of other all-St mutants
(S1A Fig).

Geometric morphometric analysis

We reused the published [63] landmark data for the wild-type strain RS2333 and the daf-21
(tu519) mutant. We complemented this data set with newly collected data for the nhr-1
(tu1163) mutant, whereby we imaged young adults mounted on microscope slides on 5%
Noble agar pads containing 0.3% NaNj as an anaesthetic. Only individuals with their right
body side facing upwards were imaged. We took stack images of the anterior tip of the head,
and recorded X and Y coordinates of 20 landmarks identical to the ones used in the previous
study [63] using FIJI [72]. Procrustes alignment and PCA were done in R (ver. 3.4.4) [73]
using geomorph package [74].

CRISPR/Cas9 mutagenesis

We followed the previously published protocol for P. pacificus [75] with subsequently intro-
duced modifications [76]. All target-specific CRISPR RNAs (crRNAs) were designed to target
20 bp upstream of the protospacer adjacent motifs (PAMs). We purchased crRNAs and uni-
versal trans-activating CRISPR RNA (tracrRNA) from Integrated DNA Technologies (Alt-R
product line). 10 uL of the 100 uM stock of crRNA was combined with 10 uL of the 100 uM
stock of tracrRNA, denatured at 95°C for 5 min, and allowed to cool down to room
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temperature and anneal. The hybridization product was combined with Cas9 protein (pur-
chased from New England Biolabs or Integrated DNA Technologies) and incubated at room
temperature for 5 min. The mix was diluted with Tris-EDTA bulffer to a final concentration of
18.1 uM for the RNA hybrid and 2.5 uM for Cas9. When site-directed mutations were intro-
duced via homology-directed repair, a ssDNA oligo template designed on the same strand as
the gRNA was included in the mix at a final concentration of 4 uM. The diluted mixture was
injected in the gonad rachis of approximately one day old adult hermaphrodites.

Eggs laid by injected animals within a 12-16 h period post injection were recovered, and
the F1 progeny were singled out upon reaching maturity. After F1 animals have laid eggs, they
were placed in 10 pL of single worm lysis buffer (10 mM Tris-HCl at pH 8.3, 50 mM KCl, 2.5
mM MgCl,, 0.45% NP-40, 0.45% Tween 20, 120 pg/ml Proteinase K), frozen and thawed once,
and incubated in a thermocycler at 65°C for 1 h, followed by heat deactivation of the protein-
ase at 95°C for 10 min. The resulting lysate was used as a template in subsequent PCR steps.
Where possible, molecular lesions at the crRNA target sites were detected by melting curve
analysis on a LightCycler 480 Instrument II (Roche) of PCR amplicons obtained using Light-
Cycler 480 High Resolution Melting Master (Roche). Presence of mutations in candidate
amplicons was further verified by Sanger sequencing. Alternatively, PCR was done using Taq
PCR Master Mix (Qiagen) and all the F1 were Sanger sequenced.

To detect large rearrangements, we conducted whole genome re-sequencing of lines for
which no PCR amplicon containing the crRNA target site could be obtained. For most such
lines, we extracted genomic DNA using GenElute Mammalian Genomic DNA Miniprep Kit
(Merck), whereby we modified the tissue digestion step by raising the Proteinase K concentra-
tion to 2 mg/mL, and prepared next-generation sequencing (NGS) libraries using Nextera
DNA Flex Library Prep Kit (Illumina). For the nhr-40 null mutant line, we followed a recently
introduced cost-effective alternative procedure [77] with several modifications. Single worms
were placed in 10 uL water, and frozen and thawed 3 times in liquid nitrogen. Then, we added
10 pL 2x single worm lysis buffer (20 mM Tris-HCl at pH 8.3, 100 mM KCI, 5 mM MgCl,,
0.9% NP-40, 0.9% Tween 20, 240 pg/ml Proteinase K) and incubated the tubes in a thermocy-
cler at 65°C for 1 h. After a clean-up using HighPrep beads (MagBio Genomics), DNA was
eluted in 7 uL Tris buffer at pH 8.0. Then, 100 pg of DNA was diluted with water to the total
volume of 9 pL, mixed with 2 uL 5X TAPS-DMEF buffer (50 mM TAPS at pH 8.5, 25 mM
MgCl,, 50% DMF) and 1 pL Tn5 transposase from Nextera DNA Library Prep Kit (Illumina)
diluted beforehand 1:25 in dialysis buffer (100 mM HEPES at pH 7.2, 0.2 M NaCl, 0.2 mM
EDTA, 0.2% Triton X-100, 20% glycerol). The mixture was incubated for 14 min at 55°C. Tag-
mented DNA was amplified using Q5 HotStart High-Fidelity DNA Polymerase (New England
Biolabs) for 14 cycles, whereby adapters and indices were added as primer overhangs, and
size-selected for 250-550 bp fragments using HighPrep beads (MagBio Genomics). NGS
libraries prepared using both methods were sequenced in a paired-end run of a HiSeq 3000
machine (Illumina). Reads were mapped to the El Paco assembly of the P. pacificus genome
[78] using Bowtie 2 (ver. 2.3.4.1) [79]. We visually inspected read coverage in the loci of inter-
est using IGV [80] to identify the precise regions in which coverage was close to zero.

EMS mutagenesis

To induce heritable mutations in P. pacificus, we incubated a mixture of J4 larvae and young
adults in M9 buffer (3 g/L KH,POy,, 6 g/L Na,HPO,, 5 g/L NaCl, 1 mM MgSO,) with 47 mM
ethyl methanesulfonate (EMS) for 4 h [81]. Subsequently, the worms were allowed to recover
on agar plates with bacteria (see above), and 40-120 actively moving J4 larvae were singled
out. After the animals have laid approximately 20 eggs, they were killed, and F1 progeny were
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allowed to develop and reach maturity. F1 animals (which contained heterozygous mutants)
were then singled out, and F2 progeny (which contained a mixture of genotypes, including
homozygous mutants) were allowed to develop until adulthood. In each F1 plate, we deter-
mined the mouth form in 5-10 F2 individuals using Discovery V20 stereomicroscope (Zeiss).
If at least one individual appeared to have a mouth form different from that of the background
strain, such an animal was transferred to a fresh plate and its progeny was screened again
using DIC until we gained confidence that a homozygous line was isolated. In the screen for
suppressors of nhr-40, we mutagenized nhr-40(tu505) worms, which are all-Eu, screened
approximately 1,000 F1 plates, and isolated one no-Eu allele, tu515. In an attempt to identify
further downstream target genes, we conducted two suppressor screens in the nhr-1(tul163)
mutant background and screened approximately 3,800 F1 plates in total, but found no Eu
individuals.

Mapping of tu515

We crossed the tu515 mutant, produced in the background of the RS2333 strain (a derivative
of the PS312 strain), to a highly-Eu wild type strain PS1843. The resulting males were crossed
to a strain RS2089, which is a derivative of PS1843 containing a morphological marker muta-
tion causing the Dumpy phenotype. The progeny were allowed to segregate and 100 no-Eu
lines were established. Four individuals from each line were pooled and genomic DNA was
extracted from the pool using the MasterPure Complete DNA and RNA Purification Kit (Epi-
centre). Additionally, genomic DNA was extracted from the tu515 line. NGS libraries were
prepared using Low Input Library Prep kit (Clontech) and sequenced on Illumina HiSeq3000.
Raw Illumina reads of the fu515 mutant and of a mapping panel were aligned to the El Paco
assembly of the P. pacificus genome (strain PS312) [78] by the aln and sampe programs of the
BWA software package (ver. 0.7.17-r1188) [82]. Initial mutations were called with the samtools
(ver. 1.7) mpileup command [83]. The same program was used to measure PS312 allele fre-
quencies in the mapping panel at variant positions with regard to whole genome sequencing
data of the PS1843 strain [78]. S2B Fig shows that large regions between the positions 5 Mb
and 16 Mb of the P. pacificus chromosome X exhibit high frequency of the PS312 alleles (the
mutant background) in the mapping panel. In total, 28 non-synonymous/nonsense mutations
(S1 Table) in annotated genes (El Paco gene annotations vl, Wormbase release WS268) were
identified in the candidate interval by a previously described custom variant classification soft-
ware [84].

Transgenesis

To identify putative promoter regions, which included 5’ untranslated regions (UTR) and may
have included the beginning of coding sequences, we manually re-annotated the 5 ends of pre-
dicted genes of interest using RNA-seq data and the information about predicted signal pep-
tides. The ATG codon preceding the signal peptide or the last ATG codon in the second exon
was designated as the putative start codon. As a general rule, the promoter region included a
sequence spanning from the 3’ end of the closest upstream gene on the same strand to the start
codon, but if the upstream gene was located further than 2 kb away, a 1.5-2 kb region
upstream of the identified start codon was designated as the putative promoter. In the case of
inverted tandem duplicates in the head-to-head orientation, the 5’ end of the promoter region
was approximately in the middle between the start codons of the two genes. For the reporter
constructs, we used the previously published coding sequences of TurboRFP [85] and Venus
[27] fused with the 3> UTR of the ribosomal gene rpl-23 [85]. For the nhr-1 rescue construct,
we used the native coding sequence, in which we replaced native introns with synthetic
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introns, fused with the native 3> UTR. As the latter fragment could not be amplified from geno-
mic or complementary DNA in one piece, we purchased a corresponding gBlocks fragments
(Integrated DNA Technologies). FASTA sequences of all promoter regions, coding sequences
and 3’ UTRs are provided in S1 Data.

Plasmids carrying reporter and rescue constructs, listed in S2 Table, were created by Gibson
assembly using NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs) or a
homemade master mix [86]. Small modifications, such as deletions and insertions under 70
bp, were introduced using Q5 Site-Directed Mutagenesis kit (New England Biolabs). Injection
mix for transformation was created by digesting the plasmid of interest, the marker plasmid
carrying a tail-bound reporter egl-20p:: TurboRFP (if applicable), and genomic DNA with Fas-
tDigest restriction enzymes (Thermo Fisher Scientific), whereby genomic DNA was cut with
an enzyme(s) that had the same cutting site(s) as the enzyme(s) used to digest the plasmids.
Digested DNA was purified using Wizard SV Gel and PCR Clean-Up system (Promega), and
the components were mixed in the following ratios. Injection mixes with rescue constructs
contained 1 ng/uL rescue construct, 10 ng/pL marker, and 50 ng/uL genomic DNA. Injection
mixes with reporter constructs contained 10 ng/uL reporter construct, 10 ng/uL marker, and
60 ng/uL genomic DNA. The mix was injected in the gonad rachis of approximately 1 day old
hermaphrodites, and their progeny was screened for fluorescent animals [85].

Antibody staining

We followed a previously published protocol [87] with minor modifications. Animals were
washed from mature plates with phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, 1.8 mM KH,PO, at pH 7.4), passed over a 5-20 um nylon filter, con-
centrated at the bottom of a 2 mL tube and chilled on ice. We then added chilled fixative (15
mM Na-PIPES at pH 7.4, 80 mM KCl, 20 mM NaCl, 10 mM Na,EGTA, 5 mM Spermidine-
HCI, 2% paraformaldehyde, 40% MeOH), froze the worms in liquid nitrogen and thawed
them on ice for 1-2 h with occasional inversion. Subsequently, the animals were washed twice
with Tris-Triton buffer (100 mM Tris-HCl at pH 7.4, 1 mM EDTA, 1% Triton X-100), incu-
bated in Tris-Triton buffer with 1% B-mercaptoethanol in a thermomixer at 600 rpm for 2 h at
37°C, washed once in borate buffer (25 mM H3BO3, 12.5 mM NaOH), incubated in borate
buffer with 10 mM dithiothreitol in a thermomixer at 600 rpm for 15 min at room tempera-
ture, washed once in borate buffer, incubated in borate buffer with ~0.3% H,0O, in a thermo-
mixer at 600 rpm for 15 min at room temperature, and washed once more in borate buffer.
Next, the worms were washed three times with antibody buffer B (0.1% bovine serum albumin,
0.5% Triton X-100, 0.05% NaN3, 1 mM EDTA in PBS) on a rocking wheel, incubated with a
dye-conjugated antibody (Thermo Fisher Scientific, cat. # 26183-D550 and cat. # 26183-D488)
diluted 1:25 in antibody buffer A (1% bovine serum albumin, 0.5% Triton X-100, 0.05% NaN,
1 mM EDTA in PBS) on a rocking wheel in the dark for 3 h at room temperature or overnight
at 4°C, washed three times with antibody buffer B and mounted on slides in a 1:1 mixture of
PBS and Vectashield (Vector Laboratories) with 1 ug/mL DAPI added. Slides were imaged
using a Leica SP8 confocal microscope.

RNA-seq analysis

To obtain a sufficient number of eggs, we passed young adult hermaphrodites to new agar
plates with 5-10 animals per plate. After their F1 progeny have laid eggs (5-6 days), they were
bleached (see above), then resuspended in 400 uL water per starting plate, pipetted onto multi-
ple fresh plates with 100 uL suspension per fresh plate and placed at 20°C. Animals were col-
lected at 24 h (corresponding to J2 and J3 larvae), 48 h (J3 and J4 larvae) and 68 h (J4 instar
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larvae and young adults) post-bleaching by adding some water to the plates, scraping off the
bacterial lawns with worms in them using disposable cell spreaders and passing the resulting
suspension through a 5 um nylon filter, which efficiently separated worms from bacteria.
Worms were washed from the filter into 1.5 mL tubes, pelleted in a table-top centrifuge at the
maximum speed setting, after which the supernatant was removed and 1 mL TRIzol (Invitro-
gen) was added to the worm pellets. Tubes were flash-frozen in liquid nitrogen and stored at
-80°C for up to a month. To extract RNA, worms suspended in TRIzol were frozen and thawed
three times in liquid nitrogen, debris were pelleted for 10-15 min at 14,000 rpm at 4°C, and
200 pL of chloroform was added to the supernatant. After vigorous vortexing and incubation
at room temperature (20-25°C) for 5 min, tubes were rotated for 15 min at 14,000 rpm at 4°C.
The aqueous phase was combined with an equal volume of 100% ethanol, RNA was purified
using RNA Clean & Concentrator Kit (Zymo Research) and its integrity was verified using
RNA Nano chips on the Bioanalyzer 2100 instrument (Agilent).

To analyse the transcriptome at the time of mouth form determination, we combined 500
ng RNA isolated at 24 h with 500 ng RNA isolated at 48 h post-bleaching, and proceeded to
make libraries using NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New
England Biolabs). To analyse the transcriptome at the time of mouth form differentiation, we
prepared libraries from 1 ug of RNA isolated at 68 h post-bleaching. For wild type strain
PS312, four biological replicates were collected at different time points. For the mutants, two
replicates of two independent alleles were collected at two different time points, and these
were treated as four biological replicates. Specifically, we sequenced the following alleles: nhr-1
(tul163) loss-of-function, nhr-1(tul164) loss-of-function, nhr-40(tu505) gain-of-function, nhr-
40(iub6) gain-of-function, nhr-40(tul418) loss-of-function, nhr-40(tu1423) null.

Libraries were sequenced in two paired-end runs of a HiSeq 3000 machine, whereby we
aimed at 10-20 mln reads per library. Raw sequences have been deposited in the European
Nucleotide Archive with the study accession number PRJEB34615 (http://www.ebi.ac.uk/ena/
data/view/PRJEB34615). The fourth biological replicate of wild-type PS312 and all replicates of
the nhr-40 loss-of-function/null mutants were sequenced in a different run than the other sam-
ples. To ensure that batch effects were negligible, we additionally re-sequenced the first three
replicates of wild-type PS312 in the same run and verified that coordinates in PCA conducted
using complete transcriptomes were minimally altered when comparing the same samples
sequenced in the two runs. Reads were mapped to the El Paco assembly of the P. pacificus
genome [78] using STAR (ver. 020201) [88]. Differential expression analysis was carried out in
R (ver. 3.4.4) [73] using Bioconductor (ver. 3.6) [89] and DESeq2 (ver. 1.18.1) [90], whereby we
counted reads mapping to El Paco v1 gene predictions [78]. We applied an adjusted p-value cut-
off of 0.05 and no fold change cutoff. Alignments and coverage were visualized in IGV [80].

To examine the transcript levels of nhr-1 and nhr-40, we repeated differential expression
analysis, whereby we counted reads mapping to Trinity-assembled transcripts generated from
previously published RNA-seq data [26] because the El Paco v1 gene prediction for nhr-1 was
incorrect in that it was a fusion of multiple neighboring genes. To test the differences in FPKM
(Fragments Per Kilobase of transcript per Million mapped reads) values for nhr-1 and nhr-40
in different mutants at each of the two time points, we performed t-test as implemented in the
t.test function in R (ver. 3.4.4) [73] and applied false discovery rate (FDR) correction to the p-
values obtained. Prior to conducting the t-test, we verified the assumptions for parametric sta-
tistics by performing Shapiro-Wilk test for normality (shapiro.test function) and Levene test
for homoscedasticity (levene.test function of the car package [91]). Signal peptides were pre-
dicted using SignalP (ver. 4.1) [92]. To compare relative numbers of genes in different catego-
ries listed in Fig 3B, we used chi-squared test as implemented in the chisq.test function in R
(ver. 3.4.4) [73].
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Phylogenetic reconstructions

To identify NHR, CAP, and chitinase genes in the C. elegans genome, we retrieved the current
version (PRJNA13758) of predicted proteins and domains from the http://wormbase.org web-
site and selected genes that contained “IPR001628”, “CAP domain”, and “IPR001223” as pre-
dicted InterPro domains, respectively. The list of Astacin genes was taken from an earlier
study [93] and the corresponding gene predictions were manually retrieved from the http://
wormbase.org website. To identify NHR, Astacin, CAP, and chitinase genes in the P. pacificus
genome, we predicted domains in the El Paco v1 version of gene predictions [78] using
HMMER (ver. 3.1b2) software in conjunction with the PFAM profile database [94] and
selected genes that contained “PF00105”, “Astacin”, “CAP”, and “PF00704” as predicted
PFAM domains, respectively. Manual inspection of the retrieved NHR genes in P. pacificus
revealed that many of the gene predictions represent fusions of multiple neighboring genes.
Therefore, we used the information about the predicted domains, RNA-seq data generated in
this study, and Illumina and PacBio RNA-seq datasets generated earlier [26,95,96] to manually
reannotate the NHR gene predictions in P. pacificus. We submitted the improved annotations
to http://wormbase.org as part of a larger set of manually curated gene annotations [97]. For
the tree of CAP domains in P. pacificus and P. fissidentatus, we predicted domains in the
Pinocchio versions of gene predictions for both genomes [60] and selected genes that con-
tained “PF00188” as a predicted PFAM domain. In the case of NHR genes, complete sequences
were aligned, while in the case of other gene families, functional domains extracted using
HMMER (ver. 3.1b2) were aligned to facilitate the alignment of genes with divergent domain
architecture. Alignments were done in MAFFT (ver. 7.310) [98] and maximum likelihood
trees were built using RAXML (ver. 8.2.11) [99]. Protein-based trees were generated with the
following parameters: -fa -m PROTGAMMAAUTO -N 100. In the case of CAP domains in P.
pacificus and P. fissidentatus, we first generated a protein-based tree and identified a poorly
resolved subtree containing the genes of interest. To increase the number of informative sites,
we extracted corresponding nucleotide sequences, aligned them in MAFFT and built a tree in
RAXML with the following parameters: -fa -m GTRCAT -N 100. Obtained phylogenetic trees
were visualized using FigTree (ver. 1.4.2). All phylogenetic trees and corresponding alignments
are provided in S2 Data.

Supporting information

S1 Fig. Additional images. (A) The mouth of the wild-type eurystomatous (Eu) morph, wild-
type stenostomatous (St) morph, nhr-1 mutant, and nhr-40 mutant in two focal planes. (B)
Expression pattern of an nhr-1 transcriptional reporter in a young larva. TurboRFP channel is
presented as a maximum intensity projection. (C) Antibody staining against the HA epitope in
a line, in which the tag was “knocked in” into the endogenous locus. Fluorescent channel is
presented as a maximum intensity projection. (D) Expression patterns of nhr-40 and nhr-1
transcriptional reporters in a double reporter line. TurboRFP (magenta) and Venus (green)
channels are presented as standard deviation and maximum intensity projections, respectively.
Co-expression results in white color. (E) Expression patterns of nhr-40 and nhr-1 transcrip-
tional reporters in a double reporter line. TurboRFP is encoded as magenta, Venus as green.
Co-expression results in white color. D = dorsal, V = ventral, A = anterior, P = posterior.

(TIF)

S2 Fig. Additional bioinformatic analyses. (A) Whole-genome re-sequencing and RNA-seq
of the null allele of nhr-40. (B) bulked segregant analysis of the suppressor of nhr-40(tu505)
with the location of nhr-1 marked with a dotted line. See S1 Table for the list of non-
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synonymous and nonsense substitutions within the candidate region.
(TIF)

S3 Fig. Geometric morphometric analysis of selected strains. Geometric morphometric
analysis of 20 landmarks in the mouth of the wild-type strain RS2333, the nhr-1(tul163)
mutant isolated in this study, and the daf-21/Hsp90(¢tu519) mutant previously shown to exhibit
an aberrant mouth morphology while maintaining the dimorphism. Each point in the PCA
plot corresponds to a single animal. Deformation grids at the extremes of the two axes display
differences to the mean shape of all individuals.

(TIF)

S4 Fig. The effect of nhr-1 mutations on mouth morphology is epistatic to that of nhr-40
mutations. The mouth of the nhr-1 loss-of-function mutant, nhr-40 null mutant and the double
nhr-40 loss-of-function nhr-1 loss-of-function mutant in two focal planes. D = dorsal,

V = ventral, A = anterior, P = posterior.

(TIF)

S1 Table. Candidate substitutions. List of non-synonymous and nonsense substitutions
within the candidate region on chromosome X identified through the bulked segregant analy-
sis of the suppressor of nhr-40(tu505).

(XLSX)

$2 Table. Description of transgenic constructs. Promoters include 5 UTRs and may include
coding exons, and introns. See S1 Data for the sequences of the listed elements. CDS = coding
sequence, UTR = untranslated sequence.

(XLSX)

S1 Data. FASTA file of nucleotide sequences used to create transgenic constructs.
(FAS)

$2 Data. Phylogenetic trees from Fig 5 and alignments used to generate them.
(Z1P)

$3 Data. Data used to build the graphs in Fig 2B.
(CSV)

$4 Data. Data used to build the graphs in Fig 3B.
(TXT)

S5 Data. Landmark coordinates used for the analysis shown in S3 Fig.
(TXT)

Acknowledgments

We are grateful to Gabi Eberhardt and Tobias Loschko for their assistance with the mutagene-
sis screens and Jiirgen Berger for taking the SEM image of the P. pacificus mouth. We thank
Dr. Michael Werner, Dr. Neel Prabh, Dr. Adrian Streit, and Metta Riebesell for the discussion.

Author Contributions
Conceptualization: Ralf ]. Sommer.
Data curation: Bogdan Sieriebriennikov, Christian Rodelsperger, Ralf J. Sommer.

Formal analysis: Bogdan Sieriebriennikov, Christian Rodelsperger.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008687  April 13, 2020 21/27



PLOS GENETICS

Gene regulatory network of mouth-form plasticity

Funding acquisition: Ralf . Sommer.

Investigation: Bogdan Sieriebriennikov, Shuai Sun, James W. Lightfoot, Hanh Witte, Eduardo
Moreno.

Methodology: Bogdan Sieriebriennikov, Shuai Sun, James W. Lightfoot, Hanh Witte, Chris-
tian Rodelsperger.

Project administration: Ralf ]. Sommer.

Resources: Hanh Witte.

Software: Bogdan Sieriebriennikov, Christian Rodelsperger.
Supervision: Ralf J. Sommer.

Validation: Shuai Sun, James W. Lightfoot, Eduardo Moreno.
Visualization: Bogdan Sieriebriennikov.

Writing - original draft: Bogdan Sieriebriennikov, Ralf J. Sommer.

Writing - review & editing: Bogdan Sieriebriennikov, James W. Lightfoot, Ralf ]. Sommer.

References
1.  West-Eberhard MJ. Developmental plasticity and evolution. Oxford; New York: Oxford University
Press; 2003.

2. CoronaM, Libbrecht R, Wheeler DE. Molecular mechanisms of phenotypic plasticity in social insects.
Curr Opin Insect Sci. 2016; 13: 55-60. https://doi.org/10.1016/j.cois.2015.12.003 PMID: 27436553

3. Nicotra AB, Atkin OK, Bonser SP, Davidson AM, Finnegan EJ, Mathesius U, et al. Plant phenotypic
plasticity in a changing climate. Trends Plant Sci. 2010; 15: 684-692. https://doi.org/10.1016/.tplants.
2010.09.008 PMID: 20970368

4. Seebacher F, White CR, Franklin CE. Physiological plasticity increases resilience of ectothermic ani-
mals to climate change. Nat Clim Chang. 2014; 5: 61.

5. Charmantier A, McCleery RH, Cole LR, Perrins C, Kruuk LEB, Sheldon BC. Adaptive phenotypic plas-
ticity in response to climate change in a wild bird population. Science. 2008; 320: 800—-803. https://doi.
org/10.1126/science.1157174 PMID: 18467590

6. OostraV, Saastamoinen M, Zwaan BJ, Wheat CW. Strong phenotypic plasticity limits potential for evo-
lutionary responses to climate change. Nat Commun. 2018; 9: 1005. https://doi.org/10.1038/s41467-
018-03384-9 PMID: 29520061

7. SusoyV, Ragsdale EJ, Kanzaki N, Sommer RJ. Rapid diversification associated with a macroevolution-
ary pulse of developmental plasticity. Elife. 2015; 4: e05463.

8. West-Eberhard MJ. Developmental plasticity and the origin of species differences. Proc Natl Acad Sci
U S A. 2005; 102 Suppl 1: 6543-6549.

9. Corl A, BiK, Luke C, Challa AS, Stern AJ, Sinervo B, et al. The Genetic Basis of Adaptation following
Plastic Changes in Coloration in a Novel Environment. Curr Biol. 2018; 28: 2970-2977.€7. https://doi.
0rg/10.1016/j.cub.2018.06.075 PMID: 30197088

10. Wund MA, Baker JA, Clancy B, Golub JL, Foster SA. A test of the “flexible stem” model of evolution:
ancestral plasticity, genetic accommodation, and morphological divergence in the threespine stickle-
back radiation. Am Nat. 2008; 172: 449-462. https://doi.org/10.1086/590966 PMID: 18729721

11. Levis NA, Pfennig DW. Phenotypic plasticity, canalization, and the origins of novelty: Evidence and
mechanisms from amphibians. Semin Cell Dev Biol. 2019; 88: 80—90. https://doi.org/10.1016/j.semcdb.
2018.01.012 PMID: 29408711

12. Ghalambor CK, Hoke KL, Ruell EW, Fischer EK, Reznick DN, Hughes KA. Non-adaptive plasticity
potentiates rapid adaptive evolution of gene expression in nature. Nature. 2015; 525: 372-375. https:/
doi.org/10.1038/nature 15256 PMID: 26331546

13. Sommer RJ, Dardiry M, Lenuzzi M, Namdeo S, Renahan T, Sieriebriennikov B, et al. The genetics of
phenotypic plasticity in nematode feeding structures. Open Biol. 2017;7: 160332. https://doi.org/10.
1098/rsob.160332 PMID: 28298309

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008687  April 13, 2020 22/27



PLOS GENETICS

Gene regulatory network of mouth-form plasticity

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Projecto-Garcia J, Biddle JF, Ragsdale EJ. Decoding the architecture and origins of mechanisms for
developmental polyphenism. Curr Opin Genet Dev. 2017; 47: 1-8. https://doi.org/10.1016/j.gde.2017.
07.015 PMID: 28810163

Opachaloemphan C, Yan H, Leibholz A, Desplan C, Reinberg D. Recent Advances in Behavioral (Epi)
Genetics in Eusocial Insects. Annu Rev Genet. 2018; 52: 489-510. https://doi.org/10.1146/annurev-
genet-120116-024456 PMID: 30208294

Moczek AP, Sultan S, Foster S, Ledon-Rettig C, Dworkin |, Nijhout HF, et al. The role of developmental
plasticity in evolutionary innovation. Proc Biol Sci. 2011; 278: 2705—-2713. https://doi.org/10.1098/rspb.
2011.0971 PMID: 21676977

Bento G, Ogawa A, Sommer RJ. Co-option of the hormone-signalling module dafachronic acid-DAF-12
in nematode evolution. Nature. 2010; 466: 494—499. https://doi.org/10.1038/nature09164 PMID:
20592728

Ragsdale EJ, Miller MR, Rédelsperger C, Sommer RJ. A Developmental Switch Coupled to the Evolu-
tion of Plasticity Acts through a Sulfatase. Cell. 2013; 155: 922—-933. https://doi.org/10.1016/j.cell.2013.
09.054 PMID: 24209628

Werner MS, Sieriebriennikov B, Loschko T, Namdeo S, Lenuzzi M, Dardiry M, et al. Environmental influ-
ence on Pristionchus pacificus mouth form through different culture methods. Sci Rep. 2017;7: 7207.
https://doi.org/10.1038/s41598-017-07455-7 PMID: 28775277

Bose N, Ogawa A, von Reuss SH, Yim JJ, Ragsdale EJ, Sommer RJ, et al. Complex small-molecule
architectures regulate phenotypic plasticity in a nematode. Angew Chem Int Ed Engl. 2012; 51: 12438—
12443. https://doi.org/10.1002/anie.201206797 PMID: 23161728

Werner MS, ClaaBen MH, Renahan T, Dardiry M, Sommer RJ. Adult Influence on Juvenile Phenotypes
by Stage-Specific Pheromone Production. iScience. 2018; 10: 123—134. https://doi.org/10.1016/j.isci.
2018.11.027 PMID: 30513394

Sieriebriennikov B, Prabh N, Dardiry M, Witte H, Roseler W, Kieninger MR, et al. A Developmental
Switch Generating Phenotypic Plasticity Is Part of a Conserved Multi-gene Locus. Cell Rep. 2018; 23:
2835-2843.e4. https://doi.org/10.1016/j.celrep.2018.05.008 PMID: 29874571

Namdeo S, Moreno E, Rédelsperger C, Baskaran P, Witte H, Sommer RJ. Two independent sulfation
processes regulate mouth-form plasticity in the nematode Pristionchus pacificus. Development. 2018;
145: dev166272. https://doi.org/10.1242/dev.166272 PMID: 29967123

Bui LT, Ivers NA, Ragsdale EJ. A sulfotransferase dosage-dependently regulates mouthpart polyphen-
ism in the nematode Pristionchus pacificus. Nat Commun. 2018; 9: 4119. https://doi.org/10.1038/
s41467-018-05612-8 PMID: 30297689

Bui LT, Ragsdale EJ. Multiple plasticity regulators reveal targets specifying an induced predatory form
in nematodes. Molecular Biology and Evolution. 2019. https://doi.org/10.1093/molbev/msz171 PMID:
31364718

Serobyan V, Xiao H, Namdeo S, Rédelsperger C, Sieriebriennikov B, Witte H, et al. Chromatin remodel-
ling and antisense-mediated up-regulation of the developmental switch gene eud-1 control predatory
feeding plasticity. Nat Commun. 2016; 7: 12337. https://doi.org/10.1038/ncomms12337 PMID:
27487725

Kieninger MR, Ivers NA, Rédelsperger C, Markov GV, Sommer RJ, Ragsdale EJ. The Nuclear Hor-
mone Receptor NHR-40 Acts Downstream of the Sulfatase EUD-1 as Part of a Developmental Plasticity
Switch in Pristionchus. Curr Biol. 2016; 26: 2174—2179. https://doi.org/10.1016/j.cub.2016.06.018
PMID: 27451902

Sluder AE, Mathews SW, Hough D, Yin VP, Maina CV. The nuclear receptor superfamily has under-
gone extensive proliferation and diversification in nematodes. Genome Res. 1999; 9: 103—120. PMID:
10022975

Evans RM, Mangelsdorf DJ. Nuclear Receptors, RXR, and the Big Bang. Cell. 2014; 157: 255-266.
https://doi.org/10.1016/j.cell.2014.03.012 PMID: 24679540

Brozova E, Simeckova K, Kostrouch Z, Rall JE, Kostrouchova M. NHR-40, a Caenorhabditis elegans
supplementary nuclear receptor, regulates embryonic and early larval development. Mech Dev. 2006;
123: 689-701. https://doi.org/10.1016/.mod.2006.06.006 PMID: 16920335

Crews ST, Pearson JC. Transcriptional autoregulation in development. Curr Biol. 2009; 19: R241-6.
https://doi.org/10.1016/j.cub.2009.01.015 PMID: 19321138

Mangan S, Alon U. Structure and function of the feed-forward loop network motif. Proc Natl Acad Sci U
S A. 2003; 100: 11980-11985. https://doi.org/10.1073/pnas.2133841100 PMID: 14530388

Macneil LT, Walhout AJM. Gene regulatory networks and the role of robustness and stochasticity in the
control of gene expression. Genome Res. 2011;21: 645-657. https://doi.org/10.1101/gr.097378.109
PMID: 21324878

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008687  April 13, 2020 23/27



PLOS GENETICS

Gene regulatory network of mouth-form plasticity

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

Bulcha JT, Giese GE, Ali MZ, Lee Y-U, Walker MD, Holdorf AD, et al. A Persistence Detector for Meta-
bolic Network Rewiring in an Animal. Cell Rep. 2019; 26: 460—468.e4. https://doi.org/10.1016/j.celrep.
2018.12.064 PMID: 30625328

Abdusselamoglu MD, Eroglu E, Burkard TR, Knoblich JA. The transcription factor odd-paired regulates
temporal identity in transit-amplifying neural progenitors via an incoherent feed-forward loop. Elife.
2019; 8: €46566. https://doi.org/10.7554/eLife.46566 PMID: 31329099

Taylor-Teeples M, Lin L, de Lucas M, Turco G, Toal TW, Gaudinier A, et al. An Arabidopsis gene regula-
tory network for secondary cell wall synthesis. Nature. 2015; 517: 571-575. https://doi.org/10.1038/
nature14099 PMID: 25533953

Jaumouillé E, Machado Almeida P, Stahli P, Koch R, Nagoshi E. Transcriptional regulation via nuclear
receptor crosstalk required for the Drosophila circadian clock. Curr Biol. 2015; 25: 1502—1508. https://
doi.org/10.1016/j.cub.2015.04.017 PMID: 26004759

Anbalagan M, Huderson B, Murphy L, Rowan BG. Post-translational modifications of nuclear receptors
and human disease. Nucl Recept Signal. 2012; 10: e001. https://doi.org/10.1621/nrs.10001 PMID:
22438791

Serobyan V, Ragsdale EJ, Miller MR, Sommer RJ. Feeding plasticity in the nematode Pristionchus
pacificusis influenced by sex and social context and is linked to developmental speed. Evol Dev. 2013;
15:161-170. https://doi.org/10.1111/ede.12030 PMID: 23607300

Hirschmann H. Uber das Vorkommen zweier Mundhéhlentypen bei Diplogaster IheritieriMaupas und
Diplogaster biformis n. sp. und die Entstehung dieser hermaphroditischen Art aus Diplogaster Iheritieri.
Zool Jb, Abt System, Okol u Geogr. 1951;80: 132—170.

Reinke V, Gil IS, Ward S, Kazmer K. Genome-wide germline-enriched and sex-biased expression pro-
files in Caenorhabditis elegans. Development. 2004; 131: 311-323. https://doi.org/10.1242/dev.00914
PMID: 14668411

Gomis-Rith FX, Trillo-Muyo S, Stécker W. Functional and structural insights into astacin metallopepti-
dases. Biol Chem. 2012; 393: 1027—1041. https://doi.org/10.1515/hsz-2012-0149 PMID: 23092796

NovelliJ, Ahmed S, Hodgkin J. Gene interactions in Caenorhabditis elegans define DPY-31 as a candi-
date procollagen C-proteinase and SQT-3/ROL-4 as its predicted major target. Genetics. 2004; 168:
1259-1273. https://doi.org/10.1534/genetics.104.027953 PMID: 15579684

Park J-O, Pan J, Méhrlen F, Schupp M-O, Johnsen R, Baillie DL, et al. Characterization of the astacin
family of metalloproteases in C. elegans. BMC Dev Biol. 2010; 10: 14. https://doi.org/10.1186/1471-
213X-10-14 PMID: 20109220

LiY, Zhao Y, Su M, Glover K, Chakravarthy S, Colbert CL, et al. Structural insights into the interaction
of the conserved mammalian proteins GAPR-1 and Beclin 1, a key autophagy protein. Acta Crystallogr
D Struct Biol. 2017; 73: 775-792. https://doi.org/10.1107/S2059798317011822 PMID: 28876241

Darwiche R, Kelleher A, Hudspeth EM, Schneiter R, Asojo OA. Structural and functional characteriza-
tion of the CAP domain of pathogen-related yeast 1 (Pry1) protein. Sci Rep. 2016; 6: 28838. https://doi.
org/10.1038/srep28838 PMID: 27344972

Choudhary V, Schneiter R. Pathogen-Related Yeast (PRY) proteins and members of the CAP super-
family are secreted sterol-binding proteins. Proc Natl Acad Sci U S A. 2012; 109: 16882—-16887. https:/
doi.org/10.1073/pnas.1209086109 PMID: 23027975

Gibbs GM, Roelants K, O’Bryan MK. The CAP superfamily: cysteine-rich secretory proteins, antigen 5,
and pathogenesis-related 1 proteins—roles in reproduction, cancer, and immune defense. Endocr Rev.
2008; 29: 865—897. https://doi.org/10.1210/er.2008-0032 PMID: 18824526

Henrissat B, Callebaut |, Fabrega S, Lehn P, Mornon JP, Davies G. Conserved catalytic machinery and
the prediction of a common fold for several families of glycosyl hydrolases. Proc Natl Acad Sci U S A.
1995; 92: 7090-7094. https://doi.org/10.1073/pnas.92.15.7090 PMID: 7624375

Lints R, Hall DH. The cuticle. WormAtlas. 2009.

Tokareva O, Jacobsen M, Buehler M, Wong J, Kaplan DL. Structure-function-property-design interplay
in biopolymers: spider silk. Acta Biomater. 2014; 10: 1612—1626. https://doi.org/10.1016/j.actbio.2013.
08.020 PMID: 23962644

Guan J, Vollrath F, Porter D. Two mechanisms for supercontraction in Nephila spider dragline silk. Bio-
macromolecules. 2011; 12: 4030—-4035. https://doi.org/10.1021/bm201032v PMID: 21951163

Riebesell M, Sommer RJ. Three-dimensional reconstruction of the pharyngeal gland cells in the preda-
tory nematode Pristionchus pacificus. Journal of Morphology. 2017; 278: 1656—1666. https://doi.org/10.
1002/jmor.20739 PMID: 28898441

van Megen H, van den Elsen S, Holterman M, Karssen G, Mooyman P, Bongers T, et al. A phylogenetic
tree of nematodes based on about 1200 full-length small subunit ribosomal DNA sequences. Nematol-
ogy. 2009; 11: 927-950.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008687  April 13, 2020 24/27



PLOS GENETICS

Gene regulatory network of mouth-form plasticity

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Altun ZF, Hall DH. Alimentary System, Pharynx. WormAtlas. 2009.

Zhang YC, Baldwin JG. Ultrastructure of the postcorpus of the esophagus of Teratocephalus lirellus
(Teratocephalida) and its use for interpreting character evolution in Secernentea (Nematoda). Can J
Zool. 2001;79: 16-25.

Zhang YC, Baldwin JG. Ultrastructure of the post—corpus of Zeldia punctata (Cephalobina) for analysis
of the evolutionary framework of nematodes related to Caenorhabditis elegans (Rhabditina). Proceed-
ings of the Royal Society of London Series B: Biological Sciences. 2000; 267: 1229—1238. https://doi.
org/10.1098/rspb.2000.1132 PMID: 10902689

Chiang J- TA, Steciuk M, Shtonda B, Avery L. Evolution of pharyngeal behaviors and neuronal functions
in free-living soil nematodes. J Exp Biol. 2006; 209: 1859—1873. https://doi.org/10.1242/jeb.02165
PMID: 16651552

Zhang YC, Baldwin JG. Ultrastructure of the Esophagus of Diplenteron sp. (Diplogasterida) to Test
Hypotheses of Homology with Rhabditida and Tylenchida. J Nematol. 1999; 31: 1—19. PMID: 19270870

Prabh N, Roeseler W, Witte H, Eberhardt G, Sommer RJ, Rddelsperger C. Deep taxon sampling
reveals the evolutionary dynamics of novel gene families in Pristionchus nematodes. Genome Res.
2018;28: 1664—1674. https://doi.org/10.1101/gr.234971.118 PMID: 30232197

Dieterich C, Clifton SW, Schuster LN, Chinwalla A, Delehaunty K, Dinkelacker |, et al. The Pristionchus
pacificus genome provides a unique perspective on nematode lifestyle and parasitism. Nat Genet.
2008;40: 1193-1198. hitps://doi.org/10.1038/ng.227 PMID: 18806794

Markov GV, Baskaran P, Sommer RJ. The same or not the same: lineage-specific gene expansions
and homology relationships in multigene families in nematodes. J Mol Evol. 2015; 80: 18—-36. https://
doi.org/10.1007/s00239-014-9651-y PMID: 25323991

Sieriebriennikov B, Markov GV, Witte H, Sommer RJ. The Role of DAF-21/Hsp90 in Mouth-Form Plas-
ticity in Pristionchus pacificus. Mol Biol Evol. 2017; 34: 1644-1653. https://doi.org/10.1093/molbev/
msx106 PMID: 28333289

Antebi A, Yeh WH, Tait D, Hedgecock EM, Riddle DL. daf-12 encodes a nuclear receptor that regulates
the dauer diapause and developmental age in C. elegans. Genes Dev. 2000; 14: 1512-1527. PMID:
10859169

Burton NO, Dwivedi VK, Burkhart KB, Kaplan REW, Baugh LR, Horvitz HR. Neurohormonal signaling
via a sulfotransferase antagonizes insulin-like signaling to regulate a Caenorhabditis elegans stress
response. Nat Commun. 2018; 9: 5152. https://doi.org/10.1038/s41467-018-07640-w PMID: 30514845

Rddelsperger C, Streit A, Sommer RJ. Structure, Function and Evolution of The Nematode Genome.
eLS. Chichester, UK: John Wiley & Sons, Ltd; 2013.

Mitreva M, Blaxter ML, Bird DM, McCarter JP. Comparative genomics of nematodes. Trends Genet.
2005;21:573-581. https://doi.org/10.1016/j.tig.2005.08.003 PMID: 16099532

Manning G, Plowman GD, Hunter T, Sudarsanam S. Evolution of protein kinase signaling from yeast to
man. Trends Biochem Sci. 2002; 27: 514-520. https://doi.org/10.1016/s0968-0004(02)02179-5 PMID:
12368087

Goodrich LV, Johnson RL, Milenkovic L, McMahon JA, Scott MP. Conservation of the hedgehog/
patched signaling pathway from flies to mice: induction of a mouse patched gene by Hedgehog. Genes
Dev. 1996; 10: 301-312. https://doi.org/10.1101/gad.10.3.301 PMID: 8595881

Logan CY, Nusse R. The Wnt signaling pathway in development and disease. Annu Rev Cell Dev Biol.
2004;20: 781-810. https://doi.org/10.1146/annurev.cellbio.20.010403.113126 PMID: 15473860

Stiernagle T. Maintenance of C. elegans (February 11, 2006). In: The C. elegans research community,
editor. WormBook. 2016.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012; 9: 676—682. https://doi.org/10.1038/nmeth.
2019 PMID: 22743772

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing; 2016.

Adams DC, Otarola-Castillo E. geomorph: an R package for the collection and analysis of geometric
morphometric shape data. Methods Ecol Evol. 2013; 4: 393-399.

Witte H, Moreno E, Rddelsperger C, Kim J, Kim JS, Streit A, et al. Gene inactivation using the CRISPR/
Cas9 system in the nematode Pristionchus pacificus. Dev Genes Evol. 2015; 225: 55-62. https://doi.
org/10.1007/s00427-014-0486-8 PMID: 25548084

Lightfoot JW, Wilecki M, Rddelsperger C, Moreno E, Susoy V, Witte H, et al. Small peptide-mediated
self-recognition prevents cannibalism in predatory nematodes. Science. 2019; 364: 86—89. https://doi.
org/10.1126/science.aav9856 PMID: 30948551

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008687  April 13, 2020 25/27



PLOS GENETICS

Gene regulatory network of mouth-form plasticity

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

Zhou S, Fu X, Pei P, Kucka M, Liu J, Tang L, et al. Characterization of a non-sexual population of Stron-
gyloides stercoralis with hybrid 18S rDNA haplotypes in Guangxi, Southern China. PLoS Negl Trop Dis.
2019; 13: e0007396. https://doi.org/10.1371/journal.pntd.0007396 PMID: 31059500

Roédelsperger C, Meyer JM, Prabh N, Lanz C, Bemm F, Sommer RJ. Single-Molecule Sequencing
Reveals the Chromosome-Scale Genomic Architecture of the Nematode Model Organism Pristionchus
pacificus. Cell Rep. 2017; 21: 834-844. https://doi.org/10.1016/j.celrep.2017.09.077 PMID: 29045848

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012; 9: 357-359.
https://doi.org/10.1038/nmeth.1923 PMID: 22388286

Robinson JT, Thorvaldsdéttir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative geno-
mics viewer. Nat Biotechnol. 2011; 29: 24—26. https://doi.org/10.1038/nbt.1754 PMID: 21221095

Pires-daSilva A. Pristionchus pacificus protocols (March 14, 2013). In: The C. elegans research com-
munity, editor. WormBook. 2013.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics.
2009; 25: 1754-1760. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format
and SAMtools. Bioinformatics. 2009; 25: 2078—2079. https://doi.org/10.1093/bioinformatics/btp352
PMID: 19505943

Rae R, Witte H, Rddelsperger C, Sommer RJ. The importance of being regular: Caenorhabditis elegans
and Pristionchus pacificus defecation mutants are hypersusceptible to bacterial pathogens. Int J Parasi-
tol. 2012; 42: 747-753. https://doi.org/10.1016/j.ijpara.2012.05.005 PMID: 22705203

Schlager B, Wang X, Braach G, Sommer RJ. Molecular cloning of a dominant roller mutant and estab-
lishment of DNA-mediated transformation in the nematode Pristionchus pacificus. Genesis. 2009; 47:
300-304. https://doi.org/10.1002/dvg.20499 PMID: 19298013

OpenWetWare contributors. Gibson Assembly. In: OpenWetWare [Internet]. 7 May 2018 [cited 25 Jul
2018]. Available: https://openwetware.org/mediawiki/index.php?title = Gibson_Assembly&oldid =
1043969

Bettinger JC, Lee K, Rougvie AE. Stage-specific accumulation of the terminal differentiation factor LIN-
29 during Caenorhabditis elegans development. Development. 1996; 122: 2517-2527. PMID: 8756296

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-
seq aligner. Bioinformatics. 2013;29: 15-21. https://doi.org/10.1093/bioinformatics/bts635 PMID:
23104886

Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, et al. Bioconductor: open soft-
ware development for computational biology and bioinformatics. Genome Biol. 2004; 5: R80. https://doi.
org/10.1186/gb-2004-5-10-r80 PMID: 15461798

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014; 15: 550. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281

Fox J, Weisberg S. An R Companion to Applied Regression. Thousand Oaks CA: Sage;2019. Avail-
able: https://socialsciences.mcmaster.ca/jfox/Books/Companion/

Nielsen H. Predicting Secretory Proteins with SignalP. Methods Mol Biol. 2017; 1611: 59-73. https://
doi.org/10.1007/978-1-4939-7015-5_6 PMID: 28451972

Méhrlen F, Hutter H, Zwilling R. The astacin protein family in Caenorhabditis elegans. Eur J Biochem.
2003; 270: 4909-4920. https://doi.org/10.1046/j.1432-1033.2003.03891.x PMID: 14653817

Finn RD, Coggill P, Eberhardt RY, Eddy SR, Mistry J, Mitchell AL, et al. The Pfam protein families data-
base: towards a more sustainable future. Nucleic Acids Res. 2016; 44: D279-85. https://doi.org/10.
1093/nar/gkv1344 PMID: 26673716

Sinha A, Langnick C, Sommer RJ, Dieterich C. Genome-wide analysis of trans-splicing in the nematode
Pristionchus pacificus unravels conserved gene functions for germline and dauer development in diver-
gent operons. RNA. 2014; 20: 1386—1397. https://doi.org/10.1261/rna.041954.113 PMID: 25015138

Werner MS, Sieriebriennikov B, Prabh N, Loschko T, Lanz C, Sommer RJ. Young genes have distinct
gene structure, epigenetic profiles, and transcriptional regulation. Genome Res. 2018; 28: 1675-1687.
https://doi.org/10.1101/gr.234872.118 PMID: 30232198

Roédelsperger C, Athanasouli M, Lenuzzi M, Theska T, Sun S, Dardiry M, Wighard S, Hu W, Sharma
DR, Han Z. Crowdsourcing and the feasibility of manual gene annotation: A pilot study in the nematode
Pristionchus pacificus. Sci. Rep. 2019; 9: 18789. https://doi.org/10.1038/s41598-019-55359-5 PMID:
31827189

Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: improvements in per-
formance and usability. Mol Biol Evol. 2013; 30: 772-780. https://doi.org/10.1093/molbev/mst010
PMID: 23329690

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008687  April 13, 2020 26/27



PLOS GENETICS Gene regulatory network of mouth-form plasticity

99. Stamatakis A. RAXML version 8: a tool for phylogenetic analysis and post-analysis of large
phylogenies. Bioinformatics. 2014; 30: 1312—-1313. https://doi.org/10.1093/bioinformatics/btu033
PMID: 24451623

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008687  April 13, 2020 27127



Improving Transgenesis Efficiency and
CRISPR-Associated Tools Through Codon Optimization
and Native Intron Addition in Pristionchus Nematodes

Ziduan Han," Wen-Sui Lo," James W. Lightfoot, Hanh Witte, Shuai Sun, and Ralf J. Sommer?
Max Planck Institute for Developmental Biology, Tuebingen 72076, Germany

ORCID IDs: 0000-0001-8341-0678 (Z.H.); 0000-0002-2438-0015 (W.-S.L.); 0000-0002-5835-2135 (J.W.L.); 0000-0003-1503-7749 (R.J.S.)

ABSTRACT A lack of appropriate molecular tools is one obstacle that prevents in-depth mechanistic studies in many organisms.
Transgenesis, clustered regularly interspaced short palindromic repeats (CRISPR)-associated engineering, and related tools are
fundamental in the modern life sciences, but their applications are still limited to a few model organisms. In the phylum Nematoda,
transgenesis can only be performed in a handful of species other than Caenorhabditis elegans, and additionally, other species suffer
from significantly lower transgenesis efficiencies. We hypothesized that this may in part be due to incompatibilities of transgenes in the
recipient organisms. Therefore, we investigated the genomic features of 10 nematode species from three of the major clades
representing all different lifestyles. We found that these species show drastically different codon usage bias and intron composition.
With these findings, we used the species Pristionchus pacificus as a proof of concept for codon optimization and native intron addition.
Indeed, we were able to significantly improve transgenesis efficiency, a principle that may be usable in other nematode species. In
addition, with the improved transgenes, we developed a fluorescent co-injection marker in P. pacificus for the detection of CRISPR-
edited individuals, which helps considerably to reduce associated time and costs.

KEYWORDS nematodes; C. elegans; P. pacificus; transgenesis; CRISPR editing; codon usage bias; intron-mediated enhancement; parasitic nematodes

he utilization of transgenes has proven fundamental to

many aspects of molecular biology and for functional
genomic studies (Rubin and Spradling 1982; Mello et al.
1991; Chalfie et al. 1994; Clough and Bent 1998; Hutter
2012) . For instance, easily applied and efficient transgenic
methods have been instrumental in furthering our under-
standing of biological pathways and dissecting associated
phenotypes. Additionally, it has facilitated the visualization
of gene expression patterns and protein localization through
the usage of fluorescent proteins such as GFP in a swathe of
organisms (Chalfie et al. 1994). However, limiting factors for
the successful establishment of transgenesis in an organism
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are the differing regulatory strategies and mechanisms found
between species. In accordance with this and despite their
ubiquitous usage, efficient transgenesis tools are frequently
restricted to canonical model organisms.

Gene expression, including transgene expression, is regu-
lated by a multitude of factors, including at the transcriptional
and translational levels. One such regulatory mechanism is
through codon usage bias (CUB). Here, the degenerate nature
of the nucleotide triplet code ensures that each amino acid can
be encoded by several synonymous codons, with the exception
of the amino acids methionine and tryptophan (Sharp and Li
1987). Correspondingly, organism genomes show their own
distinct usage of the code. This codon bias is more pro-
nounced in genes with elevated expression levels. Specifi-
cally, highly expressed genes strongly favor a specific set of
codons with the favored codons contributing to a more effi-
cient translation process through faster ribosome elongation
(Duret and Mouchiroud 1999; Plotkin and Kudla 2011). Fur-
ther, artificial manipulation of the CUB can also alter gene
expression dramatically (Redemann et al. 2011). In addition
to CUB, regulatory regions of a gene are also thought to be
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crucial for transcriptional control as evidence suggests a re-
lationship between the exon-intron structure of a gene and
its expression through a process termed “intron-mediated
enhancement” (IME). Here, intron density positively corre-
lates with both the level and extent of a gene’s expression
(Castillo-Davis et al. 2002). As such, these phenomena have
been exploited for the enhancement of molecular tools in-
cluding improving transgenesis in a number of well-studied
model organisms (Brinster et al. 1988; Bischof et al. 2007).

One such organism is the nematode Caenorhabditis ele-
gans, where an abundance of molecular tools, including
transgenesis, are available and its CUB and exon-intron
structures are well characterized (Ragle et al. 2015). In par-
ticular, IME in C. elegans is strongly influenced by the posi-
tion, number, and sequence of introns, and introns positioned
near the 5’ end of a gene shows the greatest contribution to
this effect (Okkema et al. 1993; Crane et al. 2019). Further,
replacing native codons with favored codons increases the
translation level of a protein (Redemann et al. 2011). How-
ever, C. elegans is far from the only nematode of significance
in the phylum, with an array of parasitic nematodes of both
animals and plants, as well as other free-living nematodes,
also now frequently used for research. Despite this, transgenesis
has only been successfully applied to a few nematode species
outside of the genus Caenorhabditis (Higazi et al. 2002; Li et al.
2006; Schlager et al. 2009; Lok 2012), with problems arising
due to efficient delivery of DNA materials to the gonad (Evans
2006) and compatibility of the DNA to the endogenous genetic
machinery of the recipient. Therefore, despite recent advance-
ments (Adams et al. 2019), low efficiency is still the bottleneck
for most transgenic experiments in other nematode species.

In addition to C. elegans, another distantly related free-
living nematode frequently used for research is Pristionchus
pacificus (Sommer et al. 1996). This nematode has been
established as a model system to study evolutionary develop-
mental biology and, more specifically, the evolution of nov-
elty. This is due to the nature of its mouth structure, which is
phenotypically plastic and demonstrates two distinct vari-
ants. One morph exhibits two teeth while the other contains
only a single tooth. The genetic network behind this de-
velopmental decision has been extensively studied and
is heavily influenced by the nematode’s environment
(Ragsdale et al. 2013; Kieninger et al. 2016; Bui et al.
2018; Sieriebriennikov et al. 2020). The presence of teeth
in P. pacificus facilitates an additional behavior as they are capable
of predating the larvae of other nematodes. Here, it has been
observed that the mouth-form dimorphism strongly correlates
with the predation behavior, as only the morphs possessing two
teeth are active predators, whereas the single-toothed morphs are
strict bacterial feeders (Wilecki et al. 2015; Moreno et al. 2019;
Akduman et al. 2020). Furthermore, the predatory behavior co-
incides with the existence of a self-recognition system (Lightfoot
et al. 2019) and environmental responses distinct from C. elegans
(Hong and Sommer 2006; Moreno et al. 2016, 2017).

Outside of C. elegans, P. pacificus is arguably the most
advanced nematode system in terms of the availability of
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molecular tools (Schlager et al. 2009; Witte et al. 2015;
Okumura et al. 2017; Loer et al. 2019). However, previous
methodologies resulted in low efficiencies of P. pacificus
transgenics, with on average one to three F1 Roller(s) per
40 injected POs (Schlager et al. 2009). Thus, P. pacificus suf-
fers from a much less efficient transgenesis system compared
with C. elegans for several potential reasons. First, it relies on
the formation of complex arrays, which incorporate trans-
gene DNA, genomic DNA fragments that must come from P.
pacificus itself, and a co-injection marker, to be carried as
heritable chromosome fragments. Second, the current
versions of fluorescent proteins utilized in P. pacificus
(Schlager et al. 2009) have not been adapted to its specific
CUB and no attempts have yet been made to improve these
fluorescent proteins further by investigating any potential
IME. Together, these factors likely contribute to the varying
degrees of generational transmission observed in P. pacificus
transgenesis experiments and will likely hinder the successful
development of other transgenic techniques including addi-
tional fluorescent proteins, calcium imaging, and optogenetics.

In this study, using publicly available data sets, we first
computed the CUB and global intron structure in 10 nematode
species to investigate the conservation of these factors across
the phylum, making use of the most recent genomic and
transcriptomic data sets. For this, we selected species living
in different ecosystems including parasites of animals and
plants. As each nematode species shows a distinct CUB and
potential IME, we focused on P. pacificus and utilized these
factors together with its spliced leaders (SLs), a specific but
conserved transcriptional regulatory element in nematodes
(Denker et al. 2002), to improve the efficiency of transgenesis in
this species. Finally, with the improved transgenesis in P. pacificus,
we established a new method using a fluorescent co-injection
marker to identify potential clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9-edited candidates, reduc-
ing the workload and cost for CRISPR/Cas9 screening.

Materials and Methods
Obtaining genome annotations and transcription profiles

We collected published annotations and transcriptomes of
10 nematode species representing three of the five major
nematode clades (Blaxter et al. 1998): C. elegans (Lee et al.
2018; Liu et al. 2019) [WormBase web site (https://
wormbase.org), release WS271 2019], C. briggsae (Griin
et al. 2014), Haemonchus contortus (Laing et al. 2013), P.
pacificus (Prabh et al. 2018; Rodelsperger et al. 2019), P.
fissidentatus (Prabh et al. 2018; Rodelsperger et al. 2018),
Strongyloides ratti (Hunt et al. 2016), Globodera pallida
(Cotton et al. 2014), Bursaphelenchus xylophilus (Kikuchi
et al. 2011; Tanaka et al. 2019), Brugia malayi (Choi et al.
2011; Foster et al. 2020), and Ascaris suum (Wang et al. 2011,
2017). To acquire the expression profiles of P. pacificus and
P. fissidentatus, we retrieved RNA-sequencing (RNA-seq)
data sets of P. pacificus and P. fissidentatus from the Sequence
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Read Archive (SRA) database (https://www.ncbi.nlm.nih.-
gov/sra/; Supplemental Material, Table S1). We mapped
raw reads to the reference genome of each species (Table
S1) using Hisat2 (Kim et al. 2015) with default parameters,
and quantified the numbers of reads mapping to each annotated
gene using the package featureCounts (Liao et al. 2014). For
other species, the gene expression results were directly down-
loaded from WormBase (Howe et al. 2016, 2017). Detailed in-
formation of the metadata is summarized in Table S1. For C.
elegans and A. suum, whose annotations included isoform data,
only the longest transcripts were used in downstream analyses.

Codon usage computation

To identify the CUBs of genes with different expression levels,
the percentage codon usage for each gene was calculated
using cusp from EMBOSS suite (Rice et al. 2000). We opti-
mized the codon of proteins based on the most preferred
codons of genes with high expression levels in P. pacificus.

P. pacificus trans-spliced messenger RNA identification

To identify the P. pacificus transcripts that contain SLs, we
first performed RNA-seq using a ribosomal RNA (rRNA) de-
pletion library. Briefly, total RNA of P. pacificus was extracted
via Direct-zol RNA Miniprep (Zymo Research) and a Ribo-
Zero rRNA Removal Kit (Human/Mouse/Rat; Illumina), and
RNA libraries were constructed using the ScriptSeq v2 RNA-
Seq Library Preparation Kit (Illumina). Sequencing was car-
ried out on an Illumina HiSeq 3000 sequencer with one-sixth
of a lane. We used Trinity (Grabherr et al. 2011) for de novo
transcriptome assembly, and identified the transcripts with
SLs by the consensus SL sequences at 5’ ends (SL1: TACC
CAAGTTTGAG; and SL2: CAGTATCTCAAG) (Guiliano and
Blaxter 2006). We used MEME SUITE (Bailey et al. 2009)
to identify the motifs of 3" sequences of the trans-splice sites.

Statistics

We performed the chi-square test to test whether the frequen-
cies of synonymous codons in the most highly expressed genes
(11th bin) were deviated from the frequencies of genome-
wide synonymous codons. We performed the one-tailed Kol-
mogorov—-Smirnov test to compare the intron length distribu-
tions between C. elegans and the other species. We calculated
the Pearson’s correlation coefficient to measure the linear
relationship between intron length and gene expression
level. We performed the Wilcoxon signed-rank test to test
whether genes that contained SLs were different in expres-
sion level from genes without SLs.

Plasmid construction and microinjection

The optimized egl-20p::GFP and egl-20p::TurboRFP (red
fluorescent protein) were modified based on a pUC19
backbone from a previous study (Schlager et al. 2009). Full se-
quences of these plasmids in text files can be found in the sup-
plemental materials. Modified GFP and TurboRFP sequences
were synthesized from Integrated DNA Technologies (IDT; Cor-
alville, TA) and cloned into the pUC19 backbone using Gibson

Assembly Master Mix (New England Biolabs, Beverly, MA) fol-
lowing the manufacturers’ protocols. Plasmids were extracted
using the QIAprep Spin Miniprep kit (QIAGEN, Valencia, CA).

Three introns from the rRNA gene Ppa-rps-1 (gene ID:
PPA18896; El paco annotation v2) (Rodelsperger et al.
2019) were added into the sequence of GFP or turboRFP from
5’ to 3’ and were roughly evenly spaced (“Fire Lab Vector Kit
1995™): intron 1, gtgagcatttcttggttgtgaatgggggttgtgaaaactt
catgggattcctaacctatttaatttttcag; intron 2, gtaagtcgtatacattagc
gggtgcttttacgtgatatccggggtttggtittgagagaggagatatttatttaaataaat
ataatttcag; and intron 3, gtgagtgctgtcaaatattaagtgacatgaaactttttct
cag. For the two-intron codon-optimized egl-20p::GFP and egl-
20p::TurboRFP, intron 1 (the most 5’ intron) was removed using
a Q5 Site-Directed Mutagenesis kit (New England Biolabs), and
both intron 1 and 2 were removed for the one-intron egl-20p::GFP
and egl-20p::TurboRFP.

P. pacificus microinjections were performed following the
standard protocol (Schlager et al. 2009; Witte et al. 2015).
Plasmids were diluted to 50 ng/pl for microinjection using
TE buffer. Well-fed P. pacificus (strain PS312) young her-
maphrodites (preferably not carrying any eggs) were used
for injections. The injection mix for the co-injection marker-
assisted CRISPR/Cas9 editing was modified from those of
Witte et al. (2015) and Dokshin et al. (2018), and the mix
contained 0.5 pg/pl Cas9 nuclease (catalog# 1081058;
IDT), 0.1 pg/pl trans-activating CRISPR RNA (catalog#
1072534; IDT), 0.056 pg/pl guide RNA (CRISPR/Cas9
RNA; IDT), and 0.05 g/l co-injecting plasmid. Potential
CRISPR-edited alleles were amplified by PCR and sequenced
using Sanger sequencing. Alternatively, the PCR amplicons
were run on a 4% TBE agarose gel to detect heteroduplex
formation (Bhattacharya and Van Meir 2019).

Data availability

The raw sequence data of P. pacificus rRNA-depleted RNA-seq
have been deposited at the SRA under BioProject identified
PRJNA658248. Supplemental material available at figshare:
https://doi.org/10.25386/genetics.13090322.

Results
Codon usage is divergent among nematode species

To enhance transgene expression in diverse nematode spe-
cies, we first obtained a comprehensive view of CUB in
nematodes. For that, we calculated CUB in 10 species of eight
nematode genera, representing three of the five major clades
of the phylum Nematoda (Figure 1A and Figure S1; Blaxter
et al. 1998). For a given amino acid, we found a favored
codon in highly expressed genes in every species. The fre-
quencies of different codons in the most highly expressed
genes (11th bin) deviate significantly from their genome-
wide frequencies (for all comparisons, 0 < P < 4.19X10711,
chi-square test). There was no clear pattern between CUBs
and phylogenetic relationships or lifestyles (free-living
or parasitic). However, genome-wide GC content may be
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Figure 1 Codon preferences in nematodes species as a function of expression levels. (A) The codon usage bias of C. elegans, H. contortus, P. pacificus,
S. ratti, G. pallida, B. xylophilus, B. malayi, and A. suum. The protein-coding genes are binned based on the transcripts per kilobase million value from
expression level low to high with a log, scale into 11 bins (x-axis). The dots represent the average codon usage frequency of a given bin. (B) Gene
grouping and codon usage bias for P. pacificus, P. fissidentatus, C. elegans, and C. briggsae. Figures in the first row show the number of genes (y-axis)
grouped from low to high expression with a log, scale into 11 bins (same as A).
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Figure 2 Global intron length distribution in diverse nematodes. (A) The intron length distribution of eight nematode species. Vertical lines indicate the
median lengths of introns of each species, while the numbers in gray indicate the modes of intron lengths (bp). (B) Median intron length as a function of
the gene expression. The protein-coding genes are binned by expression level from low to high with a log, scale into 11 bins. (C) Elevated expression
level of SL1-operated genes. Consensus sequence of the SL1 trans-splice sites in P. pacificus (top). SL1- and SL2-spliced genes have a higher expression
level than those that are not trans-spliced (left). The proportion of trans-spliced genes is positively associated with expression level (right). SL1, spliced

leader 1; TPM, transcripts per kilobase million.

one major factor correlating with the CUB (Mitreva et al.
2006). For example, S. ratti and B. malayi have low-GC-content
genomes, and subsequently the codon usage is also biased
toward AT-rich codons. In these species, GCA and GCT are more
preferred than GCC and GCG for alanine. Intriguingly, species
with a similar GC content can still exhibit drastically different
patterns in CUB. For example, P. pacificus and H. contortus,
which both have ~43% GC content, show differing codon pref-
erences for coding proline and alanine (Figure S1). Thus, our
new analysis of CUB confirms previous studies that codon usage
is divergent among nematode species. Note that the species
considered here belong to very different nematode taxa and
are phylogenetically only distantly related.

Codon usage adaptation is conserved within genera

To study the evolution of codon usage between more closely
related nematodes, we focused on two well-studied nematode
genera Caenorhabditis and Pristionchus. C. elegans and P.

pacificus share a common ancestor around 100 million years
ago, and they have a distinct CUB. The most dramatic examples
of this can be seen in the amino acids glutamine, glutamic acid, and
lysine, where P. pacificus and C. elegans favor the opposing codons.
However, within the genus Pristionchus the CUB appears con-
served, as in P. fissidentatus, a basal species in the Pristionchus genus
(Rodelsperger et al. 2018), and we found it shares a highly similar
CUB with that observed in P. pacificus (Figure 1B and Figure S2).
Similarly, in Caenorhabditis, the CUB is conserved between C. ele-
gans and C. briggsae (Figure S3). This finding strongly suggests that
codon usage adaptation evolved more ancestrally than the specia-
tion events within the genera Pristionchus and Caenorhabditis, and
that CUB is conserved between closely related species.

Global intron structure and SL1 frequency shows
distinct patterns

As the presence and distributions of introns also contribute to
gene regulation (Castillo-Davis et al. 2002), we next
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Figure 3 Optimized transgenic plasmids based on P. pacificus genomic
features. An illustration of the construct structure for codon-optimized
and native intron addition in egl-20p::GFP/turboRFP (left). An overlay of
DIC and GFP image of egl-20p::GFP (left). Bar, 50 pm. AMPR, ampicillin
resistance; GFP, green fluorescent protein.

investigated global intron composition to potentially under-
stand the IME of genes across nematodes. Unexpectedly, in-
trons across eight annotated genomes showed distinct
features in terms of the general pattern observed (for all
comparisons P = 0.0, Kolmogorov-Smirnov test) and the
median intron size. When intron length was plotted by fre-
quency, a unimodal pattern was detected in C. elegans, H.
contortus, P. pacificus, and S. ratti, whereas a bimodal pattern
was observed in B. xylophilus (Figure 2A). Further, in the
clade three nematodes (B. malayi and A. suum) intron length
appeared to be much longer and with a wider distribution.
Further analysis of the average intron length revealed that
the introns of C. elegans have a mode (the most abundant
number) of 47 nt and a median of 63 nt in length (Figure 2A),
while the distantly related S. ratti has even shorter introns
with a median of 52 nt and a more homogeneous distribu-
tion. In H. contortus, P. pacificus, B. xylophilus, and G. pallida,
the distribution of intron length shows a greater range com-
pared with C. elegans, although an accumulation of introns
with a size between 40 and 60 nt is also detectable. When
comparing intron size with gene expression level, we found
that in C. elegans (r = —0.55, P = 0.038, Pearson’s correla-
tion), H. contortus (r = —0.68, P = 0.010, Pearson’s correla-
tion), S. ratti (r = —0.70, P = 0.008, Pearson’s correlation),
G. pallida (r = —0.91, P < 0.001, Pearson’s correlation), B.
malayi (r = —0.91, P = 0.001, Pearson’s correlation), and A.
suum (r = —0.95, P < 0.001, Pearson’s correlation), the
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intron size was negatively correlated with gene expression
level. However, this correlation was not observed in the other
species (Figure 2B).

Finally, we investigated another gene regulatory element,
SL1. Nematodes have a specific trans-splicing mechanism at
the 5’ end of many premature messenger RNAs (mRNAs),
which is trimmed and replaced by an SL sequence (Denker
et al. 2002). This mechanism is thought to increase transla-
tion (Yang et al. 2017). Using a P. pacificus rRNA-depleted
RNA-seq library instead of deeply sequenced mRNA-enriched
RNA-seq data sets, which are traditionally used in C. elegans
(Allen et al. 2011), we identified a total of 5982 genes in P.
pacificus that were SL1-operated, and 922 genes that were
SL2-operated. These genes have an SL1 3’ splice site with a
consensus sequence “TTTCAG” (Figure 2C), which is also
conserved in C. elegans (Yang et al. 2017). Globally, higher
expression levels were observed in P. pacificus genes associated
with SL1 compared with genes without splicing leaders (P =
0.0, Wilcoxon signed-rank test). Therefore, this suggests that
SL1 increases translation in P. pacificus, a similar phenomenon
to that observed in C. elegans (Yang et al. 2017). While the
published nematode data sets are not sufficient for us to survey
the SL1 trans-spliced genes of other nematode species, given the
fact that the sequences of SLs are conserved among nematodes
(Guiliano and Blaxter 2006), the SL trans-splicing could be a
highly conserved mechanism in the Nematoda phylum.

Optimization of GFP and TurboRFP sequences and
increased transgenesis efficiency

With our observations of the large variations in CUB and
potential IME regulating gene expression across nematodes,
we decided to focus on a single species and attempt to improve
its transgenesis efficiency. Therefore, we focused on establish-
ing two fluorescent proteins for use in the free-living nema-
tode P. pacificus. These were based on the previously utilized
TurboRFP (Schlager et al. 2009) and on GFP (Fire Lab Vector
Kit 1995), which are commonly utilized across the C. elegans
community. In P. pacificus, TurboRFP has been used to suc-
cessfully produces transgenic lines; however, this was only at
a low transmission efficiency. The GFP previously used in P.
pacificus was optimized according to C. elegans’ CUB and
hardly generated detectable fluorescence. Therefore, we
replaced the codons in these two fluorescent proteins with
two sets of codon usages: the CUB found associated with the
top 10% most highly expressed genes and with the top 3%
most highly expressed genes of P. pacificus (Table S2). Along-
side this, we also attempted to optimize both fluorescent
proteins further through the addition of native introns to in-
crease its transcription. We selected the native introns of the
gene Ppa-rps-1 as it is highly expressed through all life stages
and has four relatively short introns. The three shorter in-
trons of Ppa-rps-1 were added into the reading frame of the
codon-optimized GFP and TurboRFP. Finally, we added an
SL1 3’ splice site sequence immediately upstream of the start
codon of both fluorescent proteins (illustrated in Figure 3).
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Table 1 Improved transgenesis efficiency using transcriptional reporter constructs with codon optimization and intron addition in P.

pacificus

Construct Number of introns Injected POs Number of POs with fluorescent F1s Efficiency (%)
egl-20p::GFP 3 49 11 22 (P=0.02)
egl-20p::TurboRFP 3 55 16 29 (P =0.003)
egl-20p::GFP 2 40 4 10 (P=0.39)
eql-20p::GFP 1 12 0 0 (P =0.48)
egl-20p::TurboRFP 1 18 0 0(P=0.34)
Ppa-pri-12 NA NA NA 5

The GFP and TurboRFP sequences were optimized using P. pacificus favored codons (from top 10% highly expressed) with addition of native introns.
? Data from Schlager et al. 2009, summarized from over 3000 PO injections. Chi-square tests were performed between Ppa-prl-1 and optimized constructs.

In a first set of experiments, we performed all three opti-
mization steps (CUB, native intron addition, and SL1 3’ splice
site sequence) simultaneously and used the previously estab-
lished egl-20 promoter to drive fluorescent protein expres-
sion. We were able to obtain GFP transcriptional reporter
lines with robust and intense signals (Figure 3). More im-
portantly, we considerably improved the efficiency of trans-
genesis of both GFP (PZH008) and TurboRFP (PZHO009)
constructs (P = 0.02 and P = 0.003, respectively; Table 1).
Note that we still experienced variability in the efficiency;
possibly due to factors such as injector and age of the speci-
men, the efficiency increased to >20% of injected animals.
While we did not systematically test all variables individually
due to the enormous costs that would have been associated
with such studies, we confirmed the increase in efficiency by
the subsequent removal of introns. Indeed, intron removal
coincided with a decrease in transgenic efficiency (Table 1).
Together, we found that the codon-optimized three-intron
GFP and TurboRFP had greater efficiency compared with
the previous nonoptimized TurboRFP (Schlager et al
2009). However, for unknown reasons, utilizing the CUB of

the top 3% highly expressed genes did not further increase
the efficiency (Table S3).

Fluorescent co-injection marker-assisted CRISPR
genome editing

With the establishment of reliable and robust transgenic
markers in P. pacificus, we next attempted to implement
these tools to reduce the workload and the cost of screen-
ing potential CRISPR/Cas9 alleles. Therefore, we tried to
establish a method that employed the optimized fluores-
cent markers to identify potential mutants induced with
CRISPR/Cas9 (Figure 4A). A fluorescent marker can indicate
well-injected specimens, which carry an increased likelihood
of successfully induced CRISPR/Cas9 mutations. Therefore,
using the egl-20p::TurboRFP (PZH009) as a CRISPR/Cas9
co-injection marker, our experienced injectors obtained be-
tween 1 and 5 POs (on average 2.5) producing RFP-positive
F1 progeny from 30 well-injected nematodes (Figure 4B). Fur-
thermore, progeny cooccurring on RFP injection marker-posi-
tive plates also frequently carried CRISPR/Cas9-induced
mutations at high efficiency (77% of the identified plates),

Figure 4 Newly established fluorescent co-injection marker-assisted CRISPR genome editing in P. pacificus. (A) An illustration of the workflow for
CRISPR genome editing in P. pacificus. (B) Using an egl-20p::TurboRFP construct (PZH009) as a co-injection marker, an average of 2.5 POs had RFP + F1s
from 30 well-injected P. pacificus POs (left). (B) Next, 8-16 F1s were selected from each PO with RFP + F1s to detect CRISPR alleles. There was a 77%
chance that the PO-contained RFP + F1s also contained CRISPR-edited F1s (right). These data were accumulated from 18 independent experiments.
Note, there were two additional experiments with no RFP + F1 detected, but CRISPR editing still occurred. CRISPR, clustered regularly interspaced short

palindromic repeats; RFP, red fluorescent protein.
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allowing the number of progeny necessary to be screened
to isolate a CRISPR/Cas9 mutant to be greatly reduced (Fig-
ure 4B). Thus, the improved fluorescent-based co-injection
marker strongly assisted the detection of CRISPR-generated
edits in P. pacificus. We would like to note here that this
fluorescent marker-assisted CRISPR method is compatible
with knockouts and shorter repair templates (<120 nt), but
does not seem to work with longer repair templates.

Discussion

The usage of transgenic tools is fundamental to successful
studies in molecular biology; however, their efficiency is not
uniform between organisms. This is, in part, likely due to
differences in gene regulatory mechanisms between different
species. In canonical model organisms, the development of
efficient transgenic tools is aided by the existence of large
scientific communities capable of refining and optimizing
their application; however, this is not usually possible in other
systems. Although the delivery of DNA to the germline can be
an obstacle in nematode species (Kranse et al. 2020), delivery
via microinjection is not a hindrance in Pristionchus, since
we have generally achieved a higher efficiency for CRISPR
knockouts compared with transgenesis. Here, we have
revealed large differences in CUB and IME across nematodes,
which likely contribute to gene regulatory differences be-
tween species. As a proof of principle, we investigated a
single nematode species, P. pacificus, whereby we have
successfully exploited its favored CUB and IME to develop
P. pacificus-adapted fluorescent transgenic proteins. Addi-
tionally, we have shown that these adapted proteins contain-
ing P. pacificus gene regulatory requirements demonstrate a
dramatically increased expression efficiency. It has recently
been shown in C. elegans that the 5’ intron contributes the
most to the elevated level of gene expression (Crane et al.
2019). Our results in P. pacificus agree with this finding be-
cause transgenesis efficiency decreased when the 5 intron
was removed. Transgenes with constructs that were modified
using the top 3% CUB did not further improve efficiency. We
can only speculate that this might be due to the most highly
favored codons causing ribosomal traffic jams (Plotkin and
Kudla 2011). Nevertheless, these improvements allow trans-
genes to be utilized as co-injection markers to reduce the
screening time and costs of CRISPR/Cas9 genome editing.
Thus, our method provides an alternative to the existing
Pristionchus co-CRISPR method, in which the identification
of CRISPR candidates relies on a Dpy phenotype (Nakayama
et al. 2020).

By means of an initial bioinformatic analysis of the species-
specific CUB and IME, our experiments demonstrate the
potential to develop optimized transgenic tools and explore
distinctive attributes that were not previously possible. While
we did not systematically test the specific contributions of
CUB, IME, and SL1, they likely all play important roles in
transcription and translation for the increased transgenesis
efficiency in P. pacificus (Redemann et al. 2011; Yang et al.
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2017; Crane et al. 2019), but it is important to note that this
principle could be further utilized to optimize genetically
encoded calcium indicators and optogenetic tools to explore
Pristionchus-specific behaviors, and genetic ablation methods
to investigate aspects of anatomy and physiology. We hypoth-
esize that, using knowledge of species-specific genomic fea-
tures, it is possible to establish transgenic tool kits in other
free-living nematodes, and additionally in parasitic nema-
tode systems that have a significant impact on world health
(Brindley et al. 2009) and crop production (Nicol et al.
2011).
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Crowdsourcing and the feasibility
of manual gene annotation: A pilot
study in the nematode Pristionchus
pacificus
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Nematodes such as Caenorhabditis elegans are powerful systems to study basically all aspects of
biology. Their species richness together with tremendous genetic knowledge from C. elegans facilitate
the evolutionary study of biological functions using reverse genetics. However, the ability to identify
orthologs of candidate genes in other species can be hampered by erroneous gene annotations. To
improve gene annotation in the nematode model organism Pristionchus pacificus, we performed a
genome-wide screen for C. elegans genes with potentially incorrectly annotated P. pacificus orthologs.
We initiated a community-based project to manually inspect more than two thousand candidate loci
and to propose new gene models based on recently generated Iso-seq and RNA-seq data. In most cases,
misannotation of C. elegans orthologs was due to artificially fused gene predictions and completely
missing gene models. The community-based curation raised the gene count from 25,517 to 28,036 and
increased the single copy ortholog completeness level from 86% to 97%. This pilot study demonstrates
how even small-scale crowdsourcing can drastically improve gene annotations. In future, similar
approaches can be used for other species, gene sets, and even larger communities thus making manual
annotation of large parts of the genome feasible.

How well can biological knowledge be transferred across species? Are biological functions carried out by the same
genes in different organisms? How fast do regulatory networks diverge? In order to address these fundamental
questions, more than 20 years ago, the nematode Pristionchus pacificus has been introduced as a so-called “satel-
lite” model organism to one of the most successful animal model systems, Caenorhabditis elegans'. Since then,
several comparative studies in developmental and ecological contexts have highlighted the importance of devel-
opmental system drift as a concept in evolution® and have demonstrated that the divergence between Pristionchus
and Caenorhabditis was accompanied by extensive chemical$, genic’~?, and morphological'®'? innovations. The
establishment of multiple genetic'*!* and genomic tools and resources'>!® by Sommer and colleagues motivated
an increasing number of independent groups to adapt P. pacificus as a model system for comparative studies at a
mechanistic level'7-2!. However, reverse genetic approaches based on candidate genes with known functions in
C. elegans®»** have been hampered not only by the huge amount of lineage-specific duplications?*~?, but also by
missing and incorrect gene annotations. Traditionally, protein-coding genes are annotated by gene prediction
algorithms that model general sequence features of transcription and translation start and end sites, as well as
splicing signals?’-?°. This can be complemented with evidence based approaches using transcriptomic and pro-
tein homology data’**!. While automated annotation pipelines perform reasonably well to be useful for genetic
screens®?** and evolutionary genomic analyses*?’, their outcomes by far do not meet the standards of the gene
annotations from classical model organisms such as C. elegans, Drosophila melanogaster, and Mus musculus that
have been curated over decades by a large research community?®. In order to make the P. pacificus system more
tractable for researchers without extensive genomic and phylogenetic expertise, we need to minimize the dis-
crepancy in gene annotation quality between C. elegans and P. pacificus. To this end, we employed an integrative
approach using comparative genomic and transcriptomic data combined with crowdsourcing to improve the P
pacificus annotations of C. elegans homologs and orthologs. First, we carry out a comparative assessment of 22
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Figure 1. Comparative assessment of nematode genome quality. Genomic data for 22 nematode species

was obtained from WormBase ParaSite (release WBPS13) and evaluated based on completeness level of gene
annotations and genome assembly contiguity. The barplots show the results of a benchmarking of single copy
orthologs (BUSCO®) analysis, the number of genes, genome sizes, number of scaffolds, and the N50 measure of
assembly contiguity. The genome and annotations of P. pacificus exhibit an overall comparatively high quality.
The schematic phylogeny is based on phylogenomic analysis of 108 nematodes*, Roman numerals indicate
phylostrata that are used for further analysis.

nematode genomes and demonstrate that P. pacificus has one of the best available nematode genomes. Second, we
perform a genomewide screen for C. elegans genes where homologs and orthologs are not or incorrectly anno-
tated in the P. pacificus genome. Third, a community-based manual curation of suspicious gene models reveals
thousands of hidden orthologs and missing homologs. This pilot study can be extended to even larger gene sets
and communities possibly employing citizen scientists, which would raise the quality of gene annotations to the
next level®.

Results

The quality of nematode draft genomes is highly heterogeneous. To obtain a general overview
of the current status of nematode genome quality, we analyzed assemblies and gene annotations of 22 species
(Fig. 1). The species were arbitrarily selected to span the diversity of the nematode phylum®. We will further use
this taxon sampling to perform an analysis of gene age, i.e. phylostratigraphic analysis where each phylostratum
is defined by at least two outgroup species to minimize the effect of species-specific gene loss. Nematode genomes
range in size between 43 and 320 Mb and contain between 11 and 37 thousand annotated protein-coding genes
(Fig. 1). Analyses of assembly features and gene annotations indicate a wide range of qualitative variability. Some
genomes are assembled and scaffolded to the level of chromosomes with high degrees of contiguity (the N50
value which is a measure of genome assembly contiguity is up to 29 Mb) whereas others are largely fragmented
into up to 33 thousand scaffolds with N50 values below 0.1 Mb (Fig. 1). Similarly, analyses of completeness levels
based on benchmarking univeral single copy orthologs (BUSCO*) reveal substantial amount of either missing or
duplicated genes and it is not totally clear to what extent these differences are of biological or technical nature*!.
In the case of Diploscapter coronatus, the apparent high fraction of duplicated genes could either be explained
by hybridization of two divergent lineages or a whole genome duplication*?. The genome of P. pacificus, which
was generated by assembly from single-molecule, long-read sequencing data and scaffolding with the help of a
genetic linkage map'®, shows one of the highest levels of contiguity (47 scaffolds, N50 = 24 Mb). Gene annotations
were generated by the MAKER?2 pipeline®®*! which combined gene prediction algorithms, transcriptome data,
and protein homology data from other Pristionchus species'>'>*. The completeness level of gene annotations
(BUSCO completeness: 84%) is in the upper range when compared to most other nematode genomes (median
78%, interquartile range (IQR): 68-85%, Fig. 1). This demonstrates the relatively high quality of the current P.
pacificus assembly and gene annotations.

Complementary genome and transcriptomes reveal potentially missing gene models. The
completeness analysis as implemented in the software BUSCO* can also be applied to the raw genome assem-
bly of P. pacificus. This yielded a combined completeness value of 93% (complete single copy and duplicates) as
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BUSCO (%)
Data set Complete Single Copy (+Duplicates) | Duplicate | Fragmented Missing | Ref
Genome assembly (El Paco assembly) | 91.6 (92.9) 1.3 3.1 4.0 15
El Paco annotation v1/WS268 84.0 (85.8) 1.8 43 9.9 15
de novo transcriptome assembly 59.1(97.1) 38.0 2.6 0.3 16
Iso-Seq assembly 48.0 (73.3) 25.3 10.9 15.8 a“
El Paco annotation v2 95.4(97.1) 1.7 2.0 0.9 this study

Table 1. Completeness analysis of different P. pacificus data set. The high level of duplicates in the two
transcriptomic data sets is due to the presence of isoforms.

compared to 86% for the P. pacificus gene annotations and indicates towards the presence of incorrectly annotated
or missing C. elegans orthologs in the genome of P. pacificus. Moreover, the fact that a recent de novo transcrip-
tome assembly that was based on a strand-specific RNA-seq data set exhibited an even higher combined com-
pleteness level of 97% (Table 1) demonstrates even further room for improvement'®. Finally, single-molecule,
long-read transcriptome sequencing data were recently generated for P. pacificus which allows a much more accu-
rate definition of gene structures from reference alignments of single reads*!. However, neither transcriptomic
data set was available when the existing gene annotations (version: El Paco annotation vl/WormBase release:
WS268) were generated and they could still be used for further improvement.

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

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

After manual inspection of all 526 missing gene candidates, 201 (41%) of the 486 non-redundant P. pacificus
loci were classified as missing genes (Fig. 2b). Presumably this kind of error could arise when the gene annotation
pipeline is mostly dependent on gene prediction algorithms which fail to predict all genes in gene dense regions
(e.g. operon structures) as the intergenic distances might span only a few hundred nucleotides, which could be
too small for triggering the initiation of a new gene model. The C. elegans gene apn-1 is one example of a missed
gene model in a gene dense region (Fig. 2d). Given that the P. pacificus homolog of apn-1 has good transcriptomic
support, the correction in this case would simply add the transcript to the existing gene models. Other instances
of missing homologs are due to borderline cases in the BLASTP searches where one search resulted in an e-value
slightly below the e-value threshold (107°) and the result of the other BLASTP search was slightly above the
threshold. In total, we encountered 87 of such cases which we termed ‘weak similarity’ (Fig. 2b). For such cases
no correction was proposed. In summary, we compiled corrections for 280 P. pacificus genes which were replaced
by 714 new gene models. All these changes were submitted to WormBase and were incorporated in the release
WS272.

Artificial gene fusions mask thousands of hidden orthologs. A small number of C. elegans genes
with missing homologs in the current gene annotations (version: El Paco v1/WS268) of P. pacificus were classi-
fied as located in fused gene models (Fig. 2b). One potential explanation could be that an artificially fused gene
prediction from the sister species is taken as homology data to annotate the orthologous locus in P. pacificus,
but small errors cause parts of the gene model to be either incompletely or incorrectly annotated in P. pacificus
resulting in a loss of detectable homology (Fig. 2¢). Even if the homolog of a C. elegans gene is incorporated in
the correct ORF within an artificially fused gene model, this could still cause a loss of one-to-one orthology as the
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Figure 2. Identification of missing genes. (a) 526 potentially missing genes were identified based on C. elegans
genes with homologs in the transcriptome assembly but not in current gene annotations. (b) The 526 missing
gene candidates were located in 486 P. pacificus loci that were classified based on community annotators. (c)
The genome browser screenshot shows a homolog of C. elegans C29H12.2 which is located in the annotated
5'UTR of a P. pacificus gene. This locus harbors two P. pacificus transcripts with different expression levels and
well supported as non-overlapping transcripts based on RNA-seq and Iso-seq data. (d) A homolog of apn-1 is
completely missing from current gene annotations.

corresponding P. pacificus gene can only be identified as one-to-one ortholog of a single C. elegans gene. Thus, we
performed a second screen for C. elegans genes that had a predicted one-to-one ortholog (best-reciprocal hit) in
the transcriptome assembly but not in current gene annotations (Fig. 3a). In total, 6075 (93%) of C. elegans genes
with a predicted one-to-one ortholog (based on best-reciprocal hits) in current gene annotations, also had a pre-
dicted one-to-one ortholog against the de novo transcriptome assembly (Fig. 3a). Nevertheless, we found 2075 C.
elegans genes that only had predicted one-to-one orthologs in the de novo transcriptome assembly. Excluding C.
elegans genes that were identified already in the previous screen for missing homologs, this resulted in 1692 C.
elegans genes with predicted one-to-one orthologs in the de novo transcriptome assembly but not in the current
set of gene annotations (version: El Paco v1/WS268). Community-based classification and curation of the 1281
corresponding P, pacificus loci classified 912 (71%) cases as artificial gene fusions (Fig. 3b). One such an example
is the C. elegans gene D1053.3. Its putative ortholog is fused with the P. pacificus mvb-12 ortholog (Fig. 3¢). Apart
from being orthologous to two different C. elegans genes, both P. pacificus genes are supported as non-overlapping
transcripts by RNA-seq and Iso-seq, and are expressed at different levels. This confirmed the interpretation of an
artificially fused annotation. The proposed correction in this case would be a replacement of the old gene model
by the two non-overlapping transcripts. In total, we updated 1241 P. pacificus gene models and replaced them
with 3305 new models. These updates were submitted to WormBase and will be released following curation. The
new P. pacifcus gene annotation (version: El Paco v2) with 28,036 gene models is also available on http://www.
pristionchus.org/download. The results of the BUSCO analysis (Complete and Single Copy: 95.4%, Duplicated:
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Figure 3. Community-based curation of hidden orthologs. (a) We identified 2075 putative C. elegans one-
to-one orthologs that were specific to the P. pacificus transcriptome assembly. (b) Community-based curation
classified most of the corresponding gene loci as artificial gene fusions. (¢) Non-overlapping transcripts
corresponding to P. pacificus orthologs of mvb-12 and D1053.3 are artificially fused in a current gene model.
This prohibits the detection of a one-to-one ortholog of D1053.3 based on a genome-wide approach such as best
reciprocal hits.

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

Improved gene annotations facilitate the establishment of a catalog of C. elegans homologs
and orthologs in the P. pacificus genome. Since our primary focus was to improve the annotation of
C. elegans orthologs in the P. pacificus genome, we wanted to use the updated gene annotation to generate a
catalog of predicted orthologs between C. elegans and P. pacificus. As the identification of orthologs typically
requires sufficient genomic and phylogenetic knowledge to retrieve relevant protein data sets and to perform
reconstruction of gene trees?**>, a genome-wide catalog of orthologs would be highly useful as a starting point
for researchers without sufficient expertise. Previous comparisons between C. elegans and P. pacificus identified
putative one-to-one orthologs for roughly 6000-8000 genes***¢. To further characterize C. elegans genes without
orthologs in P. pacificus, we additionally carried out a phylostratigraphic analysis*” to estimate their relative age.
Basically, phylostratigraphy uses absence-presence patterns of a gene to map its origin to an internal branch in a
species tree?’. Our analysis revealed that 5258 (26%) of C. elegans genes do not have BLAST hits in Pristionchus
or more distantly related species (Phylostrata I-IV, Supplemental Table 1). This strongly suggests that they are
younger than the common ancestor between C. elegans and P, pacificus and consequently have no orthologs. Next,
we applied two different approaches to predict orthologs between C. elegans and P. pacificus: best reciprocal hits
and Markov clustering as implemented in the software orthAgogue*®. Computation of best reciprocal hits is a
standard approach for predicting one-to-one orthologs across species**. In order to capture more complex ort-
hology relationships (e.g. many-to-many), more general approaches such as Markov clustering have been widely
applied*®*!. Based on best reciprocal hits, we identified 8348 predicted one-to-one orthologs between both species
(Supplemental Table 1) whereas the orthAgogue pipeline identified 7643 orthologous clusters, of which only
3345 corresponded to one-to-one orthologs. The large majority (98%) of these predicted one-to-one orthologs
was also identified as best reciprocal hits and in 3260 (99%) cases, the same P. pacificus gene was predicted as
one-to-one ortholog. The large discrepancy between the total number of best reciprocal hits and one-to-one
orthologs defined by orthAgogue could be explained by the fact that best reciprocal hits do not take inparalogs
into account*’. However, only 1049 (21%) of C. elegans genes that were not identified as one-to-one orthologs
by orthAgogue could be explained by the presence of lineage-specific inparalogs, suggesting that orthAgogue
with default settings might be too conservative for this analysis. This is further supported by the reanalysis of
57 one-to-one orthologous pairs that were previously confirmed by phylogenetic analysis*®. While 53 of the
previously confirmed one-to-one orthologs were captured as best reciprocal hits, only 33 were also identified
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by orthAgogue. Taken together, the improved gene annotation facilitated the prediction of substantially more
one-to-one orthologs (Fig. 3a, Supplemental Table 1). This resource can be taken as a starting point to identify
candidate genes in P, pacificus.

Discussion

With C. elegans, C. briggsae, and P. pacificus, three genetically tractable and free living nematode model organisms
have been well established and can be used to study the evolution of gene function at various time-scales>**2
For example, recent reverse genetic approaches in P. pacificus have revealed functional divergence of genes with
known roles in C. elegans dauer formation®>****, In addition, mutant screens in P. pacificus for social behaviours
have uncovered multiple orthologous C. elegans genes for which a behavioral phenotype had been overlooked
previously****. Together with complementary studies of the functional importance of novel genes”*>%, this makes
nematodes an extremely powerful system to study genome evolution and gene function at a mechanistic level.

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

While this study was restricted to P. pacificus genes with putative orthologs in C. elegans, we cannot reliably
estimate the fraction of erroneous gene models across the whole genome. Our results would suggest that the
fraction of missing genes is around one percent (Fig. 2a,b) and the amount of gene models affected by artifi-
cial fusions may be up to 15% (Fig. 3a). However, as the P. pacificus genome has a higher gene density and a
higher concentration of old genes at the chromosome centers®'”, we hypothesize that errors due to artificial
gene fusions should be much less pronounced at chromosome arms. To test this, an unbiased quantification of
error rates across genomic segments would be needed. In future, we also plan to focus on large gene families and
lineage-specific orphan genes® that were not explicit subjects of this study. Artificial fusions in these classes of
genes could be identified by screens for unexpectedly long gene models or unusual protein domain content. For
orphan genes abundant RNA-seq studies of different developmental stages®>*S, tissues'**®, environmental con-
ditions™, sexes'®, and genetic backgrounds®¢! could be used to detect non-overlapping transcripts that exhibit
anticorrelated expression within a single locus. Thus, while our study has demonstrated that community-based
curation of gene annotations is feasible and can lead to substantial improvements, continued effort is needed to
lift its quality to a level that would be similar to classical model organisms.

Methods

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

Genome browser integration of transcriptomic resources. To allow community annotators to pro-
pose alternative gene models, we integrated recent raw read alignments and reference guided transcript assemblies
of Iso-seq data** and a de novo assembly of strand-specific RNA-seq data'® into our genome browser (imple-
mented in jbrowse®?) on our webserver (http://www.pristionchus.org). Genomic coordinates for the de novo tran-
scriptome assembly were generated by alignment to the P. pacificus reference genome (version El Paco) with the
program exonerate® (version: 2.2.0, options: -m est2genome — dnawordlen 20 — maxintron 20000). To reduce the
complexity of this data set, a condensed version of the de novo transcriptome assembly (selection of the isoform
with the longest ORF as single representative isoform per gene, minimum peptide length of 60 amino acids,
removal of single exon transcripts) with annotated best-reciprocal hits and best hits (BLASTP, e-value < 107°) in
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C. elegans was also incorporated into our jbrowse instance. In addition, predicted protein sequences of previous
versions of P. pacificus annotations (Hybrid1°® and TAU2011%) were mapped against the P. pacificus assembly
by exonerate (version: 2.2.0, options: -m protein2genome — dnawordlen 20 - maxintron 20000). All data sets are
available under the gene annotation track of the El Paco reference assembly in our genome browser. To evaluate
the quality of the two recent transcriptome assemblies, we ran BUSCO (version 3.0.1, options -m trans) against
the nematode_odb9 data set (N = 982 genes) for completeness assessment (Table 1).

Identification of missing and fused gene models in current gene annotations. We ran bidirec-
tional BLASTP (e-value < 10~°) searches between C. elegans (version: WS260, longest isoform per gene) and two
different P, pacificus data sets: the annotated proteins (version: El Paco v1, WS268) and the de novo transcrip-
tome assembly'®. For the de novo transcriptome, we reduced the redundancy resulting from different isoforms
by selecting the longest ORFs per gene. Based on the different BLASTP searches, we first screened for C. elegans
proteins with BLASTP hits against ORFs in the de novo transcriptome assembly but not against the currently
annotated proteins. This yielded 526 candidate genes. In a second phase, we screened for C. elegans proteins with
putative orthologs, defined by best-reciprocal BLASTP relationships, in the de novo transcriptome assembly but
not in the annotated proteins, resulting in 2075 candidate genes.

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

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

Data availability

The strand-specific de novo transcriptome was submitted to the European Nucleotide Archive under the accession
HAKN01000001'® and the Iso-seq data was submitted to the European Nucleotide Archive under the accessions
ERX2315712 and ERX2315713*. All data sets are also available at http://www.pristionchus.org/download. The
initial set of P. pacificus gene annotations corresponds to WormBase WS268. Corrections from this study were
submitted to WormBase and will be released following curation.
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ABSTRACT A lack of appropriate molecular tools is one obstacle that prevents in-depth mechanistic studies in many organisms.
Transgenesis, clustered regularly interspaced short palindromic repeats (CRISPR)-associated engineering, and related tools are
fundamental in the modern life sciences, but their applications are still limited to a few model organisms. In the phylum Nematoda,
transgenesis can only be performed in a handful of species other than Caenorhabditis elegans, and additionally, other species suffer
from significantly lower transgenesis efficiencies. We hypothesized that this may in part be due to incompatibilities of transgenes in the
recipient organisms. Therefore, we investigated the genomic features of 10 nematode species from three of the major clades
representing all different lifestyles. We found that these species show drastically different codon usage bias and intron composition.
With these findings, we used the species Pristionchus pacificus as a proof of concept for codon optimization and native intron addition.
Indeed, we were able to significantly improve transgenesis efficiency, a principle that may be usable in other nematode species. In
addition, with the improved transgenes, we developed a fluorescent co-injection marker in P. pacificus for the detection of CRISPR-
edited individuals, which helps considerably to reduce associated time and costs.

KEYWORDS nematodes; C. elegans; P. pacificus; transgenesis; CRISPR editing; codon usage bias; intron-mediated enhancement; parasitic nematodes

he utilization of transgenes has proven fundamental to

many aspects of molecular biology and for functional
genomic studies (Rubin and Spradling 1982; Mello et al.
1991; Chalfie et al. 1994; Clough and Bent 1998; Hutter
2012) . For instance, easily applied and efficient transgenic
methods have been instrumental in furthering our under-
standing of biological pathways and dissecting associated
phenotypes. Additionally, it has facilitated the visualization
of gene expression patterns and protein localization through
the usage of fluorescent proteins such as GFP in a swathe of
organisms (Chalfie et al. 1994). However, limiting factors for
the successful establishment of transgenesis in an organism
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are the differing regulatory strategies and mechanisms found
between species. In accordance with this and despite their
ubiquitous usage, efficient transgenesis tools are frequently
restricted to canonical model organisms.

Gene expression, including transgene expression, is regu-
lated by a multitude of factors, including at the transcriptional
and translational levels. One such regulatory mechanism is
through codon usage bias (CUB). Here, the degenerate nature
of the nucleotide triplet code ensures that each amino acid can
be encoded by several synonymous codons, with the exception
of the amino acids methionine and tryptophan (Sharp and Li
1987). Correspondingly, organism genomes show their own
distinct usage of the code. This codon bias is more pro-
nounced in genes with elevated expression levels. Specifi-
cally, highly expressed genes strongly favor a specific set of
codons with the favored codons contributing to a more effi-
cient translation process through faster ribosome elongation
(Duret and Mouchiroud 1999; Plotkin and Kudla 2011). Fur-
ther, artificial manipulation of the CUB can also alter gene
expression dramatically (Redemann et al. 2011). In addition
to CUB, regulatory regions of a gene are also thought to be
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crucial for transcriptional control as evidence suggests a re-
lationship between the exon-intron structure of a gene and
its expression through a process termed “intron-mediated
enhancement” (IME). Here, intron density positively corre-
lates with both the level and extent of a gene’s expression
(Castillo-Davis et al. 2002). As such, these phenomena have
been exploited for the enhancement of molecular tools in-
cluding improving transgenesis in a number of well-studied
model organisms (Brinster et al. 1988; Bischof et al. 2007).

One such organism is the nematode Caenorhabditis ele-
gans, where an abundance of molecular tools, including
transgenesis, are available and its CUB and exon-intron
structures are well characterized (Ragle et al. 2015). In par-
ticular, IME in C. elegans is strongly influenced by the posi-
tion, number, and sequence of introns, and introns positioned
near the 5’ end of a gene shows the greatest contribution to
this effect (Okkema et al. 1993; Crane et al. 2019). Further,
replacing native codons with favored codons increases the
translation level of a protein (Redemann et al. 2011). How-
ever, C. elegans is far from the only nematode of significance
in the phylum, with an array of parasitic nematodes of both
animals and plants, as well as other free-living nematodes,
also now frequently used for research. Despite this, transgenesis
has only been successfully applied to a few nematode species
outside of the genus Caenorhabditis (Higazi et al. 2002; Li et al.
2006; Schlager et al. 2009; Lok 2012), with problems arising
due to efficient delivery of DNA materials to the gonad (Evans
2006) and compatibility of the DNA to the endogenous genetic
machinery of the recipient. Therefore, despite recent advance-
ments (Adams et al. 2019), low efficiency is still the bottleneck
for most transgenic experiments in other nematode species.

In addition to C. elegans, another distantly related free-
living nematode frequently used for research is Pristionchus
pacificus (Sommer et al. 1996). This nematode has been
established as a model system to study evolutionary develop-
mental biology and, more specifically, the evolution of nov-
elty. This is due to the nature of its mouth structure, which is
phenotypically plastic and demonstrates two distinct vari-
ants. One morph exhibits two teeth while the other contains
only a single tooth. The genetic network behind this de-
velopmental decision has been extensively studied and
is heavily influenced by the nematode’s environment
(Ragsdale et al. 2013; Kieninger et al. 2016; Bui et al.
2018; Sieriebriennikov et al. 2020). The presence of teeth
in P. pacificus facilitates an additional behavior as they are capable
of predating the larvae of other nematodes. Here, it has been
observed that the mouth-form dimorphism strongly correlates
with the predation behavior, as only the morphs possessing two
teeth are active predators, whereas the single-toothed morphs are
strict bacterial feeders (Wilecki et al. 2015; Moreno et al. 2019;
Akduman et al. 2020). Furthermore, the predatory behavior co-
incides with the existence of a self-recognition system (Lightfoot
et al. 2019) and environmental responses distinct from C. elegans
(Hong and Sommer 2006; Moreno et al. 2016, 2017).

Outside of C. elegans, P. pacificus is arguably the most
advanced nematode system in terms of the availability of

948 Z. Han et al.

molecular tools (Schlager et al. 2009; Witte et al. 2015;
Okumura et al. 2017; Loer et al. 2019). However, previous
methodologies resulted in low efficiencies of P. pacificus
transgenics, with on average one to three F1 Roller(s) per
40 injected POs (Schlager et al. 2009). Thus, P. pacificus suf-
fers from a much less efficient transgenesis system compared
with C. elegans for several potential reasons. First, it relies on
the formation of complex arrays, which incorporate trans-
gene DNA, genomic DNA fragments that must come from P.
pacificus itself, and a co-injection marker, to be carried as
heritable chromosome fragments. Second, the current
versions of fluorescent proteins utilized in P. pacificus
(Schlager et al. 2009) have not been adapted to its specific
CUB and no attempts have yet been made to improve these
fluorescent proteins further by investigating any potential
IME. Together, these factors likely contribute to the varying
degrees of generational transmission observed in P. pacificus
transgenesis experiments and will likely hinder the successful
development of other transgenic techniques including addi-
tional fluorescent proteins, calcium imaging, and optogenetics.

In this study, using publicly available data sets, we first
computed the CUB and global intron structure in 10 nematode
species to investigate the conservation of these factors across
the phylum, making use of the most recent genomic and
transcriptomic data sets. For this, we selected species living
in different ecosystems including parasites of animals and
plants. As each nematode species shows a distinct CUB and
potential IME, we focused on P. pacificus and utilized these
factors together with its spliced leaders (SLs), a specific but
conserved transcriptional regulatory element in nematodes
(Denker et al. 2002), to improve the efficiency of transgenesis in
this species. Finally, with the improved transgenesis in P. pacificus,
we established a new method using a fluorescent co-injection
marker to identify potential clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9-edited candidates, reduc-
ing the workload and cost for CRISPR/Cas9 screening.

Materials and Methods
Obtaining genome annotations and transcription profiles

We collected published annotations and transcriptomes of
10 nematode species representing three of the five major
nematode clades (Blaxter et al. 1998): C. elegans (Lee et al.
2018; Liu et al. 2019) [WormBase web site (https://
wormbase.org), release WS271 2019], C. briggsae (Griin
et al. 2014), Haemonchus contortus (Laing et al. 2013), P.
pacificus (Prabh et al. 2018; Rddelsperger et al. 2019), P.
fissidentatus (Prabh et al. 2018; Rodelsperger et al. 2018),
Strongyloides ratti (Hunt et al. 2016), Globodera pallida
(Cotton et al. 2014), Bursaphelenchus xylophilus (Kikuchi
et al. 2011; Tanaka et al. 2019), Brugia malayi (Choi et al.
2011; Foster et al. 2020), and Ascaris suum (Wanget al. 2011,
2017). To acquire the expression profiles of P. pacificus and
P. fissidentatus, we retrieved RNA-sequencing (RNA-seq)
data sets of P. pacificus and P. fissidentatus from the Sequence
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Read Archive (SRA) database (https://www.ncbi.nlm.nih.-
gov/sra/; Supplemental Material, Table S1). We mapped
raw reads to the reference genome of each species (Table
S1) using Hisat2 (Kim et al. 2015) with default parameters,
and quantified the numbers of reads mapping to each annotated
gene using the package featureCounts (Liao et al. 2014). For
other species, the gene expression results were directly down-
loaded from WormBase (Howe et al. 2016, 2017). Detailed in-
formation of the metadata is summarized in Table S1. For C.
elegans and A. suum, whose annotations included isoform data,
only the longest transcripts were used in downstream analyses.

Codon usage computation

To identify the CUBs of genes with different expression levels,
the percentage codon usage for each gene was calculated
using cusp from EMBOSS suite (Rice et al. 2000). We opti-
mized the codon of proteins based on the most preferred
codons of genes with high expression levels in P. pacificus.

P. pacificus trans-spliced messenger RNA identification

To identify the P. pacificus transcripts that contain SLs, we
first performed RNA-seq using a ribosomal RNA (rRNA) de-
pletion library. Briefly, total RNA of P. pacificus was extracted
via Direct-zol RNA Miniprep (Zymo Research) and a Ribo-
Zero rRNA Removal Kit (Human/Mouse/Rat; Illumina), and
RNA libraries were constructed using the ScriptSeq v2 RNA-
Seq Library Preparation Kit (Illumina). Sequencing was car-
ried out on an Illumina HiSeq 3000 sequencer with one-sixth
of a lane. We used Trinity (Grabherr et al. 2011) for de novo
transcriptome assembly, and identified the transcripts with
SLs by the consensus SL sequences at 5’ ends (SL1: TACC
CAAGTTTGAG; and SL2: CAGTATCTCAAG) (Guiliano and
Blaxter 2006). We used MEME SUITE (Bailey et al. 2009)
to identify the motifs of 3’ sequences of the trans-splice sites.

Statistics

We performed the chi-square test to test whether the frequen-
cies of synonymous codons in the most highly expressed genes
(11th bin) were deviated from the frequencies of genome-
wide synonymous codons. We performed the one-tailed Kol-
mogorov—-Smirnov test to compare the intron length distribu-
tions between C. elegans and the other species. We calculated
the Pearson’s correlation coefficient to measure the linear
relationship between intron length and gene expression
level. We performed the Wilcoxon signed-rank test to test
whether genes that contained SLs were different in expres-
sion level from genes without SLs.

Plasmid construction and microinjection

The optimized egl-20p::GFP and egl-20p::TurboRFP (red
fluorescent protein) were modified based on a pUC19
backbone from a previous study (Schlager et al. 2009). Full se-
quences of these plasmids in text files can be found in the sup-
plemental materials. Modified GFP and TurboRFP sequences
were synthesized from Integrated DNA Technologies (IDT; Cor-
alville, IA) and cloned into the pUC19 backbone using Gibson

Assembly Master Mix (New England Biolabs, Beverly, MA) fol-
lowing the manufacturers’ protocols. Plasmids were extracted
using the QIAprep Spin Miniprep kit (QIAGEN, Valencia, CA).

Three introns from the rRNA gene Ppa-rps-1 (gene ID:
PPA18896; El paco annotation v2) (Rddelsperger et al.
2019) were added into the sequence of GFP or turboRFP from
5’ to 3’ and were roughly evenly spaced (“Fire Lab Vector Kit
1995”): intron 1, gtgagcatttcttggttgtgaatgggggttgtgaaaactt
catgggattcctaacctatttaatttttcag; intron 2, gtaagtcgtatacattage
gggtgcttttacgtgatatceggggtitggttttgagagaggagatatttatttaaataaat
ataatttcag; and intron 3, gtgagtgctgtcaaatattaagtgacatgaaactttttet
cag. For the two-intron codon-optimized egl-20p::GFP and egl-
20p::TurboRFP, intron 1 (the most 5’ intron) was removed using
a Q5 Site-Directed Mutagenesis kit (New England Biolabs), and
both intron 1 and 2 were removed for the one-intron egl-20p::GFP
and egl-20p::TurboRFP.

P. pacificus microinjections were performed following the
standard protocol (Schlager et al. 2009; Witte et al. 2015).
Plasmids were diluted to 50 ng/pl for microinjection using
TE buffer. Well-fed P. pacificus (strain PS312) young her-
maphrodites (preferably not carrying any eggs) were used
for injections. The injection mix for the co-injection marker-
assisted CRISPR/Cas9 editing was modified from those of
Witte et al. (2015) and Dokshin et al. (2018), and the mix
contained 0.5 pg/pl Cas9 nuclease (catalog# 1081058;
IDT), 0.1 pg/pl trans-activating CRISPR RNA (catalog#
1072534; IDT), 0.056 pg/pl guide RNA (CRISPR/Cas9
RNA; IDT), and 0.05 pg/pl co-injecting plasmid. Potential
CRISPR-edited alleles were amplified by PCR and sequenced
using Sanger sequencing. Alternatively, the PCR amplicons
were run on a 4% TBE agarose gel to detect heteroduplex
formation (Bhattacharya and Van Meir 2019).

Data availability

The raw sequence data of P. pacificus rRNA-depleted RNA-seq
have been deposited at the SRA under BioProject identified
PRJINA658248. Supplemental material available at figshare:
https://doi.org/10.25386/genetics.13090322.

Results
Codon usage is divergent among nematode species

To enhance transgene expression in diverse nematode spe-
cies, we first obtained a comprehensive view of CUB in
nematodes. For that, we calculated CUB in 10 species of eight
nematode genera, representing three of the five major clades
of the phylum Nematoda (Figure 1A and Figure S1; Blaxter
et al. 1998). For a given amino acid, we found a favored
codon in highly expressed genes in every species. The fre-
quencies of different codons in the most highly expressed
genes (11th bin) deviate significantly from their genome-
wide frequencies (for all comparisons, 0 < P < 4.19X10~ 11,
chi-square test). There was no clear pattern between CUBs
and phylogenetic relationships or lifestyles (free-living
or parasitic). However, genome-wide GC content may be

Improved Worm Transgenesis Tools 949

220z Iudy g0 uo sesn usbuign ABojolg 1oy ainysu| Youeld XelN A 8585909//¥6/%/9 1 Z/aI0e/sonsusb/woo"dno-olwapese)/:sdly Woly papeojumoq



Figure 1 Codon preferences in nematodes species as a function of expression levels. (A) The codon usage bias of C. elegans, H. contortus, P. pacificus,
S. ratti, G. pallida, B. xylophilus, B. malayi, and A. suum. The protein-coding genes are binned based on the transcripts per kilobase million value from
expression level low to high with a log, scale into 11 bins (x-axis). The dots represent the average codon usage frequency of a given bin. (B) Gene
grouping and codon usage bias for P. pacificus, P. fissidentatus, C. elegans, and C. briggsae. Figures in the first row show the number of genes (y-axis)
grouped from low to high expression with a log, scale into 11 bins (same as A).
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Figure 2 Global intron length distribution in diverse nematodes. (A) The intron length distribution of eight nematode species. Vertical lines indicate the
median lengths of introns of each species, while the numbers in gray indicate the modes of intron lengths (bp). (B) Median intron length as a function of
the gene expression. The protein-coding genes are binned by expression level from low to high with a log, scale into 11 bins. (C) Elevated expression
level of SL1-operated genes. Consensus sequence of the SL1 trans-splice sites in P. pacificus (top). SL1- and SL2-spliced genes have a higher expression
level than those that are not trans-spliced (left). The proportion of trans-spliced genes is positively associated with expression level (right). SL1, spliced

leader 1; TPM, transcripts per kilobase million.

one major factor correlating with the CUB (Mitreva et al.
2006). For example, S. ratti and B. malayi have low-GC-content
genomes, and subsequently the codon usage is also biased
toward AT-rich codons. In these species, GCA and GCT are more
preferred than GCC and GCG for alanine. Intriguingly, species
with a similar GC content can still exhibit drastically different
patterns in CUB. For example, P. pacificus and H. contortus,
which both have ~43% GC content, show differing codon pref-
erences for coding proline and alanine (Figure S1). Thus, our
new analysis of CUB confirms previous studies that codon usage
is divergent among nematode species. Note that the species
considered here belong to very different nematode taxa and
are phylogenetically only distantly related.

Codon usage adaptation is conserved within genera

To study the evolution of codon usage between more closely
related nematodes, we focused on two well-studied nematode
genera Caenorhabditis and Pristionchus. C. elegans and P.

pacificus share a common ancestor around 100 million years
ago, and they have a distinct CUB. The most dramatic examples
of this can be seen in the amino acids glutamine, glutamic acid, and
lysine, where P. pacificus and C. elegans favor the opposing codons.
However, within the genus Pristionchus the CUB appears con-
served, as in P. fissidentatus, a basal species in the Pristionchus genus
(Rodelsperger et al. 2018), and we found it shares a highly similar
CUB with that observed in P. pacificus (Figure 1B and Figure S2).
Similarly; in Caenorhabditis, the CUB is conserved between C. ele-
gans and C. briggsae (Figure S3). This finding strongly suggests that
codon usage adaptation evolved more ancestrally than the specia-
tion events within the genera Pristionchus and Caenorhabditis, and
that CUB is conserved between closely related species.

Global intron structure and SL1 frequency shows
distinct patterns

As the presence and distributions of introns also contribute to
gene regulation (Castillo-Davis et al. 2002), we next
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Figure 3 Optimized transgenic plasmids based on P. pacificus genomic
features. An illustration of the construct structure for codon-optimized
and native intron addition in egl-20p::GFP/turboRFP (left). An overlay of
DIC and GFP image of egl-20p::GFP (left). Bar, 50 wm. AMPR, ampicillin
resistance; GFP, green fluorescent protein.

investigated global intron composition to potentially under-
stand the IME of genes across nematodes. Unexpectedly, in-
trons across eight annotated genomes showed distinct
features in terms of the general pattern observed (for all
comparisons P = 0.0, Kolmogorov-Smirnov test) and the
median intron size. When intron length was plotted by fre-
quency, a unimodal pattern was detected in C. elegans, H.
contortus, P. pacificus, and S. ratti, whereas a bimodal pattern
was observed in B. xylophilus (Figure 2A). Further, in the
clade three nematodes (B. malayi and A. suum) intron length
appeared to be much longer and with a wider distribution.
Further analysis of the average intron length revealed that
the introns of C. elegans have a mode (the most abundant
number) of 47 nt and a median of 63 nt in length (Figure 2A),
while the distantly related S. ratti has even shorter introns
with a median of 52 nt and a more homogeneous distribu-
tion. In H. contortus, P. pacificus, B. xylophilus, and G. pallida,
the distribution of intron length shows a greater range com-
pared with C. elegans, although an accumulation of introns
with a size between 40 and 60 nt is also detectable. When
comparing intron size with gene expression level, we found
that in C. elegans (r = —0.55, P = 0.038, Pearson’s correla-
tion), H. contortus (r = —0.68, P = 0.010, Pearson’s correla-
tion), S. ratti (r = —0.70, P = 0.008, Pearson’s correlation),
G. pallida (r = —0.91, P < 0.001, Pearson’s correlation), B.
malayi (r = —0.91, P = 0.001, Pearson’s correlation), and A.
suum (r = —0.95, P < 0.001, Pearson’s correlation), the
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intron size was negatively correlated with gene expression
level. However, this correlation was not observed in the other
species (Figure 2B).

Finally, we investigated another gene regulatory element,
SL1. Nematodes have a specific trans-splicing mechanism at
the 5’ end of many premature messenger RNAs (mRNAs),
which is trimmed and replaced by an SL sequence (Denker
et al. 2002). This mechanism is thought to increase transla-
tion (Yang et al. 2017). Using a P. pacificus TRNA-depleted
RNA-seq library instead of deeply sequenced mRNA-enriched
RNA-seq data sets, which are traditionally used in C. elegans
(Allen et al. 2011), we identified a total of 5982 genes in P.
pacificus that were SL1-operated, and 922 genes that were
SL2-operated. These genes have an SL1 3’ splice site with a
consensus sequence “ITTTCAG” (Figure 2C), which is also
conserved in C. elegans (Yang et al. 2017). Globally, higher
expression levels were observed in P. pacificus genes associated
with SL1 compared with genes without splicing leaders (P =
0.0, Wilcoxon signed-rank test). Therefore, this suggests that
SL1 increases translation in P. pacificus, a similar phenomenon
to that observed in C. elegans (Yang et al. 2017). While the
published nematode data sets are not sufficient for us to survey
the SL1 trans-spliced genes of other nematode species, given the
fact that the sequences of SLs are conserved among nematodes
(Guiliano and Blaxter 2006), the SL trans-splicing could be a
highly conserved mechanism in the Nematoda phylum.

Optimization of GFP and TurboRFP sequences and
increased transgenesis efficiency

With our observations of the large variations in CUB and
potential IME regulating gene expression across nematodes,
we decided to focus on a single species and attempt to improve
its transgenesis efficiency. Therefore, we focused on establish-
ing two fluorescent proteins for use in the free-living nema-
tode P. pacificus. These were based on the previously utilized
TurboRFP (Schlager et al. 2009) and on GFP (Fire Lab Vector
Kit 1995), which are commonly utilized across the C. elegans
community. In P. pacificus, TurboRFP has been used to suc-
cessfully produces transgenic lines; however, this was only at
a low transmission efficiency. The GFP previously used in P.
pacificus was optimized according to C. elegans’ CUB and
hardly generated detectable fluorescence. Therefore, we
replaced the codons in these two fluorescent proteins with
two sets of codon usages: the CUB found associated with the
top 10% most highly expressed genes and with the top 3%
most highly expressed genes of P. pacificus (Table S2). Along-
side this, we also attempted to optimize both fluorescent
proteins further through the addition of native introns to in-
crease its transcription. We selected the native introns of the
gene Ppa-rps-1 as it is highly expressed through all life stages
and has four relatively short introns. The three shorter in-
trons of Ppa-rps-1 were added into the reading frame of the
codon-optimized GFP and TurboRFP. Finally, we added an
SL1 3’ splice site sequence immediately upstream of the start
codon of both fluorescent proteins (illustrated in Figure 3).
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Table 1 Improved transgenesis efficiency using transcriptional reporter constructs with codon optimization and intron addition in P.

pacificus

Construct Number of introns Injected POs Number of POs with fluorescent F1s Efficiency (%)
egl-20p:.GFP 3 49 11 22 (P=0.02)
egl-20p::TurboRFP 3 55 16 29 (P = 0.003)
egl-20p::GFP 2 40 4 10 (P =0.39)
egl-20p:.GFP 1 12 0 0 (P=0.48)
egl-20p::TurboRFP 1 18 0 0(P=0.34)
Ppa-pri-12 NA NA NA 5

The GFP and TurboRFP sequences were optimized using P. pacificus favored codons (from top 10% highly expressed) with addition of native introns.
? Data from Schlager et al. 2009, summarized from over 3000 PO injections. Chi-square tests were performed between Ppa-pri-1 and optimized constructs.

In a first set of experiments, we performed all three opti-
mization steps (CUB, native intron addition, and SL1 3’ splice
site sequence) simultaneously and used the previously estab-
lished egl-20 promoter to drive fluorescent protein expres-
sion. We were able to obtain GFP transcriptional reporter
lines with robust and intense signals (Figure 3). More im-
portantly, we considerably improved the efficiency of trans-
genesis of both GFP (PZH008) and TurboRFP (PZH009)
constructs (P = 0.02 and P = 0.003, respectively; Table 1).
Note that we still experienced variability in the efficiency;
possibly due to factors such as injector and age of the speci-
men, the efficiency increased to >20% of injected animals.
While we did not systematically test all variables individually
due to the enormous costs that would have been associated
with such studies, we confirmed the increase in efficiency by
the subsequent removal of introns. Indeed, intron removal
coincided with a decrease in transgenic efficiency (Table 1).
Together, we found that the codon-optimized three-intron
GFP and TurboRFP had greater efficiency compared with
the previous nonoptimized TurboRFP (Schlager et al
2009). However, for unknown reasons, utilizing the CUB of

the top 3% highly expressed genes did not further increase
the efficiency (Table S3).

Fluorescent co-injection marker-assisted CRISPR
genome editing

With the establishment of reliable and robust transgenic
markers in P. pacificus, we next attempted to implement
these tools to reduce the workload and the cost of screen-
ing potential CRISPR/Cas9 alleles. Therefore, we tried to
establish a method that employed the optimized fluores-
cent markers to identify potential mutants induced with
CRISPR/Cas9 (Figure 4A). A fluorescent marker can indicate
well-injected specimens, which carry an increased likelihood
of successfully induced CRISPR/Cas9 mutations. Therefore,
using the egl-20p::TurboRFP (PZHO009) as a CRISPR/Cas9
co-injection marker, our experienced injectors obtained be-
tween 1 and 5 POs (on average 2.5) producing RFP-positive
F1 progeny from 30 well-injected nematodes (Figure 4B). Fur-
thermore, progeny cooccurring on RFP injection marker-posi-
tive plates also frequently carried CRISPR/Cas9-induced
mutations at high efficiency (77% of the identified plates),

Figure 4 Newly established fluorescent co-injection marker-assisted CRISPR genome editing in P. pacificus. (A) An illustration of the workflow for
CRISPR genome editing in P. pacificus. (B) Using an egl-20p::TurboRFP construct (PZHO09) as a co-injection marker, an average of 2.5 POs had RFP + F1s
from 30 well-injected P. pacificus POs (left). (B) Next, 8-16 F1s were selected from each PO with RFP + F1s to detect CRISPR alleles. There was a 77%
chance that the PO-contained RFP + F1s also contained CRISPR-edited F1s (right). These data were accumulated from 18 independent experiments.
Note, there were two additional experiments with no RFP + F1 detected, but CRISPR editing still occurred. CRISPR, clustered regularly interspaced short

palindromic repeats; RFP, red fluorescent protein.
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allowing the number of progeny necessary to be screened
to isolate a CRISPR/Cas9 mutant to be greatly reduced (Fig-
ure 4B). Thus, the improved fluorescent-based co-injection
marker strongly assisted the detection of CRISPR-generated
edits in P. pacificus. We would like to note here that this
fluorescent marker-assisted CRISPR method is compatible
with knockouts and shorter repair templates (<120 nt), but
does not seem to work with longer repair templates.

Discussion

The usage of transgenic tools is fundamental to successful
studies in molecular biology; however, their efficiency is not
uniform between organisms. This is, in part, likely due to
differences in gene regulatory mechanisms between different
species. In canonical model organisms, the development of
efficient transgenic tools is aided by the existence of large
scientific communities capable of refining and optimizing
their application; however, this is not usually possible in other
systems. Although the delivery of DNA to the germline can be
an obstacle in nematode species (Kranse et al. 2020), delivery
via microinjection is not a hindrance in Pristionchus, since
we have generally achieved a higher efficiency for CRISPR
knockouts compared with transgenesis. Here, we have
revealed large differences in CUB and IME across nematodes,
which likely contribute to gene regulatory differences be-
tween species. As a proof of principle, we investigated a
single nematode species, P. pacificus, whereby we have
successfully exploited its favored CUB and IME to develop
P. pacificus-adapted fluorescent transgenic proteins. Addi-
tionally, we have shown that these adapted proteins contain-
ing P. pacificus gene regulatory requirements demonstrate a
dramatically increased expression efficiency. It has recently
been shown in C. elegans that the 5 intron contributes the
most to the elevated level of gene expression (Crane et al.
2019). Our results in P. pacificus agree with this finding be-
cause transgenesis efficiency decreased when the 5’ intron
was removed. Transgenes with constructs that were modified
using the top 3% CUB did not further improve efficiency. We
can only speculate that this might be due to the most highly
favored codons causing ribosomal traffic jams (Plotkin and
Kudla 2011). Nevertheless, these improvements allow trans-
genes to be utilized as co-injection markers to reduce the
screening time and costs of CRISPR/Cas9 genome editing.
Thus, our method provides an alternative to the existing
Pristionchus co-CRISPR method, in which the identification
of CRISPR candidates relies on a Dpy phenotype (Nakayama
et al. 2020).

By means of an initial bioinformatic analysis of the species-
specific CUB and IME, our experiments demonstrate the
potential to develop optimized transgenic tools and explore
distinctive attributes that were not previously possible. While
we did not systematically test the specific contributions of
CUB, IME, and SL1, they likely all play important roles in
transcription and translation for the increased transgenesis
efficiency in P. pacificus (Redemann et al. 2011; Yang et al.
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2017; Crane et al. 2019), but it is important to note that this
principle could be further utilized to optimize genetically
encoded calcium indicators and optogenetic tools to explore
Pristionchus-specific behaviors, and genetic ablation methods
to investigate aspects of anatomy and physiology. We hypoth-
esize that, using knowledge of species-specific genomic fea-
tures, it is possible to establish transgenic tool kits in other
free-living nematodes, and additionally in parasitic nema-
tode systems that have a significant impact on world health
(Brindley et al. 2009) and crop production (Nicol et al.
2011).
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synthase 2 in the nematode P. pacificus
are larval lethal or teethless. They show
that the chitin-synthase inhibitor
Nikkomycin Z also results in teethless
animals supporting a role of chitin in
nematode teeth formation. Chitin-
synthase 2 acts downstream of the
plasticity switch gene eud-1.
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Chitin contributes to the formation of a feeding
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SUMMARY

Some nematode predators and parasites form teeth-like denticles that are histologically different from verte-
brate teeth, but their biochemical composition remains elusive. Here, we show a role of chitin in the formation
of teeth-like denticles in Pristionchus pacificus, a model system for studying predation and feeding structure
plasticity. Pristionchus forms two alternative mouth morphs with one tooth or two teeth, respectively. The
P. pacificus genome encodes two chitin synthases, with the highly conserved chs-2 gene being composed
of 60 exons forming at least four isoforms. Generating CRISPR-Cas9-based gene knockouts, we found that
Ppa-chs-2 mutations that eliminate the chitin-synthase domain are lethal. However, mutations in the C termi-
nus result in viable but teethless worms, with severe malformation of the mouth. Similarly, treatment with the
chitin-synthase inhibitor Nikkomycin Z also results in teethless animals. Teethless worms can feed on various
bacterial food sources but are incapable of predation. High-resolution transcriptomics revealed that Ppa-
chs-2 expression is controlled by the sulfatase-encoding developmental switch Ppa-eud-1. This study
indicates a key role of chitin in the formation of teeth-like denticles and the complex feeding apparatus in
nematodes.
Q2

From ultrastructural analysis it has been suggested that,

Q5 Q4 Q3 INTRODUCTION
Q8

Nematodes with their cylindrical and uniform body are extremely
abundant and found in all ecosystems.' This evolutionary suc-
cess is largely due to striking adaptations in the head and mouth
region (stoma), resulting in a diversity of feeding structures and
strategies. For example, the formation of teeth-like denticles in
independent nematode lineages is associated with predation
and parasitism. The stoma of the human hookworm Ancylos-
toma duodenale has two plates that form two strong teeth, which
enable the attachment to the small intestine in the host, causing
severe tissue damage.? The free-living soil nematode Pristion-
chus pacificus (Ppa) forms two alternative mouth forms, an
example of developmental (phenotypic) plasticity. Specifically,
the stenostomatous (St) morph with a single tooth and a narrow
stoma is a strict bacterial feeder, whereas the eurystomatous
(Eu) form with two teeth and a wider stoma is a potential predator
of other nematodes and fungi (Figures 1A-1C). P. pacificus
mouth-form dimorphism has become a major model system
for the investigation of the molecular mechanisms regulating
developmental plasticity.®” Indeed, various forward and reverse
genetic and experimental approaches have identified a complex
gene-regulatory network (GRN) controlling mouth-form plas-
ticity.®'® However, despite the molecular understanding of the
GRN that controls mouth-form plasticity and the available insight
into the ecological and evolutionary significance of these feeding
structure variations,'“~'° little is known about the structural and
biochemical architecture of nematode teeth and mouth struc-
tures in any species.

except for the anteriormost part (called the cheilostom), the nem-
atode mouth is fully separated from the cuticular exoskeleton.'”
Genetic and molecular studies have confirmed this hypothesis
because mouth structures do not contain collagen, which at
the same time represents the major component of the cuticle.'®
However, a recent study identified the mucin-type hydrogel-
forming protein DPY-6 as a conserved protein component of
the mouth with a concomitant role in cuticle formation in
P. pacificus and Caenorhabditis elegans (Cel).®> In humans,
mucin-type proteins are glycoproteins that form a barrier of the
mucus.'® In both P. pacificus and C. elegans, dpy-6 mutant
animals have a strongly reduced cheilostom, confirming original
hypotheses based on ultrastructural analysis. At the same time,
P. pacificus teeth are formed normally in Ppa-dpy-6 mutants
indicating that other proteins or macromolecules must form the
basis of the teeth in the mouth.

Chitin is a major component of the nematode eggshell and has
also been shown to contribute to the grinder of C. elegans.”®2" The
grinder is the major structure for the lysis of bacteria in C. elegans
and many other free-living nematodes and is part of the pharynx. In
addition, chitin was detected in the parasite Oesophagostomum
dentatum in the pharyngeal cuticle by lectin-labeling studies,?®
whereas similar studies in other nematode species did not detect
chitin. Thus, except for the nematode eggshell the strongest evi-
dence for a role of chitin comes from the C. elegans grinder. It is
important to note that the presence of the grinder and teeth-like
denticles are mutually exclusive; i.e., P. pacificus and its relatives
that have gained teeth-like denticles exhibit a concomitant loss of
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Figure 1. P. pacificus mouth-form plasticity and mouth-form reconstruction

(A) Predatory behavior of a eurystomatous P. pacificus adult preying on a larva of Caenorhabditis elegans.

(B) The two alternative mouth forms of P. pacificus, eurystomatous (Eu) and stenostomatous (St) morphs in median plane. Top: the omnivorous Eu morph, here
shown for a wild-type animal (PS312), has a wide mouth, a claw-shaped dorsal tooth (in orange), and a hooked ventrosublateral tooth (in blue). Unlabeled images
in two focal planes are shown in Figure S1A. Bottom: the bacterial-feeding St morph, here shown for a Ppa-eud-1 mutant animal, has a narrow mouth with a single
dorsal tooth (in orange) and a minute denticle on the right ventrosublateral part of the stegostom (in blue).

(C) Quantitative measurement of teeth size illustrating the differences between Eu and St morphs. Left: six landmarks used for teeth size measurement (STAR
Methods; Figure 2). Right: point plot shows the comparison of teeth size between wild-type (PS312) and Ppa-eud-1(tu1069) mutants. Sp and Sgry indicate the size
of the dorsal tooth and right subventral tooth, respectively.

(D) Mouth-form reconstruction during the last molting stage. The top panel presents a timetable of the life history from hatching to young adults in P. pacificus (20°C,
OP50, modified from Sun et al.”). The five substages in red indicate the five time points corresponding to the last molt stage. In the bottom panel, the upper five images
show the morphological changes at five substages ina PS312 Euanimal. J4.12is 1 h before the J4 intermolt stage. 4M1 represents the fourth molt lethargus, a period of
inactivity during which pharyngeal pumping, feeding, and locomotion become arrested. 4M2 represents the fourth molt apolysis, in which the new teeth appear and
massive cuticle is synthesized to replace the old cuticle lining in the body wall. 4M3 represents the fourth molt ecdysis, a short period in which the old cuticle is shed and
the molting process in completed. YA (young adult). The dorsal teeth in blue and orange indicate the old J4 dorsal tooth (blue), and the new adult dorsal tooth (orange),
respectively. Scale bars, 5 um. The lower five images present similar stages for the St morph in a Ppa-eud-1(tu1069) mutant background.

See also Figure S1 and Videos S1 and S2.
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Figure 2. Chitin-synthase phylogeny and the role of Ppa-chs-1 in eggshell formation

(A) Evolution of the chitin-synthase genes in nematodes. Left panel shows a phylogeny of 23 chitin-synthase genes (chs) that are clustered into two groups, chs-1
and chs-2. Values at nodes represent approximate likelihood ratio test support values. The four columns in the middle panel display the distribution of four
predicted protein domains of the CHS proteins, including the signal peptide (SP), transmembrane domains close to the N terminus of the gene (5’ TMD), chitin-
synthase domain (CSD), and transmembrane domains at the C terminus of the gene (3’ TMD). Numbers shown in the box represent copy numbers of the protein
domains (SP and CSD) and the number of membrane spans for the TMD. The right panel shows the length of the protein sequences and number of annotated

(legend continued on next page)
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the grinder.'* However, the grinder is not part of the mouth and is
neither related to nor homologous to nematode teeth. Therefore,
there is currently no evidence for a role of chitin in the formation
of nematode teeth and thus, the structural composition of nema-
tode teeth remains elusive.

Here, we show a major role of chitin in the formation of the
teeth-like denticles in P. pacificus through two complementary
approaches. First, CRISPR-Cas9-based gene knockouts of the
highly conserved chitin-synthase Ppa-chs-2 result in lethal or
viable, but teethless mutants, depending on the exact molecular
lesion in the gene. Second, treatment with the chitin-synthase in-
hibitor Nikkomycin Z also results in teethless animals. Teethless
animals survive to adulthood and feed on various bacteria, but
they are incapable of predation. High-resolution transcriptomics
revealed that the oscillating gene Ppa-chs-2 is regulated by the
key developmental switch Ppa-eud-1 at the last molt. This study
provides the first evidence for a role of chitin in the formation of
nematode teeth.

RESULTS

Pristionchus teeth-like denticles are rebuilt during
molting

Nematodes are ecdysozoans and have four larval stages.?' The
collagenous cuticle is replaced with a newly synthesized cuticle
5 times during development, and the old cuticle is removed by
molting. Besides the external cuticle the extracellular mouth parts
are also shed during the molting process. To reconstruct and
properly visualize the formation of the new teeth during the last
molt, we recorded the dynamic morphological changes in the
head region using high-resolution time-lapse video differential
interference contrast (DIC) microscopy (Figures 1D, S1, and S2;
Video S1). We used high-resolution developmental staging that
was previously established for transcriptomic studies.” Pumping
cessation (PC) of the pharynx starts at the beginning of the leth-
argus and was chosen as starting point for the observation. In
wild-type P. pacificus animals (PS312), we found that teeth
reconstruction of Eu animals was completed within 150 min
post-PC (20°C). In the lethargus stage (4M1; 0-60 min post-
PC), the old teeth were detached from the underlying pharyngeal
muscle (pm) cells and the frame of the new teeth appeared (Fig-
ure 1D). In apolysis (4M2; 60-120 min post-PC), the size of the
new teeth increased by accumulating new extracellular material.
Finally, in ecdysis (4M3; 120-150 min post-PC), the old cuticle
was removed through a series of body motions. Note that in
DIC microscopy, the cheilostomatal elements remain more
robust through the molt than the posterior elements. Unfortu-
nately, transmission-electron-microscopical data are not avail-
able to confirm this observation. We used mutants in the

Current Biology

developmental switch gene Ppa-eud-1, which results in all-St
cultures’ following the reconstruction of the St morph. While
Ppa-eud-1 mutant animals revealed a significant difference in
the duration of teeth reconstruction, the overall order of events
was similar (Figures 1D and S1B; Video S2). Thus, both Eu and
St animals shed their teeth and other cuticular mouth structures
together with the external cuticle during molting.

Two chitin-synthase genes are highly conserved in
nematode evolution
Next, we wanted to test the hypothesis that chitin is part of the
mouth and/or the teeth in P. pacificus. One important inroad
into the biology and function of chitin is through the analysis of
chitin-synthase genes (chs).?? In fungi, the evolution of the chs
family strongly correlates with morphogenesis and the adapta-
tion to ecological niches with up to seven classes of fungal chitin
synthases.?® In contrast, the genome of the nematode C. ele-
gans contains only two chs genes that both contain a chitin-syn-
thase-2 domain (CS2, PF03142). RNA interference (RNAI) exper-
iments indicated a role of chs-1 in eggshell formation.?**> The
second gene, Cel-chs-2, is exclusively expressed in the pharynx
and RNAI against Cel-chs-2 resulted in aberrant phenotypes of
the pharyngeal grinder, whereas the mouth was unaffected in
these RNAi-treated animals.?*>°

We performed bioinformatic analysis of potential chs in repre-
sentative nematodes. Based on the conservation of the CS2
domain (PF03142), we identified a total of 23 genes in the anno-
tated genomes of 10 species from four nematode clades (clade
I, 1ll, IV, and V), including free-living (i.e., C. elegans, P. pacificus),
animal (i.e., Ascaris suum [Asu] and Trichinella spiralis [Tsp]), and
plant (Meloidogyne hapla [Mha]) parasitic species (Figure 2A;
STAR Methods). Maximum likelihood analysis revealed two
distinct orthologous clades with most species containing a
single copy for both chs-1- and chs-2-type genes (Figure 2A).
The exception is Diploscapter coronatus (Dco), which includes
three copies related to chs-1 and two copies related to chs-2 (Fig-
ure 2A). This phylogenetic analysis allows two conclusions. First,
the ecological diversification of nematodes is not associated
with an evolutionary multiplication of chs as is observed in fungi.
Second, chs-2 in particular is highly conserved throughout nema-
todes, while its function remains currently unknown.

P. pacificus chs-1 is essential for eggshell formation

To study a potential role of chitin in the formation of nematode
teeth-like denticles and the mouth of P. pacificus in general, we
used the well-developed CRISPR-Cas9 engineering.”’>° P. pacif-
icus contains clear orthologs of chs-1 and chs-2, like most other
clade V nematodes (Figure 2A). Therefore, we first targeted Ppa-
chs-1 and obtained several homozygous Ppa-chs-1 mutants in

exons. Species used for phylogenetic reconstruction: Trichinella spiralis (Tsp), Ascaris suum (Asu), Meloidogyne hapla (Mha), Diploscapter coronatus (Dco),
Heterorhabditis bacteriophora (Hba), Caenorhabditis briggsae (Cbr), Caenorhabditis elegans (Cel), Pristionchus entomophagus (Pen), Pristionchus exspectatus

(Pex), and Pristionchus pacificus (Ppa).

(B) Gene model for Ppa-chs-1 (PPA22049). The transmembrane domains and the chitin-synthase domain are marked in blue and red, respectively. The sgRNA for

CRISPR-induced gene knockout was designed in exon 5.

(C) Differential interference contrast images showing the defective development of the progeny of homozygous Ppa-chs-1 mutants.
(D) Temporal and spatial gene expression of Ppa-chs-1 deduced from the data of Sun et al.** and Rédelsperger et al.” Barplot profile of the temporal gene
expression (logo(FPKM + 1)) of Ppa-chs-1 across postembryonic development. The heatmap at the bottom shows that Ppa-chs-1 is highly expressed in the

central body region P6 and P8.
See also Data S1.
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Figure 3. CRISPR-based analysis of Ppa-CHS-2 reveals an essential role in teeth formation
(A) Gene structure of Ppa-chs-2 (PPA39501) with 60 exons and at least four different isoforms (Ppa-chs-2a-d) confirmed by RACE-PCR. The coding region of the
transmembrane domains (5'/3' TMD) and chitin-synthase domain (CSD) are marked in blue and red, respectively. The longest isoform Ppa-chs-2a contains all 60

(legend continued on next page)
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the F2 generation (Figure 2B). However, we were unable to estab-
lish propagating viable mutant lines. Instead, all eggs of homozy-
gous Ppa-chs-1(tu1634) mutants have an abnormal egg shape
and fail to develop (Figure 2C). We used the previously generated
single-worm, transcriptomic, high-resolution developmental
gene-expression atlas with 38 postembryonic time points at
1-2 h resolution for proper gene-expression analysis.” This anal-
ysis revealed that Ppa-chs-1 is highly expressed in the adult stage,
whereas expression is low at juvenile stages (Figure 2D).* Further-
more, the analysis of the available TOMO-seq data of adult her-
maphrodites® indicates that Ppa-chs-1 is specifically expressed
in the gonadal region P6-P8 (Figure 2D). Thus, Ppa-chs-1 has an
essential role in eggshell formation, similar to the previously
described role of chs-1 in eggshell formation of C. elegans,
B. malayi, and D. immitis.?°-30%1

Mutations in Ppa-chs-2 form an allelic series including
teethless phenotypes

Next, we wanted to investigate Ppa-chs-2, the ortholog of
C. elegans chs-2, which when mutated results in defects in the
grinder. Ppa-chs-2 exhibits an unusually complex gene structure
with a total of 60 exons and the chitin-synthase domain (CSD)
being encoded in exons 31-42 (Figure 3A). Previous transcrip-
tomic studies suggested three potential isoforms of Ppa-chs-2,
including one short isoform that misses the chitin-synthase
domain (Figures 3A and S3).%?°*2 Using RACE cDNA amplifica-
tion protocols, we were able to confirm the existence of these
three Ppa-chs-2 isoforms consisting of 60, 36, and 9 exons,
respectively (Figures 3A and S3). Additionally, we also amplified
a fourth isoform that was not annotated in previous transcrip-
tomic studies and also misses the CSD (Figure 3A). Thus, we
conclude the existence of at least four isoforms of Ppa-chs-2,
which we named Ppa-chs-2a to Ppa-chs-2d (Figure 3A).

To discriminate between potentially different functions of
these isoforms, we used CRISPR sgRNAs in exons, 3, 33, 37,
51, and 56, respectively, and isolated a total of 14 independent
mutant alleles (Figures 3A and 3B). These mutations form an
allelic series with phenotypes all the way to lethality. First, two
mutations in exon 3 (tu7635 and tu1636 with 8- and 38-bp dele-
tions, respectively) affect only Ppa-chs-2a and have no visible
mouth-form phenotype. Although both alleles result in premature
stop codons in front of the CSD, they are both viable (Figure 3B).

Current Biology

However, these mutants displayed a slight decrease in the size
of the dorsal tooth (DT) (Figure 3E), and a significant reduction
in brood size (Figure 3F). These results suggest that the Ppa-
chs-2a isoform is nonessential but might have a redundant func-
tion with other Ppa-chs-2 isoforms. Second, we generated six al-
leles with mutations in the CSD with sgRNAs targeting exons 33
and exon 37 (Figure 3B). Specifically, we obtained one allele with
a substitution in the putative acceptor saccharide-binding site
[E(D985E)R] (tu1787), and two alleles with mutations in the prod-
uct-binding motif QRRRW, resulting in frameshift mutations
(tu1788 and tu1789) (Figure 3B). All of these mutations exhibit
larval lethality, suggesting that the Ppa-chs-2b isoform is essen-
tial (Figure S3D). Specifically, lethality is seen in young J2 stages
and is fully penetrant. Third, when we generated mutations in the
C terminal exon 56, we obtained three alleles that are all viable
but teethless (tu1651, tu1652, and tu1653) (Figures 3C-3E). All
three of these alleles show severe defects of the posterior part
of the stoma and the absence of the teeth in J3, J4, and adult
stages (Figures 3C and S1D). These results suggest that Ppa-
chs-2 is essential for teeth formation in P. pacificus and likely
essential for the proper formation of the stoma. However, it
remains unclear whether the different phenotypes—lethality
versus teethless—of mutations induced in exons 33, 37, and
56, respectively, are due to different functions of the isoforms
with or without the CSD. Therefore, we finally generated
CRISPR mutations in exon 51, which is specific to the isoforms
Ppa-chs-2a, Ppa-chs-2b, and Ppa-chs-2d. We were able to
generate three alleles (Figure 3B), all of which show a lethal
phenotype similar to the six mutations in the CSD. While these
results suggest that Ppa-chs-2 is essential for larval develop-
ment and might have a key role in the formation of the mouth,
they do not allow to distinguish if the function of Ppa-CHS-2 in
teeth formation requires the CSD encoded in exons 31-42.
Theoretically, Ppa-chs-2c might have a function other than syn-
thesizing chitin, an issue that will be further addressed in com-
plementary studies described below.

As these mutants were generated in the P. pacificus PS312
background, the majority of animals have the Eu mouth form.
To determine if the St morph is also affected, we first generated
Ppa-eud-1(tu1069), Ppa-chs-2(tu1652) double mutants as
Ppa-eud-1 mutants are completely St.” Indeed, Ppa-eud-
1(tu1069), Ppa-chs-2(tu1652) mutant animals are also teethless

predicted exons and the chitin-synthase domain. The second isoform Ppa-chs-2b excludes the N-terminal region, which contains the first 24 exons and encodes
only parts of the transmembrane domain at the N terminus. In contrast, the third isoform Ppa-chs-2c contains only the last 8 exons, which includes the last part of
the transmembrane domain, but not the chitin-synthase domain. The fourth isoform Ppa-chs-2d starts from the 44™ exon and encodes most of the C-terminal
transmembrane domain. For the fifth isoform, sgRNA1-5 was used to target different isoforms. Bottom: three tracking channels of RNA-seq read coverage
suggest different expression between N- and C-terminal exons of the Ppa-chs-2 locus at the fourth molt. See also Figure S2.

(B) Fourteen specific mutations induced in Ppa-chs-2 by targeting different exons.

(C) Mouth-form images show the effects of Ppa-chs-2 on teeth formation. The upper three images present the Eu morph of wild-type PS312, the St morph of Ppa-
eud-1(tu1069) mutants, and the cheilostom-defective morph of Ppa-dpy-6(tu1645). The three lower images display the teethless phenotype of Eu, St, and
cheilostom-defective animals, respectively. The dorsal and right subventral tooth are labeled in orange and blue, respectively. Scale bars, 5 um. Unlabeled
images are shown in Figure S1B.

(D) Ppa-chs-2 significantly decreased teeth size of wild-type and mouth-form mutants. Point plot shows the comparison of teeth size in wild type (PS312); Ppa-
eud-1(tu1069); Ppa-dpy-6(tu1645), Ppa-chs-2(tu1653); Ppa-eud-1(tu1069),Ppa-chs-2(tu1653); and Ppa-dpy-6(tu1645),Ppa-chs-2(tu1653) animals. Sp and Sry
indicate the size of the dorsal tooth and right subventral tooth, respectively.

(E and F) Ppa-chs-2-associated mutants display dramatically reduced size of the dorsal and right subventral tooth, brood size, and small changes in body length.
Tukey’s multiple comparisons were tested by the Tukey’s HSD test, with the letters upon each volume indicating significant differences between the means,
p adjusted value < 0.05.

See also Figure S3 and Data S1 and S2.
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and completely viable (Figures 3C-3F). Finally, we tested
genetic interactions between Ppa-chs-2 and Ppa-dpy-6 muta-
tions, the latter of which display cheilostom defects. We found
that a Ppa-chs-2(tu1652), Ppa-dpy-6(tu1645) double mutant
exhibits a teethless and cheilostom-defective phenotype and,
despite the strong aberrations in their mouths, are still viable
(Figures 3C-3E).

Nikkomycin Z supports a role of chitin in teeth formation
To overcome the limitations of our genetic analysis due to the
lethality of Ppa-chs-2 alleles with mutations in the chitin-syn-
thase domain, we used an inhibitor that specifically targets the
CSD. In general, several inhibitors of chitin synthases have
been used primarily for the control of insect pests and disease-
causing fungi. Specifically, peptidyl nucleosides from a variety
of Streptomyces species function as substrate analogs and
inhibit chitin synthases.?” One such inhibitor of CHS-2-type pro-
teins is Nikkomycin Z, which we have used as a potential inhibitor
of Ppa-chs-2. We first supplemented nematode agar plates with
Nikkomycin Z but were unable to observe any visible phenotypes
(STAR Methods). Therefore, we directly injected Nikkomycin Z in
late J4 larval stage animals, 2-3 h before the final molt (Figure 4A).
For this, we used two different sites of injection in the animal.
First, we injected into the pm cells in the metacorpus. Second,
we injected into the intercellular space in the isthmus, the body
region adjacent to the metacorpus (Figure 4A). We observed a
survival rate of 50% if animals were injected into the metacorpus,
but nearly 100% of survival when injecting into the isthmus (Fig-
ure 4B). Most importantly, there was no difference in survival
when injecting Nikkomycin Z or water controls (Figure 4B).
Thus, animals do survive the injection with the chitin-synthase in-
hibitor Nikkomycin Z.

Injection of J4 juveniles with Nikkomycin Z resulted in specific
defects in teeth formation (Figure 4). We found between 75%
and 95% teethless animals when injecting Nikkomycin Z ata con-
centration of 10 mM in the intracellular space and the metacorpus,
respectively (Figure 4B). Other animals showed the development
of small teeth, which might be due to the fact that the amount of
injected inhibitor cannot be completely controlled. Note that
further morphological analysis suggests that the outline of the
stoma in these teethless animals is otherwise normal (Figure 4C).
When we injected different concentrations of Nikkomycin Z, we
found a strong correlation between the concentration of Nikkomy-
cin Z and the size of the teeth in both morphs. Specifically, teeth
size displayed a strong reduction along with the increase of the
Nikkomycin Z concentration (Figure 4D). The Nikkomycin Z
concentration-dependence of teeth size suggests that the amount
of chitin synthase is essential for the construction of the proper
teeth in P. pacificus. Interestingly, injection with 0.1 mM Nikkomy-
cin Z did not affect teeth size of the Eu morph but significantly
reduced teeth size of St morphs (Figures 4D, 4E, and S4). These
results might provide first evidence that different amounts of chitin
are required for teeth formation in the two alternative mouth forms.
These findings indicate that chitin-synthase activity, and thus
chitin is essential for the formation of the teeth-like denticles of
P. pacificus. However, similar injection experiments with a chiti-
nase (Sigma, catalog no. C6137) at two concentrations (1 and
2 mg/mL) did not affect teeth formation. Also, previous mutant
analysis of some P. pacificus chitinases did not affect teeth

¢ CellP’ress

formation,® which might result from the complex chemical nature
of chitin in the teeth. Nonetheless, together with the mutant anal-
ysis described above, our results from Nikkomycin Z injections
strongly support a role of chitin in teeth and stoma formation.

Ppa-chs-2 is highly expressed in the pharyngeal muscle
cells and epithelial cells, and peaks before the larval
molts

To study the expression of Ppa-chs-2, we used two complemen-
tary approaches. First, we generated a transcriptional reporter of
Ppa-chs-2 using a 1,926-bp fragment upstream of Ppa-chs-2 to
study its spatial distribution. This fragment covers the complete
region upstream of the first potential start ATG of Ppa-chs-2.
We obtained two independent transgenic lines (tuEx351 and
tuEx352), both of which are expressed in the “pm” cells pm1
(including pm1D, pm1VR, and pm1VL), which are connected to
the DT and the right subventral tooth (RVT) (Figures 5A and
S5A; Video S8).%° In addition, Ppa-chs-2 is expressed in the
epithelial (“e”) cells €2, including e2DL, e2DR, and e2V, which
line the two subdorsal and ventral apices of the mouth, and the
e3 cells (including e3D, e3VL, and e3VR) that line thin strips of
cuticle that attach to the teeth and left subventral ridge to the
gymnostom (Figures 5A and S5A; Video S83).°° This spatial
restriction supports a role of chitin in the formation of the teeth
and the stoma and is consistent with the Nikkomycin Z inhibitor
studies described above. Second, we analyzed the Ppa-chs-2
expression profile in the recently generated single-worm tran-
scriptome (SWT) atlas with its 38 distinct time points.* This anal-
ysis covers complete postembryonic development with a 1-2 h
temporal resolution. We found that Ppa-chs-2 expression is
highly oscillating (ARS_p value = 0.026 and ARS_amplitude =
1.439)* and peaks 1-2 h before the molt (Figure 5B). Note that
allthree molts, in the J2, J3, and J4 stages show similar restricted
expression peaks of Ppa-chs-2. This temporal expression
pattern is consistent with a role of Ppa-chs-2 in the remodeling
of the teeth during the larval molts. Conclusively, the spatiotem-
poral expression pattern supports the essential role of Ppa-chs-2
in teeth formation during molts.

Ppa-eud-1 mediates gene expression of Ppa-chs-2 at
the last molt

The expression of the transcriptional reporter Ppa-chs-2::GFP
was found to be lower in many Ppa-eud-1 mutant animals
(tuEx352;tu1069) when compared with wild type (Figure S5B).
This observation suggests that Ppa-chs-2 expression might be
regulated by Ppa-eud-1. Indeed, the developmental switch
gene Ppa-eud-1 was recently found to act upstream of several
genes with oscillatory gene expression at early developmental
time points, i.e., 20 and 28 h after hatching in the second and third
larval molts.” To elucidate if Ppa-chs-2 is also regulated by Ppa-
eud-1 during the last molting stage, we performed high-resolu-
tion transcriptomics at the fourth molt between wild-type and
Ppa-eud-1(tu1069) mutant animals (see STAR Methods for stag-
ing procedures). We selected the four substages J4.12, 4M1,
4M2, and 4M3, which represent the different phases of the fourth
molt (Figure 1D) and sequenced all samples in triplicate. Principal
component analysis (PCA) of gene expression revealed that the
transcriptomes were grouped into four clusters corresponding
to the four developmental substages (Figure 5C). In total, we
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Figure 4. P. pacificus teeth size manipulation through the inhibitor Nikkomycin Z
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(A) Schematic of head region with the two injection sites for Nikkomycin Z. P1 presents the pharyngeal muscle cells in the metacorpus; P2 indicates the

intercellular space in the isthmus.

(B) Barplots display the comparison of the different injection sites for animal survival (upper) and teethless phenotype (lower). Water injection was used as
control. Numbers in the bars indicate the numbers of injected animal (upper bars) and the numbers of surviving animals (lower bars).

(C) Nomarski images present the mouth form of PS312 wild-type (Eu morph) and Ppa-eud-1(tu1069) mutants (St morph) under two injection conditions of
Nikkomycin Z: 0 and 10 mM. Nikkomycin Z was injected at the late J4 stage and images were taken 24 h after injection.

(D) Barplots present the changes in teeth size of wild-type PS312 and Ppa-eud-1(tu1069) mutants among six different injection conditions of Nikkomycin Z. The
condition 0 mM (water) serves as control. n indicates the number of animals that survived injection and could be scored. Sp and Sgy indicate the size of dorsal

tooth and right subventral tooth, respectively.

(E) Line plots profile density distribution of the three teeth size groups among the six Nikkomycin Z concentrations in wild-type strain PS312 and Ppa-eud-1

mutants. See Figure S4 for details on characterization of the three teeth size groups.
See also Figure S4 and Data S2.
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Figure 5. Spatiotemporal gene expression of
Ppa-chs-2

(A) Expression pattern of Ppa-chs-2 in the pm1, €2,
and e3 cells at the fourth lethargus stage (4M1). The
image on the left shows the overlay of a DIC image
and a sum-of-slices projection of the GFP channel.
The four images on the right display the position of the
nuclei of the pm1, e2, and e3 cells in the GFP channel.
Pharyngeal muscle (pm), epithelial (e), dorsal tooth
(DT), right subventral tooth (RVT). The three pm1 cells
include pm1D, pm1VR, and pm1VL, the three e2 cells
are e2DL, e2DR and e2V, and three e3 cells are e3D,
e3VL, and e3VR. D, dorsal; V, ventral; A, anterior;
P, posterior.

(B) Barplot profiles of the temporal expression
(logo(FPKM + 1)) of Ppa-chs-2 across postembryonic
development.

(C) Point plot displays 24 transcriptomes clustered
into four groups corresponding to the four substages.
(D) Heatmap showing the differences in gene
expression of 2,298 differentially expressed genes
(DEGs) between wild-type and Ppa-eud-1 mutants.
Gene-expression values of individual genes were
normalized by the maximum among all conditions.
(E) Barplot shows that Ppa-chs-2 was downregulated
in Ppa-eud-1 mutants during the fourth molting stage.
*p < 0.05, **p < 0.01.

See also Figure S5, Table S1, and Video S3.
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Table 1. Summary of predation behavior of the chs-2 mutants

Mouth-form Number of
Strain ID Genotype type corpses (N2)/2 h
PS312 wild type Eu 78.2 (£11.4)
tu1635 Ppa-chs-2a Eu 59.7 (£19.2)
tu1636 Ppa-chs-2a Eu 64.5 (+15.9)
tu1651 Ppa-chs-2¢c Eu teethless 0
tu1652 Ppa-chs-2c Eu teethless 0
tu1653 Ppa-chs-2c Eu teethless 0
tu1069 Ppa-eud-1 St 0
tu1069; Ppa-eud-1; St teethless 0
tu1652 Ppa-chs-2c

Note: The rightmost column presents the average number of C. elegans
corpses in the assay for 2 h. Numbers in parentheses indicate standard
deviation. Three independent biological replicates were investigated in
each predator strain. Eu, eurystomatous; St, stenostomatous.

See also Video S4.

found 15,329 reliably expressed genes (REGs) with 2,298 differ-
entially expressed genes (DEGs) (Figures 5D and S5D-S5F).
Indeed, Ppa-chs-2 was downregulated at substages J4.12 and
4M1 in Ppa-eud-1 mutants (Figure 5E). These data suggest that
the oscillating gene Ppa-chs-2 is regulated by the developmental
switch gene Ppa-eud-1.

Teethless animals are incapable of predation of other
nematodes

The viable teethless phenotypes of the Ppa-chs-2 mutant alleles
tu1651, tu1652, and tu1653 or Nikkomycin-Z-treated animals
are the first example of the complete perturbation of teeth forma-
tion in nematodes. Therefore, we finally wanted to investigate the
behavioral consequences for such teethless animals. As indi-
cated in the supplemental video, teethless Ppa-chs-2(tu1653)
mutant animals are incapable of predating on C. elegans larval
prey (Table 1; Video S4). Importantly, however, teethless animals
still attack the prey, suggesting that the sensory recognition of
prey worms is still active in these mutants. Thus, Ppa-chs-2
mutant teethless animals still recognize prey nematodes as
non-self but are incapable of successful predation.

DISCUSSION

The complex feeding apparatus of P. pacificus has become a
model system for the genetic and epigenetic analysis of poly-
phenisms and developmental plasticity in general. While the
identification of molecular and environmental factors regulating
mouth-form plasticity has identified a complex GRN, there
were two important shortcomings to our understanding of
teeth-like denticles and the nematode mouth. First, the structural
basis of teeth and the stoma was completely unclear. Second,
the cellular architecture and the exact cells forming the various
parts of the feeding apparatus of P. pacificus had not been iden-
tified, although such studies were performed previously in out-
group nematodes.®**° Fortunately, the reconstruction of the
P. pacificus feeding structure has recently clarified the cellular
contributions of epithelial and myoepithelial cells and provided
important homologies to the pattern in C. elegans.*® Similarly,
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the characterization of the mucin-type hydrogel-forming protein
DPY-6 represents the first protein to form part of the stoma.®
However, teeth formation is unaffected in Ppa-dpy-6 mutants,
leaving the structural basis of the extracellular teeth open.
Here, we provide unprecedented evidence for a role of chitin in
teeth formation. This study allows three conclusions but is also
limited by several uncertainties to be discussed below.

First, some Ppa-chs-2 mutants and Nikkomycin-Z-treated an-
imals result in teethless worms, strongly supporting a role of
chitin in teeth formation. Chitin is one of the most abundant bio-
logical polysaccharides and forms the exoskeleton of insects
and other arthropods, the other major ecdysozoan phylum with
an exoskeleton.®”-*® While chitin has been shown to be a compo-
nent of the eggshell in several nematodes,?**°*" its contribution
to other nematode tissues remained unclear and controversial
for decades. In particular, no experimental evidence had been
available to support a role of chitin in head and mouth formation.
The larval lethality of the majority of Ppa-chs-2 mutants gener-
ated by CRISPR indicates an essential role of chitin in
P. pacificus. The expression of Ppa-chs-2 in the pm1, €2, and
e3 cells strongly suggests this essential function to lie in the for-
mation of the stoma and the teeth in particular. The recent
cellular reconstruction revealed that the three pm1 muscle cells
insert on the DT, the subventral tooth and the subventral ridge.**
The additional finding that some Ppa-chs-2 mutants and Nikko-
mycin-Z-treated animals are teethless provide a first indication
of the different contributions of chitin for the formation of various
parts of the nematode stoma. However, several uncertainties
limit our understanding of the quantitative contribution of chitin
to mouth formation and require future studies. Most importantly,
the unusually complex gene structure of Ppa-chs-2 with 60
exons and various isoforms —two of which miss the CSD—pre-
vents a full assignment of biochemical functions to the Ppa-
CHS-2 protein generated from the different isoforms. Future
cloning and expression studies are necessary to identify the
exact function of the Ppa-CHS-2 proteins generated by the
different isoforms.

Second, our findings provide evidence for a potential role of
chitin in the evolutionary diversification of feeding structures in
nematodes. While currently of speculative nature, a role of chitin
in stomatal diversification might become testable given the
strong conservation of the chs-2 gene, as indicated from our
phylogenetic analysis. The availability of CRISPR technology in
a growing number of nematode species and taxa, might open
the opportunity to study chs-2-type genes in additional species
in the near future. If these studies would confirm the role of chitin
in the evolution of nematode head structures, such findings
would strengthen the importance of chitin as the most important
macromolecule for the diversification of invertebrate animals.
While the role of chitin for insect and arthropod evolution is
long appreciated, missing experimental evidence in other
systems has previously prevented such conclusions.

Finally, with the characterization of chitin and the hydrogel-
forming protein DPY-6 two structural components of the nema-
tode stoma that may serve as a scaffold for additional factors
have been identified. It is likely that additional proteins contribute
to stoma formation and to genetic and biochemical studies using
Ppa-dpy-6 as a starting point may help identify such factors. In
addition, the understanding of mucin-type hydrogels in humans
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suggests post-translational glycosylation to play a key role in
mucins obtaining their final biochemical and biophysical proper-
ties. Therefore, future studies have to involve nanotechnological
approaches to better understand the biophysics of nematode
teeth formation and function. It should also be noted that it re-
mains still unknown if and to what extent the two alternative
mouth forms of P. pacificus depend on qualitative and/or quan-
titative differences in their structural composition. The different
expression of Ppa-chs-2 in Eu wild-type and Ppa-eud-1 mutant
St animals already suggests that chitin might contribute in a
quantitative manner to the two mouth forms. One way to obtain
insight in this direction will be to perform labeling studies. How-
ever, all previous attempts have been inconclusive as they have
been for lectin-binding studies in other nematodes.

In summary, with the identification of the role of chitin in teeth
formation in P. pacificus, this study, together with the recent find-
ings on the cellular basis of the P. pacificus stoma and Ppa-
DPY-6, provides promising inroads into a mechanistic under-
standing of the structural composition of the nematode mouth.
These studies can also serve as a foundation for a general and
comprehensive perspective of the nematode head.
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Ppa-chs-2cds::Ppa-chs-2utr;Cel-sur-5p::GFP]

Caenorhabditis elegans: strain RS4178: tuEx371[Ppa-chs-2p:: This paper N/A
Ppa-chs-2cds::Ppa-chs-2utr;Cel-sur-5p::GFP]

Oligonucleotides

sgRNA target sequence: exon 5 of Ppa-chs-1: This paper N/A
TTGCATCATCTGCGTATATA

sgRNA target sequence: exon 3 of Ppa-chs-2: This paper N/A
GCCACCGGTGCTCCACAACT

sgRNA target sequence: exon 33 of Ppa-chs-2: This paper N/A
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DESeq2 (version 1.18.1) Love et al.*® https://bioconductor.org/packages/

release/bioc/html/DESeqg2.html

DAVID (v6.8) Dennis et al.** https://david.ncifcrf.gov/

R (version 4.2.2) R Core Team™*® https://www.r-project.org/

HMMER (version 3.3) Mistry et al.”® http://hmmer.org/download.html

MAFFT (ver. 7.310) Katoh et al.*’ https://mafft.cbrc.jp/alignment/server/

Evolview (ver. 3) Subramanian https://www.evolgenius.info/evolview/
et al.*®

Wormsizer Moore et al.*® https://github.com/bradtmoore/wormsizer

ImageJ Schir;tgelin https://imagej.nih.gov/ij/download.html
et al.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Ralf J.
Sommer. ralf.sommer@tuebingen.mpg.de

Materials availability
P. pacificus strains and bacterial isolates generated in this work are freely available through the lead contact.

Data and code availability
Sequencing data have been deposited at European Nucleotide Archive, and accession numbers are listed in the key resources table.
All data and codes reported in this work are freely available through the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Stocks of all strains were cultured at room temperature (20-25°C) on nematode growth medium (NGM) in 6 cm Petri dishes, as out-
lined before.®" In all experiments, Escherichia coli OP50 was used as food source. Bacteria were grown overnight at 37°C in LB
medium, and 400 pL of the overnight culture was pipetted on NGM agar plates and left for several days at room temperature to
grow bacterial lawns. Nematodes were passed on these lawns and propagated using various numbers of mixed developmental
stages. The following strains were used in these studies: PS312 as P. pacificus wild type; eud-1(tu1069), an all-St strain.

METHOD DETAILS

Mouth form phenotyping

To phenotype the mouth form of individual animals we used previously established protocols.®” In short, adult hermaphrodites were
immobilized on 5% Noble Agar pads with 0.3% NaN3; added as an anaesthetic, and examined using differential interference contrast
(DIC) microscopy. Animals that had a large right ventrosublateral tooth, curved dorsal tooth, and the anterior tip of the promeso-steg-
ostom posterior to the anterior tip of the gymnostom were classified as Eu morphs. Animals that did not exhibit these three characters
simultaneously were classified as St morphs.

Phylogenetic analysis of chitin synthase genes in nematode

To identify putative chitin synthase genes (CHSs) in nematodes, we collected proteome data of 10 publicly available nematode
genomes from WormBase (http://www.Caenorhabditis.org) and http://www.pristionchus.org. The HMMER?® version 3.3 with
parameters “hmmscan —tblout Pfam-A.hmm” was applied to predict Pfam domains (e-value of full seq < 0.01) of each of the nem-
atode proteomes (the longest isoform per gene). As two annotated chitin synthases in the C. elegans genome contain the domain
“Chitin_synth_2” (CS2, PF03142) rather than the domain of Chitin_synth_1 (CS1, PF01644) or Chitin_synth_1N (CS1N,
PF08407),%42°°" we used the CS2 domain to perform phylogenetic analysis of CHSs in nematodes. Specifically, the genes that
contain the CS2 domain (best match) were marked as putative CHSs and were confirmed to contain the chitin synthase domain using
the Pfam database and the SMART database. Protein sequences of the CHSs were aligned using MAFFT*’ (ver. 7.310) with default
parameters and maximum likelihood trees were constructed using RAXML (ver. 8.2.11)°® with the following parameters “fa -m
PROTGAMMAAUTO -N 100”. The resulting phylogenetic trees were visualized using Evolview (ver. 3).*® The protein sequences of
23 identified chitin synthase genes are provide in Data S1.
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Alternative splicing of Ppa-chs-2

Synchronous populations of PS312 eggs-J1 were obtained by bleaching® and pipetted onto 10cm NGM plates seeded with 800 pl
OP50. Worms were cultured at 20° C and harvested at 48 h post-bleaching when most worms reached the late J4 stage or the fourth
molt. Animals were washed from plates with M9 buffer into 15 ml conical tubes, and filtered two times through a 140 uM nylon net
(Millipore) to remove contaminating bacteria, then centrifuged 1300 x g, 1 minute to pellet. Supernatant was removed, the pellet was
resuspended in 300 pul water and frozen for RNA extraction.

Total RNA was extracted using AmbionTM TRIzol reagent. TURBO DNA-free kit (Invitrogen AM1907) was used to remove gDNA.
RNA purity and yield was calculated using a nanodrop spectrophotometer. The SMARTer RACE 5°/3’ Kit (Cat. # 634858) was
employed for reverse transcription, 5’ and 3’ RACE experiments with slight modifications to the manufacturer guidelines. Briefly,
the first-strand cDNA was diluted to 50 ng/ul for the RACE experiment. 3° RACE PCR was performed using primers 3’ Gene-
Specific-Primer (GSP) ss0338 and Universal-Primer-Short (UPM short). Touchdown PCR was conducted by the two following
PCR programs. Program 1: Initial denaturation at 94 °C for 3 min; five cycles with two steps of 94 °C for 30 sec, 72 °C for
3.5 min; five cycles with three steps, 94 °C for 30 sec, 71 °C for 30 sec, 72 °C for 3.5 min; 35 cycles with three steps, 94 °C for
30 sec, 69 °C for 30 sec, 72 °C for 3.5 min; Final extension at 72 °C for 10 min. Program 2: Initial denaturation at 94 °C for 3 min;
five cycles with two steps of 94 °C for 30 sec, 72 °C for 3.5 min; five cycles with three steps, 94 °C for 30 sec, 70 °C for 30 sec,
72 °C for 3.5 min; 35 cycles with three steps, 94 °C for 30 sec, 68 °C for 30 sec, 72 °C for 3.5 min; Final extension at 72 °C for
10 min (Figure S3A). The nested PCR for the amplification of the four different isoforms was conducted using the GoTaq Long
PCR Master Mix (M4021, Promega), 1 pl production of the 3’'RACE PCR was added as template, including the primer pair
ss0298+ss0301 for isoform Ppa-chs-2a amplification, the primer pair UPM short+ss0302 for the amplification of three short isoforms
Ppa-chs-2b-d (Figures S3B and S3C; Data S1). Amplified fragments were cloned using the TA Cloning Kit from Invitrogen (K202020)
and were subsequently Sanger sequenced. The primers designed in the 3° RACE experiment is provided in key resources table.

CRISPR/Cas9 mutagenesis

Procedure for CRISPR/Cas9 mutagenesis was based on previously published protocols for P. pacificus.’’>° All target-specific
CRISPR RNAs (crRNAs) were synthesized to target 20 bp upstream of the protospacer adjacent motifs (PAMs), and were fused
to tracrRNA (catalog# 1072534; IDT) at 95° C for 5 minutes, and subsequently allowed to cool down to room temperature and anneal.
The hybridization product was combined with Cas9 protein (catalog# 1081058; IDT). After a further 5 minutes incubation at room tem-
perature, TE buffer was added for final concentration of 18.1 uM for the sgRNA and 12.5 uM for Cas9. For the induction of specific
site-directed mutations via CRISPR/Cas9, a ssDNA oligo template was contained in the mix at a concentration of 4 uM. The repair
template included the desired modifications flanked by 80 bp homology arms at both sides of the edited sequence. The plasmid car-
rying the Ppa-eft-3 promoter and modified TurboRFP sequences was employed as co-injection marker. After two days, PO plates
containing the F1 animals with fluorescent signal of co-injection marker were isolated, and 8-10 F1 progenies from these plates
were singled out on individual plates. The genotype of the F1 animals were subsequently analyzed via Sanger sequencing and
mutations identified before isolation of homozygous mutant carriers. Detailed information of mutant generated in this study can be
found in key resources table. sgRNAs, and repair templates for generating mutants and specific targeted knock ins utilized in this
study can be found in key resources table.

Genetic transformation

To generate a transcriptional reporter of Ppa-chs-2 in P. pacificus, we used the previously established transformation protocol.>> A
transcriptional reporter construct for Ppa-chs-2 was generated by PCR amplification of a 1926 bp upstream region in front of the first
predicted ATG start codon into a pUC19-based plasmid containing a green fluorescent protein (GFP) and the 3’'UTR of the ribosomal
gene Ppa-rpl-23. NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs) was employed to perform cloning. Injection mix
contained 10 ng/ml of the Notl-digested Ppa-chs-2p::GFP plasmid, 10 ng/ml of the Notl-digested Ppa-egl-20p:: TurboRFP plasmid
as co-injection marker, and 60 ng/ml of the Notl-digested genomic carrier DNA.

To overexpress the 16 kb Ppa-chs-2 in C. elegans, an appr. 16 kb Ppa-chs-2 fragment containing the 1926 putative promoter, all
exons and introns of the gene, and the 3’'UTR were amplified using Long PCR Enzyme Mix (#K0182, Thermo Scientific). The 16 kb
Ppa-chs-2 fragment (30 ng/ul) was injected together with the co-injection marker Cel-sur-5::GFP (10 ng/ul). The same marker gene
expression was confirmed in two independent lines, but no changes in the mouth and pharynx were observed. Associated primers for
generating reporter utilized in this study can be found in key resources table.

Spatiotemporal gene expression profiling using published transcriptomics

To analyze the temporal expression of Ppa-chs-1 and Ppa-chs-2 during postembryonic development, we used the high-resolution
single-worm transcriptomics dataset and profiled the gene expression pattern for both genes using the mean gene expression
(FPKM) at 38 time points as previously described.” The spatial gene expression of Ppa-chs-1 was plotted using the spatial transcrip-
tomics of P. pacificus.® The normalized z-score value of Ppa-chs-1 was extracted and the gene expression pattern was profiled
across nine distinct body regions.
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Tooth size measurement in P. pacificus

We developed a protocol for teeth size measurement based on landmarks, which were first described in geometric morphometric
studies in P. pacificus.>°%°° We estimated teeth size by calculating the area of the triangle based on three most lateral landmarks
on each tooth (Figure S2). This triangle covers most parts of the tooth. We used five-day old adult animals to take a stack of images
of the head region using Nomarski differential interference contrast microscopy under a 100x/1.4 oil objective. Coordinates of six
landmarks in XY plane were recorded using ImageJ software.® The raw data of tooth size measurement in this study can be found
in Data S2.

Body length measurement

To remove the age effect on body size for wild type and mutant strains, we selected five-day old adult worms to measure their body
length, as it is known that the maximum body length is reached at four days adulthood.® First, we synchronized the stage of animals
by picking late J4 larval individuals that displayed “box-like” vulva shape. After five days, we singled out the five-day old adults on
NGM plates without bacteria. Bright field images of the worms were taken using 0.63x objective of ZEISS Stereo Discovery V16 and
the AxioCam camera with parameters “Magnification 40x, Field of view 5.8 mm, Resolution 1.1 um, Depth of field 26 um”. Images
were analyzed using the Wormsizer plug-in*® for Image J.°° The raw data of worm size measurement in this study can be found in
Data S2.

Overall self-fecundity measurement

Overall and daily self-fecundity measurements were conducted as previously described®’ with minor modifications. Briefly, synchro-
nized eggs were obtained by bleaching.*®:>* After synchronization, late J4 larvae with ‘box-like’ vulva shape were individually isolated
on separate NGM plates seeded with 25 ul OP50. For five consecutive days, single worms were transferred to fresh plates spotted
with 25 ul OP50 every 24 hours. Starting from day 6, worms were kept on the same plate for two more days and then killed. A daily
readout for the first five days and a day 6 readout recording the last three days combined. After four days from removing the mother,
all plates were counted for viable progeny to obtain fecundity counts. Overall self-fecundity counts were calculated as sum of six daily
fecundity counts. The raw data of overall and daily self-fecundity measurements can be found in Data S2.

Microinjection nikkomycin Z in P. pacificus

To study the effects of the chitin synthase domain-specific inhibitor nikkomycin Z on mouth form in P. pacificus, we performed two
different experiments. First, we used NGM plates with 25 pl of a mixture of nikkomycin Z and OP50, at three concentrations (0 pM
(control), 10 pM and 100 pM nikkomycin Z (Cat. # 59456-70-1; Sigma)) of nikkomycin Z described above. Animals at J2 or middle J4
stage were transferred onto these NGM plates and cultured at 20° C. Mouth-form observation of adult animals DIC revealed no visible
changes in the P. pacificus mouth form under any treatment condition. Second, we directly injected Nikkomycin Z in the head region
of J4 larval animals, 2-3 hours before the last molt. Two injection sites were selected: P1, the pharyngeal muscle cells in the meta-
corpus, which corresponds to the cells expressing Ppa-chs-2, and P2, the intercellular space in the isthmus. Nikkomycin Z-injected
animals were kept individually on NGM plate with 50 ul of OP50 and cultured at 20° C. After 24 hours, adult animals were investigated
for their mouth structure and form. Nearly 90% injected animals survived the injection into P2 with 10 mM or 0 mM concentration of
Nikkomycin Z, respectively. To examine the different responses to Nikkomycin Z between the PS312 strain (preferentially Eu morph)
and the eud-1(tu1069) strain (St morph only), six different concentrations of Nikkomycin Z were used, including 0 mM (control),
0.1 mM, 0.5 mM, 1 mM, 5 mM and 10 mM were injected in P2 of late J4 worms of the two strains. In total, 15 — 26 surviving animals
were investigated in the particular conditions.

To compare the differences in response to the Nikkomycin Z treatment between the two alternative mouth forms, morphs of Nik-
komycin Z injected animals were classified into three different groups based on teeth size (Figures 4E and S4). Specifically, in wild
type animals, the “normal teeth” group was classified by the criteria of one of two teeth (dorsal tooth Sp and subventral tooth Sgy)
being at least larger than 4 umz (Sp>4 umz orSgry >4 pmz), the “small teeth” group was defined by the criteria of both teeth being
equal to or smaller than 4 um? and one of the two teeth being at least larger than 2 um? ((i) Sp <= 4 pm? and Sgy <= 4 um?, (ii) either
Sp > 2 um? or Sgy > 2 pm?) and the “teethless” group was defined by the criteria of both teeth being equal to or smaller than 2 pm?
(Sp <=2 um? and Sgry <= 2 um?). Similarly, in the St morph strain of eud-1(tu1069) animals, the “teethless” group was defined by the
criteria of Sp <= 1.5 um? and Sgy <= 1 um? simultaneously, whereas the “small teeth” group was defined by either Sp > 1.5 um? or
Sgv > 1 um?, (Figures 4E and S4). The raw data of tooth size measurement associated with Nikkomycin Z experiment can be found in
Data S2.

Bulk RNA sequencing and transcriptome data analysis

To perform the high-resolution transcriptomics of the fourth molt between wild type and Ppa-eud-1 mutants, we collected worms at
the precise substage for Bulk RNA sequencing using the protocol described previously.® Synchronized eggs were cultured as
described above. Individual worms at the appropriate substage were picked to one PCR tube containing 3 ul nuclease-free water,
then conducted to 3 x freeze-thawing steps with liquid nitrogen. 70 — 100 individuals with appropriate substage were pooled into one
1.5-mL tube as one replicate. Three independent replicates were collected for each of the four substages (J4.12, 4M1, 4M2, and 4M3)
in both strains (PS312 and Ppa-eud-1(tu1069)). Total RNA extraction of all 24 samples was performed using the Direct-Zol RNA Mini
prep kit (Zymo Research) according to the manufacturer’s guidelines. RNA library preparation was conducted using the NEBNext
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Ultra Il Directional RNA Library Prep Kit for lllumina (NEB). All 24 libraries were sequenced as 150-bp PE on the lllumina HiSeq3000
(Table S1).

Raw reads were trimmed by the program cutadapt™ version 2.10. Genomic alignment to the P. pacificus reference genome (http://
pristionchus.org/cgi-bin/news.cgi, version: El Paco) was performed by using the software Hisat2*" (version 2.1.0). FeatureCounts*®
(version 1.6.4) was employed to quantify transcripts based on the P. pacificus reference genome (version El Paco gene annotation 3).
Gene expression value were calculated as TPM by the package t-arae/ngscmdr (version 0.1.0.181203) in R.*” Mean TPM was calcu-
lated from three replicates in each of the eight conditions (two animal strains and four sub-stages), and genes with mean TPM greater
than 1 at least in one of the eight conditions were defined as reliably expressed genes (REGs). 15,392 REGs in total and more than
11,000 REGs in the particular condition were detected (Figure S5D; Table S1). Principal component analysis (PCA) on transcriptomes
was conducted using the function princomp®® in R with default parameters. Differential expression analysis was performed using
DESeq2** (version 1.18.1) with two criteria, P-value < 0.05 and Fold change > 2. In total, 2298 differentially expressed genes
(DEGs) regulated by Pa-eud-1 at the fourth molt were identified (Figure S5E; Table S1). Gene Ontology (GO) analysis was conducted
by using DAVID>® v6.8 web-accessible programs (Figure S5F). UniProt accession of P. pacificus genes were annotated based on the
previous published method.” Detailed on GO analysis of the top 18 GO-terms to see Table S1.

t40

Predatory behavior assay

Q9 Killing assays were conducted by following the previously published protocol.®® Briefly, C. elegans prey was maintained on bacteria
until freshly starved, resulting in an abundance of young larvae. These plates were washed with M9, passed twice through a 20 um
filter, centrifuged at 377 x g for 1 minute and deposited on to the assay plate by pipetting 2 ul of worm pellet on to a 6 cm NGM
unseeded plate. Assay plates were left for a minimum of 1 hour to allow larvae to distribute evenly over the plate. Young adult
predatory nematodes were firstly transferred to an empty NGM plates for 30min to remove any excess bacteria from their bodies.
Five predatory nematodes were added to assay plates. Predators were permitted to feed on the prey for two hours and the plate
was subsequently screened for the presence of dead corpses. Each assay was conducted in triplicate to ensure repeatability. Kills
were characterized by an opening of the prey cuticle.

QUANTIFICATION AND STATISTICAL ANALYSIS
For all the statistics analyses, Student’s test with an adjective p-value using the false discovery rate (FDR) was used to compare com-

parisons of the differences between the control group and experimental groups. The One-way ANOVA with Tukey HSD is used for the
compare more than three comparisons.
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Figure S1. Mouth-form images, related to Figure 1

Unlabeled images Figure S1A, S1B and S1C are related to Figure 1 A, B and Figure 3C,
respectively. (D) Images display there are morphological differences in teeth shape between
wild type PS312 and Ppa-chs-2c¢c(tu1652) mutant among four distinct stages, including J2, J3, J4

and young adult. Scale bar, 5 ym.



Marker 6 Marker 5 Marker 4 Marker 3 Marker 2 Marker 1

Combined
markers

Landmark Morphological description Type
lateral base point of the dorsal tooth sliding

anterior tip of the dorsal tooth fixed
posteriormost point of the metastegostom on dorsal side | fixed
lateral base point of the right ventrosublateral tooth sliding
anterior tip of the right ventrosublateral tooth fixed
ventral base point of the right ventrosublateral tooth fixed

ol |WIN|=~

Wild type PS312 Ppa-eud-1(tu1069) Ppa-chs-2a(tu1635) Ppa-chs-2c(tu1652)  Ppa-eud-1,Ppa-chs-2c
Eurystomatous (Eu) Stenostomatous (St) Eurystomatous (Eu) Eu teethless St teethless



Figure S2. Landmarks used for the quantitative measurement of teeth size in P. pacificus,
related to STAR methods (Morphometrics)

(A) Description of the six landmarks used in the measurement of tooth size. The six landmarks
include Marker 1 (lateral base point of the dorsal tooth), Marker 2 (anterior tip of the dorsal tooth,
Marker 3 (posteriormost point of the metastegostom on dorsal side), Marker 4 (lateral base point
of the right ventrosublateral tooth), Marker 5 (anterior tip of the right ventrosublateral tooth), and
Marker 6 (ventral base point of the right ventrosublateral tooth). (B) Images show the six
landmarks labeled on the teeth for size measurement wild type and mutant animals. The images

in the last row show the distribution of the six markers on the morph. Scale bar, 5 ym.



N Vv .
& & S S
Mmoo < Moo R R

6kp ! « Ppa-chs-2a 6k u —
3k W |« Ppa-chs-2b 3k L S—
11— |« Ppa-chs-2d

« Ppa-chs-2¢ 18

Detailed of the four isoforms in Ppa-chs-2 locus
Isoform_ID Ppa-chs-2a Ppa-chs-2b Ppa-chs-2¢ Ppa-chs-2d
Isoform locus | ppa_stranded_DN30470_c0_g2_i1 | TRINITY_DN178 _c1_g1_i8 | ppa_stranded_DN30470_c0_g2_i2 NA
Trinity_2016
Trinity_2020 Trinity_2020 Trinity_2016 NA
PPCAC_2021
RACE
confirmation ee Yes Yes Yes
contain e01-e60 the 3'of €25, i25 & €26 - e60 the 3'of i52 & 53 - e60 the 3'of e44, e45 - e60
ATG e01 e26 e54 e45
CDS length
5016 (1672
bp (aa) ( ) 2955 (985) 657 (219) 1320 (440)

ind.1 ind.2 ind.3 & ind.4

Ppa-chs-2b(tu1787) [E(D985E)R]

m

J4 J4 Adult
tuEx369 N2 tuEx369 N2 tuEx369

Dorsal Tooth

<
-
3
-
u
=
s
>




Figure S3. cDNA structure of four isoforms of Ppa-chs-2 validated by RACE-PCR, related
to Figure 3

(A) 3 RACE-PCR of Ppa-chs-2 using primers 3’ Gene-Specific-Primer (GSP) ss0338 and
Universal-Primer-Short (UPM short) for touchdown PCR. M, molecular weight markers. (B)
Nested-PCR amplification of isoform Ppa-chs-2a-d cDNA fragments, primers ss0298 and ss0301
for Ppa-chs-2a cDNA amplification, primers UPM short and ss0302 for Ppa-chs-2b-d cDNA
amplification. M, molecular weight markers. (C) Detailed information of Ppa-chs-2a-d isoforms.
Ppa-chs-2a was annotated by three previous transcriptome assemblies and confirmed by RACE-
PCR. Ppa-chs-2a contains all 60 annotated exons and 1,672 amino acids are encoded in the
CDS of Ppa-chs-2a. Ppa-chs-2b was confirmed by the transcriptome assembly in 2020 (Han et
al. 2020) and RACE-PCR in this study. The cDNA of Ppa-chs-2b contains the right part of the 25"
exon, 25" intron retention, and the sequence from 26" to 60" exon. Ppa-chs-2b encodes the
chitin synthase domain and the transmembrane domains (TMD) of C-terminal but excludes the
TMD in N-terminus. Ppa-chs-2¢c was the shortest isoform with transcriptome annotation by
Serobyan et al (2016) and RACE-PCR validation. The cDNA of Ppa-chs-2c includes the right part
of 52" intron and sequence from 53" to 60™ exon, and encodes only the last copy of the C-
terminal TMD. Ppa-chs-2d was only found in this RACE-PCR experiment. The sequence of Ppa-
chs-2d starts from the right part of 44™ exon to 60" exon, which encodes the most part of C-
terminal TMD. (D) Images show four individuals of Ppa-chs-2b(tu1787) carrying a substitution in
the putative acceptor saccharide binding site [E(D985E)R] exhibiting developmental arrest at the
J2 stage. Scale bar, 20 um. (E) Ppa-chs-2 overexpression in C. elegans did not result in C.
elegans worms with teeth or pharyngeal defects. Left: overview of J4 animals in wild type N2 and
Ppa-chs-2 overexpression line tuEx369. Right: Mouth form comparison between N2 and tuEx369

at late J4 and adult stages. The orange triangle indicates the position of dorsal or ventral tooth.
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Figure S4. Characterization of three teeth size groups, related to Figure 4
The point plots show the different effects of Nikkomycin Z on Eu morphs in PS312 and the St
morph in Ppa-eud-1(tu1069). In PS312, the “teethless” group was classified by the criteria of both
teeth (dorsal and subventral tooth) being smaller than 2 um?, the “small teeth” group was clustered



by the criteria of both teeth being smaller than 4 ym? and one of the two teeth being at least larger
than 2 ym?, and the morph with one of two teeth being at least larger than 4 um? was grouped
into the “normal teeth” group. Similarly, in the St morph strain tu1069, the “teethless” group was
grouped by the criteria of Sp <= 1.5 ym? and Sgrv <= 1 ym?simultaneously, the “small teeth” group
was clustered by the criteria of i) both teeth are equal to or smaller than 2 um?, and ii) either Sp >
1.5 um? or Sry > 1 ym?, and the morph with one of two teeth at least being larger than 2 um? was
characterized into the “normal teeth” group. Sp and Srv indicate the size of dorsal tooth and right
subventral tooth, respectively. The teeth size area of group “teethless”, “Small teeth” and “normal

teeth” are labeled in pine, blue and green, respectively.
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8 -8 @ 2 1 -GO:1905905~pharyngeal gland morphogenesis (BP)
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6 @ 2 G0:0015386~potassium:proton antiporter activity (MF)
P-value 6 @ 2 G0:0015385~sodium:proton antiporter activity (MF)
® (0, 0.0001) 6 @ 2 G0:0098719~sodium ion import across plasma membrane (BP)
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[0.001, 0.05) 10 2 @ 2 4 -GO:0007267~cell-cell signaling (BP)
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Figure S5. Spatiotemporal gene expression of Ppa-chs-2 and its regulatory network,
related to Figure 5

(A) Three-dimensional models of spatial expression pattern of Ppa-chs-2 in the pm1, e2 and e3
cells at the fourth lethargus stage (4M1). Three-dimensional models of the Ppa-chs-2 expression
pattern was visualized using data from Harry (Harry et al. 2022) in Blender software, viewed en
face (Top), in dorsal view (left bottom). The nuclei corresponding to these cells were labeled on
the right bottom site. (B) Ppa-chs-2 is highly expressed in the pm1, e2 and e3 cells at the substage
4M1 in the wild type background (tuEx352). Left: overlay of a differential interference contrast

(DIC) image, TurboRFP and GFP channel. Right: overlay of a DIC image, sum-of-slices



projection of the GFP channel. The orange triangle indicates the position of dorsal tooth. D =
dorsal, V = ventral, A = anterior, P= posterior. (C) Similar analysis for strain RS4093
(tuEx352;Ppa-eud-1) shows that Ppa-chs-2 expression is significantly reduced in Ppa-eud-1
mutants. (D) Bar plot displays the numbers of reliably expressed genes among these four
substages for two strains, PS312 and tu1069. (E) Venn graph exhibits the distribution of the 2,298
differentially expressed genes (DEGs) among four distinct substages. (F) DEGs were tested for
the tests for overrepresentation of GO (gene ontology). The left panel shows the 18 GO terms
that are most significantly enriched among DEGs, the x-axis presents the enrichment score, and
the y-axis shows the name of GO term. The size of circles corresponds to the number of DEGs
with a given GO term, and the three different colors indicate significance levels as measured by
Fisher's exact test. The three sub-ontologies containing biological process (BP), molecular
function (MF), and cellular component (CC). The right panel profiles the overrepresented GO

terms according to the four substages. The number of DEGs at each substage is marked.
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Protocol for single-worm transcriptomics in Pristionchus pacificus,

step by step
Shuai Sun, Ralf Sommer

Max Planck Institute for Biology, Department for Integrative Evolutionary Biology, Max-Planck-

Ring 9, Tuebingen, 72076, Germany

Abstract

High-resolution spatiotemporal transcriptomic data presents the opportunity to gain key
insights into cellular and disease mechanisms. Adaptations and improvements of low input
RNA-seq technology for microscopic organisms, nematodes, allows for the analysis of gene
expression heterogeneity at the individual level. The single-worm transcriptomics (SWT)
provides a robust platform to perform a large-scale high-solution transcriptomic analysis in the
nematode model organism of P. pacificus. Here, we provides a step-by-step protocol for i)
defining the chronological age of individual animals for establishing the high-solution time
course, ii) modifying library preparation of SWT, iii) performing library sequencing strategy
regarding the sequencing cost and the number of genes detected. Together, this protocol
provide a detailed step-by-step procedure with many useful recommendations for both library

preparation and data analysis of single-worm transcriptomics in P. pacificus.

Keywords: Pristionchus pacificus, single-worm transcriptomics, RNA library preparation,

sequencing depth
Background

RNA-seq has seen a large variety of applications: from gene expression analysis by
quantitating the relative amounts of RNA sequence reads to the discovery of novel transcripts
or splice variants, ribosome profiling, or the detection of single nucleotide polymorphisms. The
low input RNA-seq technology, Smart-seq2 (Picelli et al. 2014; Trombetta et al. 2014) has
been introduced and improved for single nematode RNA-sequencing (Macchietto et al. 2017;
Serra et al. 2018; Chang et al. 2021). The methodology of single-worm transcriptomic has
recently been developed in the nematode model organism Pristionchus pacificus (Sun et al.
2021). Here, we developed a step-by-step protocol for single-worm transcriptomics in P.
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pacificus. First, we provided a strategy of age synchronization for defining the chronological
age of individual nematodes by using two landmarks, hatching and ecdysis. Second, we
optimized the library preparation of SWT, including worm lysis through freeze-thawing,
genomic DNA removal and RNA purification, low input of cDNA (to ~1 ng) for the DNA library
preparation, and fewer PCR amplification cycles. Third, we provided a strategy for library
sequencing regarding the sequencing cost and the number of expressed genes. In the end,
we also supported the pipeline for analyzing of single-worm transcriptomics. In summary, this
step-by-step protocol includes detailed procedures with helpful recommendations, thus, allows

non-experienced investigators for performing high-resolution single-worm transcriptomics.
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| Materials and reagents

TURBO DNA-free™ Kit (invitrogen, Catalog Number AM1907),

2. Superscript Il reverse transcriptase kit (Thermo Fisher Scientific, InvitrogenTM,
catalog number: 18064014)
3. AGENCOURT® RNACLEAN® XP (Protocol 001298v001)
4. NEBNext® Low Input cDNA Synthesis & Amplification Module (NEB #E6421S)
5. RNasin ribonuclease inhibitor (RNase inhibitor) (Promega, catalog number: N2611)
6. Nextera DNA Flex Library Prep (illumine, 96 samples)
7. Proteinase K (QIAGEN, catalog number: 19131)
8. Betaine (BioUltra =2 99.0%) (Sigma-Aldrich, catalog number: 61962)
9. Magnesium chloride (MgClI2; anhydrous) (Sigma-Aldrich, catalog number: M8266)
10. Agencourt Ampure XP beads (Beckman Coulter, catalog number: A63881)
11. Tris-HCI pH 8.0 (Thermo Fisher Scientific, InvitrogenTM, catalog number: AM9850G)
12. Triton X-100 (Sigma-Aldrich, catalog number: T9284)
13. Polysorbate 20, Acros OrganicsTM (Tween 20) (Acros Organics, catalog number:
233362500)
14. EDTA pH 8.0 (Mediatech, catalog number: 46-034-Cl)
15. 2x SWT Lysis Buffer (see Recipes)
16. 2x SWT Lysis Buffer (see Recipes)
Il Equipment
1. 96-well plate magnet (Thermo Fisher, catalog number: 12331D)
2. Bioanalyzer (Agilent)
3. HiSeq 3000 (lllumina)
4. Qubit (Thermo Fisher, catalog number: Q32854)
5.  Thermocycler
6. Thermomixer
7. Multichannel pipettes
8. Plate centrifuge
lll Software

1.

Cutadapt version 2.10 (Martin 2011)
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HISAT version 2.1.0 (Pertea et al. 2016)
featureCounts (version 1.6.4) (Liao et al. 2014)
R (R Core Team 2020)

Integrated genomics viewer

IV Procedure

A. Worms Preparation

1. Synchronizing eggs-J1 by bleaching (eggs-J1 preparation)

1.1.

1.2.

1.3.
1.4.
1.5.
1.6.

Pick 20 young adults on new 60 mm NGM-agar plate with 200 pl of OP50. After
culturing 8-9 days at 20 °C, obtain enough eggs.

The eggs were synchronized by washing off of plates with M9 using plastic Pasteur
pipettes into 15 ml conical tubes, and adding 30% final volume NaOH/bleach (0.5 ml
NaOH, 1 ml bleach/3.5 ml washed worms) for 9 minutes with gentle agitation every few
minutes.

Centrifuge 1,300 x g, 1 min, discard the suspension.

Add 3 ml M9 to the 15 ml conical tubes, place 1 min at room temperature.

Centrifuge 1,300 x g, 1 min, discard the suspension.

Place synchronized eggs on new 60 mm NGM-agar plate with 200 pl of OP50.

2. Distinguish substages and collection of worms

: To perform high-resolution time course transcriptome

experiment, the hatching or ecdysis is recommended as the starting time point for the

sample collection, as both development events not only finished within short period time

(10 — 15 min), also can be easily obtained under the discovery microscopy (Fig. 1).
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Figure 1. Landmarks was used to define the chronological age of individual animals in P. pacificus. Differential
interference contrast images show the hatching, J2-ecdysis, J3-ecdysis, and J4 ecdysis. Violin plots on the

bottom display the duration of each sub-stage during P. pacificus postembryonic development.

P. pacificus experienced three molting processes from hatching to adult, each of molt exit
2 — 3 hours (Fig. 1). Based on the precise duration of juvenile stages described above, the
individual animals at the expected molting stage can be easily obtained after
synchronization of bleach eggs (Table 1). Thus, the landmark, ecdysis, was single out for

defining the nematode development age as hours post-hatching as stages.

Table 1. The molting animals was obtained many hours after egg bleaching.

Substages No. of hours after

bleaching
2" molt 16-18
3 molt 26-28
4" molt 40-42

2.1. After x hours (as above table mentioned), search worms during ecdysis under
discovery microscopy

2.2. Carefully pick the single worm to new 60 mm NGM-agar plate with 50 pl of OP50, mark
the time on the plate when you finish picking.

2.3. After few hours (depending on how old worm you want), transfer the worm to one new
empty 60 mm NGM-agar plate, allow the worm crawl 1 min to remove the bacteria
contamination.

2.4. Connect with step 3.1
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B. RNA Preparation

3. Worm lysis

Note: Working under RNase Free Conditions

Prepare: 2X SWT Lysis Buffer (see Recipes)

Expected time: Within 40 min

3.1. Pipette 3 pl dH20 into 200 ul PCR tube. Pick a single worm into each tube containing
water.

3.2. Freeze/thaw 3x with liquid nitrogen.

Note: Safe stopping point, samples can be safely stored overnight at -80°C.

3.3. Add 3 ul 2x SWT Lysis Buffer to each tube, mix well by pipetting up and down 6 times

(avoid using vortex).
3.4. Incubate in PCR machine at 65°C, 30 min; 85°C, 1min; 4°C, hold on.

. Remove gDNA

Note: Working under RNase Free Conditions
Prepare: TURBO DNA-free™ Kit (invitrogen, Catalog Number AM1907)
Superscript Il reverse transcriptase kit

Expected time: Within 40 min

4.1. Prepare the DNase treatment mix (total volume 24 pl) as follows:

TURBO DNaseTM Enzyme 1ul
5x Superscript |l first-strand buffer 2yl
Nuclease-free Water 21 ul

4.2. Add the 24 pl of Dnase treatment mix (above) to 6 pl of the lysis volume (Step 3.4),

mix well by pipetting up and down at least 6 times (avoid using vortex).
4.3. Incubate at 37°C for 20 min.

4.4. Resuspend the DNase Inactivation Reagent by flicking or vortexing the tube before

use.

4.5. Add 3 pul resuspended DNase Inactivation Reagent, then mix well by pipetting up and

down 6 times (avoid using vortex).
4.6. Incubate the sample for 2 min at room temperature (22-26°C). Flick the tube 2-3 times

during the incubation period to redisperse the DNase Inactivation Reagent.

4.7. Centrifuge microcentrifuge tubes at 4°C, 12,000 x g for 1.5 min.
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4.8. Carefully transfer 30 ul the supernatant containing the RNA to a fresh PCR tube. Do

not disturb the pellet of DNase Inactivation Reagent, because it can sequester divalent

cations and change the buffer conditions

. Isolate total RNA and lysate cleanup

Note: Working under RNase Free Conditions
Prepare: AGENCOURT® RNACLEAN® XP (Protocol 001298v001)
Expected time: Within 20 min

5.1. Thoroughly vortex RNA-SPRI beads (Agencourt RNAClean XP SPRI beads) to ensure
a uniform suspension, incubate at room temperature for 30 min

5.2. Add 54 ul the RNA-SPRI beads into each 30 ul RNA sample (Step 4.8), then mix well
by pipetting up and down 10 times.

5.3. Incubate RNA and bead suspension at room temperature for 3 min.

5.4. Place tubes on 96-well plate magnet and incubate for 2 min. Remove supernatant from
each tube, being careful not to aspirate the beads.

5.5. Wash beads by adding 100 pl of 70% ethanol (prepared same day with nuclease-free
water) to each tube. Wait approximately 10 seconds and aspirate ethanol.

5.6. Repeat step 3.5

5.7. Leave the tube on the magnet and allow beads to dry at room temperature for
approximately 3 min.

5.8. Add 9 ul RNase-free water to each tube, then mix well by pipetting up and down 10
times.

5.9. Incubate samples at room temperature for 3 min.

5.10. Place tubes on 96-well plate magnet and incubate for 2 min.

5.11. Carefully transfer 7.5 ul the clean-up RNA to a fresh PCR tube.

C. Library Preparation

6. cDNA synthesis & amplification

Note: Working under RNase Free Conditions
Prepare: NEBNext® Low Input cDNA Synthesis & Amplification Module (NEB #E6421S)
RNasin ribonuclease inhibitor (RNase inhibitor)
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. The RNA sample should be free of salts (e.g., Mg2+, or
guanidinium salts), divalent cation chelating agents (e.g. EDTA, EGTA, citrate).
Starting Material: 2 pg—200 ng poly(A) tail-containing total RNA (DNA free), RIN score =
8.0.

6.1. Primer Annealing for First Strand Synthesis
6.1.1. Prepare the primer mix (total volume 1.5 pl) in a separate tube as follows:
(lilac) NEBNext Single Cell RT Primer Mix 1 pl
RNase Inhibitor 0.5 ul

6.1.2. Add the 1.5 pl of the primer mix (above) to 7.5 ul of treated RNA sample (Step
5.11), then mix gently by pipetting up and down at least 10 times, then centrifuge
briefly to collect solutions to the bottom of tubes.

6.1.3. Incubate for 5 minutes at 70°C in a thermocycler with the heated lid set to 105°C,
then hold at 4°C until next step.

6.2. Reverse Transcription (RT) and Template Switching
6.2.1. Vortex the NEBNext Single Cell RT Buffer briefly.
6.2.2. Prepare the RT mix (total volume 11 pl) in a separate tube as follows:
(lilac) NEBNext Single Cell RT Buffer 5ul
(lilac) NEBNext Template Switching Oligo 1 pl
(lilac) NEBNext Single Cell RT Enzyme Mix 2 pl
RNase Inhibitor 0.5 ul
Nuclease-free Water 2.5l
6.2.3. Mix thoroughly by pipetting up and down several times, then centrifuge briefly to
collect solutions to the bottom of tubes.
6.2.4. Combine 11 yl of the RT mix (above) with 9 ul of the annealed sample (Step 6.1.3),
mix well by pipetting up and down at least 10 times, and centrifuge briefly.
6.2.5. Incubate the reaction mix in a thermocycler with the following steps and the heated
lid set to 105°C,
90 minutes at 42°C,
10 minutes at 70°C,
Hold at 4°C.

Note: Safe stopping point, samples can be safely stored overnight at 4°C or —20°C.

6.3. cDNA amplification by PCR

6.3.1. Prepare cDNA amplification mix (total volume 80 pl) as follows:
(orange) NEBNext Single Cell cDNA PCR Master Mix 50 ul
(orange) NEBNext Single Cell cDNA PCR Primer 2yl
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(white) NEBNext Cell Lysis Buffer (10X) 0.5 ul
Nuclease-free Water 2.5l
6.3.2. Add 80 pl cDNA amplification mix to 20 pl of the sample (Step 6.2.5), mix thoroughly
by pipetting up and down at least 10 times.
6.3.3. Incubate the reaction in a thermocycler with the following PCR cycling conditions
and the heated lid set to 105°C:
CYCLE STEP TEMP TIME CYCLES
Initial Denaturation 98°C 45sec 1

Denaturation98°C 10 sec

Annealing 62°C 15sec 15
Extension 72°C 3 min
Final Extension 72°C  5min 1
Hold 4°C oo

6.3.4.
The amount of mMRNA of animals at different stages is different, which means the
amount of starting material (input RNA) is different. The NEB protocol recommends
the number of PCR cycles based on different total RNA. However, when we do
time-course experiments and we want to make sure that samples from different
stages can be compared, therefore, the same number of the PCR cycles is
recommended for each different substages to avoid the amplification bias
generated from distinct number of PCR cycles. The amount of dsDNA can be

produced under 15 PCR cycles for distinct substages as follows:

Table 2. The amount of dsDNA was generated from individual worms

at different developmental stages

Substages  PCR cycles :srg?\lu:t :;
J3.1-J3.3 15 §
J3.4-J3.6 15 7
J3.7-J3.9 15 14
J3.10-J3.12 15 23
J4.1-J4.3 15 24
J4.5-047 15 26
J4.8-J4.11 15 25
J4.12-J4.14 15 26
YA.2 15 34

Safe stopping point: Samples can be safely stored overnight at 4°C or—20°C.

6.4. Post-PCR bead (Ampure XP beads) clean-up

6.4.1. Take samples out of -20 °C and let them sit at room temperature for 10 min.
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6.4.2.Allow the NEBNext Bead Reconstitution Buffer and the SPRI beads (if stored at
4°C) to warm to room temperature for at least 30 minutes before use. Vortex SPRI
beads to resuspend well and prepare fresh 80% ethanol (400 pl per sample).

6.4.3. Add 100 pl (1x of sample volume) resuspended beads to the PCR reaction (Step
6.3.3). Mix well by pipetting up and down at least 10 times. Be careful to expel all
of the liquid out of the tip during the last mix

Double size selection is not recommended, 1x beads
could keep all size of dsDNA.

6.4.4. Incubate samples on the bench top for at least 5 minutes at room temperature.

6.4.5. After incubation, place sample on a magnetic bead stand for 5 min.

6.4.6. After 5 minutes (or when the solution is clear), carefully remove and discard the
supernatant. Be careful not to disturb the beads that contain cDNA.

Note: The beads will be bound to cDNA of interest.

6.4.6. Leave tubes on magnetic bead stand, add 200 pl of 80% ethanol to the beads 30
sec, and then carefully remove and discard the supernatant. Be careful not to
disturb the beads that contain cDNA.

6.4.7. Repeat Step 6.5.6 once for a total of two washes. Be sure to remove all visible
liquid after the second wash.

6.4.8. Air dry the beads for up to 5 minutes while the tube/plate is on the magnetic stand
with the lid open.

Note: Do not over-dry the beads. This may result in lower recovery of cDNA.

6.4.9. Remove the tube from the magnet and immediately add 17.5 pl of 0.1X TE (dilute
1X TE Buffer 1:10 in water) or EB buffer to the beads. Pipette up and down 10 times
to thoroughly mix. The solution should be homogenous and brown.

6.4.10. Incubate the sample for at least 2 min at room temperature.

6.4.11. Place the tube on the magnetic stand. After 5 min (or when the solution is clear),
transfer 16 ul to a new PCR tube.

Safe stopping point: Samples can be safely stored overnight at 4°C or—20°C.

6.5. Estimate the library concentration and the fragment size

6.5. Use 1 pl of the purified PCR product to measure the fragment size distribution using
the Agilent HS DNA BioAnalyzer (Fig. 1) and 1 pl to estimate the library concentration
using the Qubit® dsDNA HS Assay kit with Qubit® assay tubes.
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Figure 2. The output of Bioanalyzer displays cDNA size distribution.

6.6. Normalization of amount of dsDNA before constructing DNA library
6.6. Separate 70 ng purified PCR product (Step 6.4.11), and then add nuclease-free water
to the DNA samples to bring the total volume to 30 pl.

It is crucial to normalize the amount of purified dsDNAs prior to Nextera DNA Flex
library construction (next step). This ensures that dsDNA from each sample will
yield tagmentation products with similar distributions of fragment length, and is also

benefit to perform the next amplification under same number of PCR cycles.

7. DNA library preparation

Note: Working under RNase Free Conditions

Kit: Nextera DNA Flex Library Prep (Alternative selection)

7.1. Tagment genomic DNA
Prepare the following consumables:
Item (Storage), Instructions
BLT (2°C to 8°C), Bring to room temperature. Vortex to mix. Do not centrifuge before pipetting

TB1 (-25°C to -15°C), Bring to room temperature. Vortex to mix

7.1.1. Vortex BLT vigorously for 10 seconds, then visually check the beads for complete
resuspend. Repeat as necessary.
7.1.2. Prepare tagmentation master mix. For each reaction uss:
BLT 10 pl
TB1 10 pl
7.1.3. Vortex the tagmentation master mix thoroughly to make sure the BLT beads are

evenly resuspended in the buffer.
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7.1.4. Using fresh tips, transfer 20 ul of tagmentation master mix to each well containing
a sample.

7.1.5. Pipette mix the 50 pul reaction mix to resuspend.

7.1.6. Seal the plate.

7.1.7. Incubate the plate at 55°C for 15 min, followed by a 10°C hold. Use a thermal cycler
with a heated lid set to 100°C.

7.2. Post tagmentation cleanup
Prepare the following consumables:

Iltem (Storage), Instructions
TSB (15°C to 30°C), Check for any precipitates. If present, heat the buffer at 37°C, 10 min
TWB (15°C to 30°C), Use at room temperature

7.2.1. Add 10 ul TSB to the tagmentation reaction (Step 7.1.7).

7.2.2. Gently pipette mix the entire volume to resuspend the beads.

7.2.3. Seal the plate.

7.2.4. Incubate at 37°C for 15 min on a termal cycler with heated lid set at 100°C, then
hold at 10°C. Volume of reaction is 60 pl.

7.2.5. Using a multichannel pipette, remove supernatant and discard.

7.2.6. Remove the plate from the magnet and add 100 pl TWB. Gently pipette mix until
beads are fully resuspended.

7.2.7. Place on the magnet for 3 min, or until solution is clear.

7.2.8. Remove supernatant with a multichannel pipette and discard.

7.2.9. Repeat steps 7.2.6 through 7.2.8 one more time for a total of two washes.

7.2.10. Remove the plate from the magnet and add 100 yl TWB. Gently pipette mix until
beads are fully resuspended.

7.2.11. Place the plate with TWB on the magnet and allow it to incubate until step 7.3.

The plate should incubate for at least 3 min, or until clear.
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Figure 3. The output of Bioanalyzer displays the size distribution of tagmented DNA.

7.3. Amplify tagmented DNA
Prepare the following consumables:
Item (Storage), Instructions
EPM (-25°C to -15°C), Thaw on ice, invert to mix, then briefly centrifuge
Nextra DNA Flex Indexes (15°C to 30°C), Thaw at room temperature, invert to mix, then briefly
centrifuge

7.3.1. Prepare the PCR master mix.

Reagent Volume per reaction
EPM 20 pl
Nuclease-free water 20 ul

7.3.2. Vortex and spin down the PCR master mix.

7.3.3. Remove the third TWB wash from the samples while on the magnet. Use a P20
multichannel pipette to remove any excess liquid from the plate. Any remaining
foam on the well walls does not adversely affect the library.

7.3.4. Remove the plate from the magnet. Proceed immediately to the next step to prevent
excessive drying of the beads.

7.3.5. Add 40 pl of the PCR master mix to each sample well. Pipette mix to make sure
that the beads are thoroughly resuspended.

7.3.6. Add index adapters to each sample. Check volumes in the following table. For low-

plexity conditions, refer to the Index Adapters Pooling Guide (document #

1000000041071).
Index Kit Type Kit Configuration Volume of Index Adapter per Sample
96 plex (dual index) 96-well plate 10 pl of primer mix

7.3.7. Using a pipette set to 40 pl, pipette mix a minimum of 10 times to mix the entire
reaction volume.

7.3.8. Seal the plate, place in the thermal cycler and run the program.

TEMP TIME CYCLES
68°C 3min 1

98°C 3 min 1

98°C 45 sec

62°C 30sec 5

68°C 2 min

68°C 1min 1

4°C o0

7.3.9. Remove the plate from the thermal cycler when the PCR program completes.
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7.3.10. Centrifuge for 1 minute at 280 x g to make sure all the liquid is at the bottom of
the well.

Safe stopping point: Samples can be safely stored overnight at 4°C or —20°C.

7.4. Clean up libraries

Prepare the following consumables:

Item Storage Instructions
SPB 2°Cto 8°C Let stand at room temperature for 30 minutes. Vortex and invert to mix.
RSB -25°C to -15°C Thaw at room temperature, invert to mix.

7.4.1. Place the plate (Step 7.3.10) on the magnet for 5 minutes or until the supernatant
is clear.

7.4.2. Transfer 45 pl of the PCR supernatant into a fresh midi plate.

7.4.3. Vortex and invert SPB multiple times to ensure full resuspension.

7.4.4. Prepare a master mix of diluted SPB:

Reagent Volume per reaction
SPB 56 pl (0.65x)
Nuclease-free water 40 pl
7.4.5. Vortex the diluted SPB master mix thoroughly and add 96 pl mix to each PCR
product.

7.4.6. Pipette mix a minimum of 10 times or until thoroughly mixed.

7.4.7. Incubate at room temperature for 5 minutes.

7.4.8. Place the midi plate on a plate magnet for 5 minutes or until supernatant is clear.

7.4.9. During incubation, vortex the SPB (undiluted stock tube) thoroughly, and then add
18.3 ul (0.9x) to each well in a new midi plate.

7.4.10. Transfer 125 pl of supernatant from the first midi plate into the second midi plate
(containing the 18.3 pl of PB).

Double size selection is recommended, 0.65x SPB for
the right side selection, and 0.9x SPB for the left side selection. Using the
recommended selection condition, mean length of fragment of 360 — 380 bp could
be selected (Fig. xx). Bigger fragment size (>450 bp) is not recommended for the
transcriptomic sequencing, given the transcripts with short length will be missed.

7.4.11. Pipette mix 10 times.

7.4.12. Seal the second midi plate and incubate at room temperature for 5 minutes.

7.4.13. Place midi plate on a magnet for 5 minutes or until clear.

7.4.14. Remove and discard supernatant without disrupting the beads.

7.4.15. With the plate on the magnet, add 200 pl of fresh 80% ethanol without mixing and
incubate for 30 seconds.
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7.4.16. Pipette to remove the ethanol.

7.4.17. Repeat steps 15 and 16 for a total of 2 washes.

7.4.18. Use a P20 pipette to remove any excess liquid from the midi plate.

7.4.19. Air-dry on the magnetic stand until dry (~5 minutes).

7.4.20. Remove the midi plate from the magnet and add 32 pl of RSB to the beads.
7.4.21. Pipette mix until thoroughly resuspended.

7.4.22. Incubate at room temperature on the bench for 2 minutes.

7.4.23. Place the midi plate back on the magnet for 2 minutes or until clear.

7.4.24. Transfer 30 pl of the supernatant into a new 96-well PCR plate.

Safe stopping point: Samples can be safely stored overnight at 4°C or —20°C.

Figure 4. The output of Bioanalyzer displays the fragment size distribution after selection.

D. Sequencing

8. Pooling libraries and sequencing depth

The number of genes can be detected from transcriptomic samples depends on i) the
development stages or organism tissues of RNA samples, as there are massive differentially
expressed genes at temporal and spatial levels; ii) sequencing depth of RNA libraries, more
expressed genes were detected as the sequencing depth increase from 0 to 4 million read
pairs (Fig. 5), which means the gene with low expression can’t be detected with low
sequencing depth whereby influence the following RNA-seq analysis. 4 million read pairs per

RNA library might be safe for RNA-seq analysis.
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Figure 5. The line plots show the number of detected genes as a function of sequencing depth for SWT library with
more than 12 million reads. Subsampling of reads was done for nine levels of sequencing depth and the number
of detected genes was assessed for three different expression levels (FPKM >= 1 (left), FPKM >= 10 (middle),
FPKM >= 1 (right)).

When sequencing was processed on the illumine Hiseq3000 platform, which generates a pair

short read (150 bp) per fragment. Thus, the 2.5 raw data per sample should be required.

Table 3. Sequencing depth and no. of genes detected

No. of samples No. of read pairs  No. of raw data  Median No. of genes
pooling in one lane per sample per sample detected (count >= 1)
40 4 M 25G 19,272
55 3M 1.8G 20,931

E. Data analysis

1. Raw reads were trimmed by the program cutadapt (version 2.10) with parameters
“-q 30,25 --gc-content =50, --minimum-length 25:25”.

2. Read pairs were aligned by the HISAT2 (version 2.1.0) with the additional parameter
“--rna-strandness RF”.

3. Mapped reads were summarized to the genomic features by the featureCounts
(version 1.6.4) with parameters “-a -F GTF -g Parent -d 50 -D 500”.

4. Gene expression value, transcripts per million (TPM), was computed through
normalization by library size and feature effective length. The mean TPM was

calculated from three biological replicates.
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F. Recipes

1. 2x SWT Lysis Buffer
Note: Lysis buffer stock can be stored indefinitely wrapped in foil at room temperature.

2x SWT Lysis Buffer 55 ul
Lysis Buffer Stock 46.8 ul
Proteinase K 3.2ul

RNase inhibitor 5ul

2. Lysis buffer stock
Note: Aliquot Triton-X (100%) to a 1.5 ml Eppendorf tube and warm to 35 °C and use
as described in Recipe.

Lysis Buffer Stock 1.871 ml
Tris-HCI pH 8.0 (1 M) 20 pl
Triton-X (100%) 20 pl
Tween-20 (10%) 200 pl
EDTA (0.5 M) 2ul
Nuclease free water 1.628 ml
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