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Abstract

Comparative study of homologous structures in closely related species allows
the identification of changes in gene regulatory mechanisms and their impact on the
evolution of developmental processes. Nematodes, the invertebrate roundworms, are
well suited br such studies, especialBaenorhabditis briggsaand its famous cousin
C. elegansThese two worms diverged from a common ancestor roughly 30 million
years ago yet appear morphologically almost identical. My Ph.D. thesis has focused on
a set of nuclear factors 1@. briggsaethat negatively regulate cell proliferation to
generate the hermaphrodgpecific mating and eglgying organ, i.e., vulva. To this
end, | have taken a twgronged approach: one, developing resources to facilitate
genetic and genomic studies in this segcand two, characterizing the roles of a novel
class of genes and known repressors of vulval development. My work has uncovered
substantial differences in the underlying genetic networks that regulate vulva formation

in C. briggsaeandC. elegans
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Chapter 1. Introduction

1.1 Developmental evolution

All forms of life have evolved from a common ancestor (Ashraf & Sarfraz,
2016).The primary impetus behind evolution is the survival ofgpecies, enabling
them to become adapted to its enmim@ent and ensuring successful reproducticey
mechanisms instrumental in driving the evolutionary process include natural selection,
speciation, gene flow, genetic drift, and biased mutations (Ashraf & Sarfraz, 2016).
These mechanisms collectively contribute to the intricate and multifacetaa rodt
evolutionary transformations observed in living organisms. Evolutionary
developmental biology (also known as "edevo") is one of the most researched areas
in evolutionary biology and deals with modifications occurring at the embryonic levels
and &plores their impact on evolutionary changes throughout various stages of the life
cycle. The field of evolutionary biology has expanded over the past few years, as
reviewed by Hall(2012).

Organisms undergo evolutionary changes in gene functions and pathways,
which can result in significant phenotypic alterations or the conservation of certain
traits. The use of model organisms has proven indispensable in investigating both
conserved and dargent features across various species, thereby enhancing our
knowledge and understanding of evolutionary processes. These model organisms serve
as representatives for broader species groups and are selected based on factors such as
convenience, ease ofgjgmaintenance, and the availability of resources relevant to the
specific processes under study. As genomic and bioinformatic technologies continue to

advance, the repertoire of model organisms is expanding, facilitating further
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comparative studies to explore morphological diversity and conservation. Some
commonly utilized model organisms include flies, mice, nematodes,, fangsfish.

Each plays a crucial role in advancing our insights into the principles of evolution and
developmental biology. Through these comparative analyses, we gain profound
insights into the underlying genetic framework of specific structures, enaling
comprehensive understanding of how modifications to these frameworks drive the
emergence of new structures, or phenotypes in related species, or even the evolution of
a new species. Consequently, model orgarbssed developmental studies stand as
powerful tools, enriching our understanding of the intricate mechanisms that govern the
diverse forms and functions of life.

Such comparative studies have been instrumental in elucidating the roles of
genes and pathways in driving morphological variations across diverse organisms.
Noteworthyexamples include mutation in tleghrinB3 protein, resulting in the loss
of its function, which enabled birds to acquire the abilitfit¢Hamisonet al, 2021).
Similarly, the absence of thedgdnog family of genesShh, Dhh, andlhh)in reptiles
has been identified as the underlying caudendflessnesgXia et al, 2019. Homeotic
genes, represented by the Hox gene family, stand as highly conserved genes encoding
transcription factors crucial for body patterning andaare of the key contributors for
the diversity seen in body forms, symmetries, and developmental axis across various
organismsreviewed in Hrycaj & Wellik2016; reviewed in Hajirnis & Mishr2021).
Furthermore the variation in colompatterns observed in butterflies is attributed to
different alleles of th&/ntAWnt-family ligands (Martin & CourtierOrgogozo 2017).

Moreover, certain morphological changes in animals have been attributed to
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modifications incis-regulatory elements. For instance, alterations ircireegulators

of the Ubx and Antp Hox genes have led to changes in the arrangement of arthropod
legs (reviewed in Gaunt & Paul, 2012Additionally, the absence of an upstream
regulatory sequence for tiRgx1 gene has been associated with reduced pelvic size in
fish. Meanwhile, differences in the regulatory region of Bigl gene have been
implicated in the evolution of bat wingseviewed in Gaunt & Paul, 2012Jhese
discoveries highlight the critical role of comparativeds¢és in unraveling the genetic
basis of morphological diversity and evolutionary adaptations in the natural world.

The above examplesighlight the molecular changes that contribute to
developmental and morphological diversity. It is cleanfthese studies that regulatory
changes have profound impact on gene expression and gene function. However, there
are otherexampleswhere despite changes in the underlying genetic and molecular
mechanisms, there is no observable change at the morphological level. This
phenomenon itermeddevelopmental system drift (DSDIRecent studie have shown
that DSD is widespread and prevalaatoss species and phenotypesiéwed inTrue
& Haag, 2001).For example, in chordates, there are variations in the pathways
regulating the neural tube formation. Additionally, developmental patterns and timing
of limb development in vertebrates have also been found to undergo DSD. Likewise,
the sex determination patlay has also shown evidence of DSD (reviewed@irue &

Haag 2001).FurthermoreDSD s observed in gut formation in nematodes, along with
other biological processeseyiewed in Somme& Bumbarger, 2012)Collectively,
these findings underscore the significance of DSD as a pervasive and versatile

phenomenon, impacting a wide range of biological processes and organisms.
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1.2 Nematodes as models to study developmental evolution

The phylumNematodaconsists of a diverse group of metazoans that are widely
distributed across terrestrial and aquatic habitats and exist aéviingeor parasitic
organisms. Nematodes comprise the most extensive phylum in the animal kingdom,
with an estimated-10 million species, of which 25,000 to 27,000 species begorted
(Hugotet al, 2001; Lee, 2002). These organisms offer exceptional potential to gain
profound insights across various biological disciplines, including evolution,
development, physiology, behaviour, genetics, and ecology. Nemaibties genus
Caenorhabditisare an ideal system to study genes, genetic interactiamd
evolutionary conserved signaling pathwayfie most well studied organism of this
group isCaenorhabditis elegan®renner, 1974).

C. eleganss a valuable genetic model system to study basic functions and
interactions due to the ease by which genes can be modified and functionally assayed.
C. elegansvas first used to study the eukaryotic nervous sy§Brenner, 1974)Since
then, it has been routinely used tmvestigate the genetic basis odkhavior,
development, agin@nd othebiologicalcharacteristicsNleneelyet al, 2019).Several
features ofC. elegandhave enhanced its usage as a prominent model system. These
include a short life cycle, cosfffective cultivation requirements, compact size of 1mm,
transparency, and the simplicity of genetic modification and functional testing in a
laboratory setting.

BesidesC. elegans several other nematode species are also available for

comparative genetic and evolutionary studies/iewed in Sommer& Bumbargey
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2012. Even though these nematodes have a simple and conserved body plan, there are
significant variations in the molecular and genetic mechanisms regulating processes
such as embryogenesis, gonad formation, reproductive organ (vulva) development, and
sex detemination(reviewed in Sommer& Bumbarger2012; reviewed in Haagt al,
2018).

Studies on the vultaystem in Rhabditidae nematodes have shownathie
the overall morphology is similar, there are conserved and divergent features
contributing to this phenotypic similaritommeret al, 1994; Sommer & Sternberg,
1995).1n all species, the vulva is formed from posterior daughters of the P lineage (for
details on vulva formation i€. elegansseeSection 1.3. Specifically, even though
the vulva consists of cells that have been derived from three specific cells (P5,p, P6.p
and P7.p), the number of cells belonging to the vulval equivalence group varies among
different speciesJommeret al. 1994; Sommer & Sternberg, 1995)heke three
specified cells undergo no more than three rounds of division, leading to the generation
of 16 to 22 cellsdependenbn the species, (for example, & Oscheius 20 for
Pelodera 20 Pristionchusand for 22 forCaenorhabditiy that undergo morphological
rearrangements to form the vulval structiBerfimeret al,1994; Sommer & Sternberg
1995; Sommer & Sternberg, 1996). The position of the vulva also varies based on
whether the female has one or two gonadal arms. Specifically, for monodelphic (one
armed gonad) species, the vulvdoisatedin the posterioventral regiorof the worm
resulting frommigration of the VPCs from the central region. This trait has evolved
independently multiple times within this genus (reviewed in Haag, 2018).There

are also changes reported in the mechanisms of IMalghaction in these species. For
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example, inC. elegansthe vulva formation begins when the gonadal anchor cell
secretes a signal in the form of the EGF ligand -BINdiscussed irSection 1.3.
However, species with a posterior vulva are not dependent on this inductive signal
(reviewed in Sommer, 2005; reviewed in Haagl, 2018). The number of steps in the
vulval induction process also varies. The -@tep procesgone signal is sufficient)
observed inC. elegans is an uncommon pattern among nematodes; instead, it
represents a highly specialized trait. In other species, this is-atépgrocesftwo
signals are requiredagain with variations in the type of signalling cells. For example,
in Oscheius tipula@and Rhabditella axegiboth the signals come from the anchor cell.
In Panagrolamius spS1732, first signal comes from the gonad, and second from the
AC. In Panagrellus redivivusboth signals from the gonad (reviewed in Sometex,
2005; Kiontkeet al, 2007; reviewed in Haagt al, 2018). Whereas the Wnt signaling
pathway plays a positive role in vulva formationdnelegansit functions negatively
in Pristionchus pacificugEisenmanret al, 1998; Zhengt al, 2005). Furthermore, the
nortinduced cells are fused to the hypodermal cell @ elegansbut undergo
programmed cell death (PCD) h pacificus(Sommer & Sternberg 1996; Somner
al., 1998). Thus, the nematode vulva is @fi¢he best studied systems to understand
evolution, celifate specification, morphogenesis, d8D (reviewed in True & Haag
2001; reviewed in Sommer & Bumbarg2012).

Another example of variation seen in nematodes is gonad development
(reviewed in Sommer, 2005). Males of all species have a eaened gonad
(monodelphic), whereas females and hermaphrodites, can either be monodelphic or

didelphic (twearmed gonad(Chitwood& Chitwood 1974).In thesatellite organism
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C. elegansthe gonad in the hermaphrodite is didelphic arising from the two somatic
precursor cells: Z1 (anterior arm) and Z4 (posterior arm). However, females of other
nematodes such aBanagrellus redivivusOscheius guentheriMesorhabditis sp.
PS1179Cephalobus sg?S1197,Panagrolamimus sfpS1579 have a monodelphic
gonad, caused due to PCD of one of the somatic precursor£€l{5€élix & Sternberg

1996 reviewed in Haagt al, 2018).Thus, PCD of a single cell has a major effect on
the overall nematode morphology.

Despite variations in theunderlying signaling pathways and genetic
mechanisms as discussed abotiee overall morphological characteristics are
conserved among theeematodespecies fommeret al, 1994; Sommeg& Sternberg
1995; reviewed irSommer& Bumbarger 2012. Suchconservation in morphology
highlights the remarkable developmental and evolutionary stabilitestructurs,
even amidst differences in thederlying cellular and genetic processes. These studies
further underscore the significance@8D and make nematodes an attractive model

system for studying developmental evolution.

1.2.1 Caenorhabditis briggsaas a model for comparative studies

As mentioned abové;. elegansaand asmall setCaenorhabditisspecies have
been commonly used in evolutionary and comparativdies (eviewed in Somme
Bumbarger, 2012)The set include<. briggsae a species that diverged froG
elegansoughly 30 million years agoCGutter, 2008)As one of the earliest nematodes
employed in comparative genetic and genomic investigatlonbriggsaehas served

as an invaluablenodel contributing significantly to our understandiofffundamental
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biological processeslts versatility in laboratory manipulatiprease of cultivation
(Guptaet al, 2007, coupled with the availability of its genome sequef8teinet al.,
2003) enabledor comprehensive comparative studies. Furthermoany resources
are available for the species, as mentioned heldwch enhance its suitability for
biologicalresearchThe wealth of data, resources, and distinctive characteristiCs of
briggsaecollectively facilitate and validate its utilization in my.Bhthesis workthat
has involveccomparative studies with its wadktablishedousin,C. elegans

The two Caenorhabditisspecies exhibit remarkable similarities in terms of
anatomical, developmental, and behavioral characteristiCs. briggsae is
morphologically almost identical t8. elegansand has similar developmental timing
and hermaphroditic reproductive system. They both take approximately three days to
become reproductively active, are easy to grow, culture, and maintain inlhas.
possess comparable genome sizes and number of protéimg genes Guptaet al,
2007).Both C. elegansand C. briggsaethrive in nutrient and bacterigch organic
matter like compost and rottdruits (Kiontke & Sudhaus, 200&=€élix & Duveau,
2012) Moreover, thes nematode species exhibit common features such as gut
microbiomes Dirkson et al, 2016),food preferencesSchulenberget al, 2017) and
vector carriersKiontke & Sudhaus, 2006

In addition to the conserved featur€s,elegansandC. briggsaealso exhibit
differences in certain phenotypic structures, developmental pathways, and other
physiological processeBor instance, the excretory pore is positioned more anteriorly
in C. briggsaecompared t&C. elegangdWang & Chamberlin, 2002 he arrangement

of bursal rays on the male tail also differs, with rays 3 and 4 fus€dniggsaeand
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rays 8 and 9 fused i@. elegangFitch & Emmons, 1995; Fitch, 1997; Baird, 2005).
briggsaeis alsomore slendethanC. elegangJhaveri & Gupta., 2028.

Additionally, C. elegansand C. briggsaeexhibit variatiors in the underlying
genetic processes and signaling pathways that regulate formation of conserved
structures. Few examples are mentionegeiction 1.3.5 Other differences include, (1)
ability to uptake environmental dsRN®instonet al, 2007) (2) viruses that uniquely
infecteach specigg-€élix et al, 2011; Franz 201 Erézalet al, 2019, and (3telomeric
small RNAs Erenket al, 2019).1t is also worthnoting thathermaphroditismhas
evolvedindependentlyin the two specieskjontke et al, 2004). Although both are
androdioecious, the genes and mechanisms involved in sex determination pathway
show significant differencesStohard & Pilgrim, 2003)Finally, C. briggsadacks the
ability to form dauer at higkemperatureginoueet al, 2007) and show differences
in thar response tatress (Jhaveri & Gupta, 20393

There are differences in theergome organizatioas well. C. eleganshas a
higher number of introns per gene compare@.tbriggsag Guptaet al, 2007) Only
40% of operos are conserved betwedh elegansand C. briggsae (Jhaveriet al,

2022. Additionally, there are ifferences in the genes that undergans-splicing
betweerthe two specie€lhaveriet al, 2022).Furthermore, about 60%f thegenes in
C. briggsaehave clear orthologs 6. elegangGuptaet al.,2007;Sten et al, 2003;
Uyar et al, 2012), while the remainder are spegeecific. Studies have also

highlighted rapid evolution of many transcription factor genes (Ha¢y, 2008.)
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1.22. Resources forC. briggsado facilitate comparative studies

Comparativestudesof C. eleganandC. briggsaeoffer substantial benefits for
advancing evolutionary and comparative investigations. To undertake such studies, it
is essential to create a multitude of resources. Some of the resources avail@ble for
briggsaeare listed below

1 The commonly used reference strain, AF16, has a fully sequenced genome and
highly fragmentedchromosomdevel genome assembly (Stegt al, 2003;

Hillier et al, 2007; Roset al, 2011).

1 Genome annotation has been significantly improved using different techniques
like transcriptomics (Uyaet al, 2011) andransspliced exon coupled RNA
end determination (TE®ED) (Jhaveret al, 2022). TECRED has also helped
identify transspliced genes, opergnand paralogs adding to the growing
understanding o€ . b r i gempm@cegarszation and structuféis work
has been carried out by me and another colleague and has been described in
detail inChapter 3.

1 There is also proteome dataset available for embryonic and larval stages, which
has demonstrated differences in the category of proteins that are essential for
each of these stages (& al, 2017). Additionally, the study bgriin et al,

(2014) has generad transcript and proteome datasets at various stages
highlighedconservation of changes at transcript and protein levels that occur
during developmertietweerC. elegansandC. briggsae

1 Alongwith the AF16, there are chromosothe®el reference genomes available

for two additionalC. briggsaereference strains QX1410 and VX34 (Steven

10
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et al, 2022). Consequently, Moy al, (2023) improved the proteicoding
gene models for th@X1410 genome.

1 Many recombinant inbred lines have been generated that are valuable in
mapping different phenotypes. Ra&tsl, (2011) used recombinant inbred lines
to explain the developmental delay phenotype and show mitochondrial genome
polymorphism inC. briggsae Additionally, Bi et al, (2015) has generated
integrated GFP marker lines. In another study, Kobetldd, (2010) identified
over 30,000 polymorphisms whichJebeen used by various groups to map
various phenotypic mutants isolated in forward genetic scrgengxample
seeSeetharamaat al, 2010; Gucet al, 2013; Sharanyet al, 2015; Jhaveri &
Gupta, 2023). Furthermore, an RNAI library targeting 1,333 genes was
generatedy Versteret al, (2014) as a tool to further explo@e briggsaeas a
genetic system.

1 Resources are also available for mapping and cloning genes. For example, a
SNP-based microarray is available for genetic mapping (Ztaal, 2010).
Another costeffective mapping protocol has been developed by Deatil,
(2015). Both these techniques rely on polymorphisms established by Keboldt
al., (2010) for mapping and cloning genes.

1 In the past decad®arious approaches have been employed to identify genes
with phenotypic functions i€. briggsae For example, a forward genetic screen
by Sharanayat al, (2015 has led to the identification efgenetic pathway for
vulval development irC. briggsae In addition to the traditional techniques,

cuttingedge gene editing techniques have emerged as powerful tools to

11
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investigate gene functions. Among these, transcription actiikeeffector
nucleases (TALEN) and clustered regularly interspaced short palindromic
repeats (CRISPR) have gained significant attention andidesesuccessfully
utilized to create specific desired mutation€inbriggsaegenes (for example,

see Weket al, 2014; Culpet al, 2020) The CRISPR techniqueeported earlier

by our lab(Culp et al, 2020 involved a plasmiebased approadio generad C.
briggsaemutant alleles ofeveralgenesChapter 4 of my thesis describes the
application of CRISPRased gene editing to cre&ie briggsaemutant alleles

in genes of interest. The approach is based on direct injections of sgRNA and
Cas9 protein, along with eiajection markers into the syncytial gonads of
young aduliC. briggsaewild-type AF16 hermaphrodites.

1 Additionally, a number ofvild-type isolate®f C. briggsaehave been collected
from various regions worldwide, including theSA., China, India, Japan,
France, Icelandand KenydCutteret al,, 2006; Félix & Duveau, 2012; Crombie
et al, 2019)

9 There is also a rich collection of mutants belonging to various classes like Sma,
Dpy, Rol, Bli, and Linthat were generated from forward genetics screens using
EMS mutagenesis protoc@bww.briggsae.oryy(Guptaet al.in preparation).

1 Other resources are aimed towards understanding the morphological and
physiological characteristics tfiis speciesSome of the work include studies
on dauer formation, thermotaxis behavior, and fecundity (Iretied, 2007,

Prasacdet al, 2011; Stegmaset al, 2012).My work, detailed inChapter 2,

12
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focusses on characterization@fbriggsaeand studying its morphological and

physiological traits, including size, lipid conteahd response to stress.

1.3 Vulva as amodel for comparative studies

The egglaying system of hermaphroditic nematodes comprisesstineatic
gonad andhe e@yg-laying apparatus that consists of Wiadva, vulva-uterine connection,
a set of neurons, and uterimascles I(i & Chalfie, 199Q Lints & Hall, 2009a; Lints
& Hall, 2009b). The detailed steps of vulva formation are described below. Among
other components, anchor cell (AC) plays a crucial rolesiablishing a connection
between the vulva and uterus in the form of a uterine seam cell (utse) (Newman &
Sternberg, 1996). Muscles and neurons regulate the opening of the vulva, thereby
facilitating a timely deposition of eggs into the exterior enviramme&ight vulval
muscles control thepening of the vulvand a similar number afterine muscles help
to propel the eggs out of the uterus&.Chalfie, 1990). There areightmotor neurons
that provide a direct motor response to the vulval cells (Véhié, 1986; Li& Chalfie,

1990).

1.3.1. Vulva formation in C. elegans

The vulvd development ofC. elegands one of the besitudied systems to
investigate molecular mechanisms governing -fed# determination during
organogenesisin both C. elegansand C. briggsae,the vulva is a simple structure
composed of 22ifferentiatedcells thatfuse selectively to form seven different cell

types. The cellare derived from three induc®@PCs. The vulval progenfprm a tube

13
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like structure that connects the interior of the worm to the exterior environment thus
acting as a passageway to lay eggsl mate (Sternberg, 2005). In wilgheC. elegans

and C. briggsaeisolates (N2 and AF16 strainsespectively), the process of vulva
formation begins around 282 hours aftethelL1 stage. The process takes roughly 10

- 12 hours, with a functional vulva being formed at rougtaly 44 hours post L1 stage.

The entire process i€. elegansis regulated by genes and three major signaling
pathways that govern induction, specification, migration, and rearrangement of cells to
form the functional organ required for egg layi®jernberg, 2005). I€. elegansthe

process of vulva formation occurs as follows.

1.3.11. Generation of VPCs and establishment of the vulval competence group

The description in this section is based on studies carried dLit @egans
Comparative studies I@. briggsaehave revealed similarities in many of the processes
but experimental details are not fully worked oLite vulva inC. elegangs formed
from cells of the posterior daughters of the P linedgleen embryos hatch, P cells are
present as two rows of epidermal cells in the-wedtral region of the body(P1/2,
P3/4, P5/6, P7/8, P9/10, P11/12) (Sulston & Horvitz, 19%9@r arriving in the ventral
region during mielL.1 stagethe two rows merge to form a single row of 12 ventral
hypodermal cells that further divide along the antepiasterior axis to give rise to
anterior and posterior daughters termed Pn.a and Pn.p respectively. Pn.a cells give rise
to neuroblast cells whilen.p cells give rise to the vulva (Sulston & Horvitz, 1977;)
Of the 12 Pn.p cells, P1.p, P2.p, P9.p, P10.p and P11.p fuse with the surrounding

hypodermal 7 (hyp7) syncytium cell (Sulston & Horvitz, 1977). P12.p adopts a unique

14
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fate. One of its daughters, P12.pa, fuses with hyp10, the other one, P12.pp, undergoes
PCD (Sulston & Horvitz, 1977).The unfused cellsP3.p1 P8.p form the vulval
equivalence group and are termed vulval precursor cells (VPCs) (Sulston & White,
1980). Fusion of these cells to the hyp7 is prevented by repressing the activity of a
fusogen geneeffl, which is regulated by the homeobox gdime39 (Shemer &
Podbilewicz, 2002 The VPCs remain arrested in the G1 phase until the third larval
(L3) stage. (Sulston & Horvitz, 1977; Euling & Ambros, 1996; Hehgl, 1998). The
competence of VPCs is maintained by Wnt signaling pathuviil they receive an
inductive signalEisenmanret al, 1998; Gleasomrt al, 2002; Gleasomt al, 2006;

Myers& Greenwald, 2007).

1.31.2 Cell-fate specification, proliferation, and formation of the vulva

Although all six VPCs (P3.p P8.p) can form the vulva, under normal
circumstances, only P5.p P7.p cells participate in the process. This -tz
specification is brought about by an inductive signal in the form of EGF liganeBLIN
which is secreted by thé\C that lies dorsal to the VPCs (Kimble, 1981; Hill &
Sternberg, 1992)The P6.pcell receives this signal bthe LET-23 receptor (EGFR)
present on its basolateral membrane (Sinesk, 1996), thereby activating the MAPK
cascade pathway in P6.p leading to its primary faterGberg & Horvitz, 1986Aorian
et al, 1990; Sternberg, 2005). P6.p sends out a lateral signal to P5.p and P7.p in the
form of LIN-12 ligand that is received by Notch receptors present on apical surfaces of
P5.p and P7.p causing them to adopt a secondary fate (Greenwald, 1997; Sternberg &

Horvitz, 1989, Chen & Greenwald 2004). The remaining VPCs, namely P3.p, P4.p, and
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P8.p, do not receive any inductive (L-BY or lateral (LAG2) signal, and as a result,
adopt tertiaryfate in which they divide once and subsequently fuse with the hyp7 cell
(Kimble, 1981; Sulstoi& White, 1980).

After cell-fate specification has occurred via the MAPK, Notahd Wnt
pathways, the cells overcome their G1 arrest and begin proliferation. P6.p divides three
times to give rise to eight progenies, that give rise to two types oficeltE andvulF.

P5.p and P7.p divide three times to give rise to seven progenies each, giving rise to five
types of cellsi vulA, vulB1, vulB2, vulG and vulD. The orientation of the P7.p
progenies is then reversed by the action of various Wnt signals (&tcale2004;
Deshpandet al, 2005; Gleasost al, 2006; Greeret al, 2008.

The differentiated cell types (A, B1, B2, C, D,dnd F) thus formed, undergo
migration, morphological changes, and selective fusions to form seven concentric
toroids that are stacked on top of each other to form alikéostructure that gives rise
to the functional vulva (Sharmgishoreet al, 1999; Sternberg, 2005). In the final
stage, the vulval tube thus formed turns upside down to form the functional egg laying

organ, vulva (Sternberg, 2006uptaet al, 2012).

1.3.2. Vulval mutants

As described previously, the process of vulva formation entails a series of
distinct cellular events, including cdlite specification, induction, proliferation, and
rearrangement to establish a functional organ. Any aberration in these steps can result
in an abnormal vulva formation, giving rise to various phenotypes.

Under aberrant condition®5.p7 P7.pcan fail to undergo inductionand
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instead fuse with the surrounding hyp7 cell. This fusion event leads to a limited number
of cells available for vulva formation, resulting in the absence of a vulva in these
organisms, thus giving rise to the "vulvaless" (Vul) phenotype (Horvitz & Sulston,
1980; Ferguson & Horvitz, 1985). Conversely, when the-indnced VPCs (P3.p,
P4.p and P8.p), instead of fusing with hyp7, adopt the vulvatfegéd and undergo
excessive proliferation, an abundance of cells is observed. These proliferative structures
appear on the ventral side of the worm, resulting in the "multivulva” (Muv) phenotype.
These pseudovulvae are mfumctional (Ferguson & Horvitz, B%; Ferguson &
Horvitz, 1989). As detailed i€@hapters 4 and 5of this thesis, my investigations focus

on genes that, when lost or disrupted, give rise to the Muv phenotype. Vul and Muv
mutants typically result from dysregulation of signaling pathways that control VPC fate
specification (Sternberg, 2005).

Furthermore, aberrations in the efdte determination process can lead to cells
adopting incorrect cell fates, resulting in abnormal vulval morphology and the
consequent manifestation of the "protruding vulva" (Pvl) phenotype. Additionally,
defects in cell migration and morphological reagaments of the progenies of VPCs
can also contribute to the development of an abnormal vulval structure, ultimately
giving rise to the Pvl phenotype. These observed defects significantly hinder the proper
laying of eggs in the environment, leading to the "egg laying defective" (Egl)
phenaype. In this condition, eggs may eventually hatch inside the mother @iraht

1983; Ferguson & Horvitz, 1989).
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1.3.3 Evolutionarily conserved signalling pathways involved in vulva
development

VPC determination is regulated by three major pathwRgs Notch andwWnt
signalling. Together these pathways coordinate-fagll specification for vulMa
development. These pathways have been characterised and studetdiliand are

summarised below.

1.3.3.1 Receptor Tyrosine Kinase signalling pathway

Receptor Tyrosine Kinase (RTISignaling pathways are involved in regulating
various processes such as cellular growth, differentiation, and proliferation (reviewed
in Gimple & Wang 202(. Mutations in this pathway ka been linked to various
diseases including cancer (reviewed in GimgleNang 2020). InC. elegansthe
MAPK pathway is involved invarious biological processes including vulva
developmentgermline development, argjing (revieved inSundaram2013).

In the context of vulva formation, the Ras pathway is activated when the EGF
ligand LIN-3 (secreted from the anchor cell) bindgtisaeceptor tyrosine kinase (LET
23) present on the surface of the P6Sur(daram & Han,1996; Sternberg, 2005;
Sundaram, 2005)Jpon ligand binding, a conformational change occurs in-28T
leading to its dimerization and phosphorylation in the C terminal region. The
phosphorylated residues serve as binding sites for the adaptor molecule. Feivher
downstream, SEMb recruitsthe Guanine Nucleotide Exchange Factor SQ®hich
plays a critical role in activating the RAS protein LEU. Once activated, LE®O

binds to the kinase LIM5, leading to its phosphorylation and activation. This event
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initiates a signaling cascade, where the activated43Nbhosphorylates and activates
MEK-2, which, in turn, phosphorylates and activates MPKActivated MPK1
translocates to the nucleus, where it phosphorylates various transcription factors,
leading tatheir activation or inactivation, based on the cell type (reviewed in Sundaram,
2005). For vulva formation, one of the downstream targets of {liFKthe complex
formed by transcription factors LHI and LIN-31 (encoding ETS and winged Helix
transcription factors respectively) (Jacoés al, 1998; Tanet al, 1998) Upon
phosphorylation by MPKL, LIN-31 undergoes a conformational change that disrupts
its existing complex, leading to iectivation. This further activatds-39, a crucial
regulator involved in promoting vulval development (Teral, 1998; Wagmaistest
al., 2006).

Another target of the Ras pathway is the DSL ligand, L2AQChen &
Greenwald, 2004)This ligand binds to the Notch receptor LI present on Pp and
P7.p cells, thereby activating the Notch pathway causing these cells to adopt the
secondary fateBersetet al, 2001; Chen& Greenwald, 2004; Greenwald, 2005;
Sternberg, 2005)n conjunction with activation of the Ras pathway, there is concurrent
downregulation of the Notch pathway receptor 1R on P6.p cellsThe combined
action of these two events results in the adoption of the primary cell fate byTP@.p
core components of tieaspathway and their homologs in hunsame shown iTable

1.1

1.3.3.2 Notch pathway

The Notch pathwayalso an evolutionary conserved pathwsymportant in
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development and maintaining homeostasis. This pathway involves inter cellular
signaling interactions and plays a role in regulating cellular proliferation,
differentiation, and apoptosis (reviewed in Zhetual, 2022). Dysregulation of the
pathway has been linked to several diseases including Alagille syndrome, cardiac
disordersand liver diseases (reviewed in Penétral, 2012;reviewed in Zhotet al,
2022). InC. elegansalong with its role in vulvldevelopment, the pathway also
regulates oogenesis (Nadarjnal, 2009), behavior (Singét al, 2011) andtubular
morphogenesis (Rasmussenal, 2008). The core pathway il€. elegansand the
corresponding homologs in the mammalian system are shoVabie 1.2

During vulvd development, this pathway is activated in P5.p and P7.p when the
ligand binds to the Notch receptor LN present on these cells (Greenwetdal,
1983; Chen & Greenwald 2004; Greenwald 2005). This ligaeeéptor interaction
initiates a series of proteolytic events causing release of the intracellular domain of the
receptor. This intracellular domain translocates to the nucleus, where it interacts with
CSL proteins and acts as a transcriptionahctivata to regulate target genedBdyle
et al, 2000; reviewed isreenwald & Kovall, 20183

One of the downstream targeatf this pathway is LIPL. Upregulating the
activity of LIP-1 in the secondary cells is required to inactivate the MAP kinase in these
cells. As a result, the Ras pathway is inhibited in these cells, preventing them from

adopting the primary celate (Bersetet al, 2001)

1.3.3.3 Wnt pathway

Wnt signaling pathway has known to regulate different processes such as cell

20



Ph.D Thesis Nikita Sudhir JhaveriMcMaster Universityi Biology

migration, cell proliferationand differentiation (reviewed in Sawa & Korswagon,
2013). In humans, dysregulation of this pathway is associated with various diseases
including obesity, cancer, and type Il diabetes (reviewed in Clevers & Nusse 2013). In
C. elegansthe Wnt proteins regulate various cellular processes including vulval cell
fate specification, Q neuroblast migration, orientation of polardgd neural
asymmetry (reviewed Eisenmann 2005; reviewed in Sawa & Korswagon 2013).

The Wnt signaling pathway is activated upon the binding of Wnt ligands to their
Frizzled receptors located on the cell surface. This interaction initiates a conformational
change in the cytoplasmic domain of the receptor, facilitating the recruitmerg of th
destruction complex. This r eaenin leadimetmt i nh
its accumul ati on wi t icatemin ttahskcatesetd the.nucl€us,n s e g 1
where it interacts with TCF family transcription factors to modulate the esipresf
target genes (reviewed in Sawa & Korswag@@l3). The core components of the
canonical Wnt pathway i€. elegansand their counterparts in the mammalian system
are shown imable 1.3

The Whntsignaling pathway plays crucial roldaringmultiple stages of vulia
development. During the L2 stage, its function is vital in preventing the VPCs from
fusing withhyp7, and this regulation involves the modulation of the Hox den89
(Eisenmanret al, 1998; Myers& Greenwald, 2007). Furthermore, the Wnt pathway
collaborates with the other two signaling pathwé@yas and Notchp specify celifate
during vulval development (Gleasehal, 2002; Gleasoet al, 2006). It also plays a
significant role in conferring therimary cell lineage, along with the Ras pathway

(Wangé& Sternberg, 2000). Additionally, this pathway is required for the establishment
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of proper polarity in the daughter cells of P7.p, facilitating the formation of a
symmetrical vulval structure (Inow al, 2004; Deshpandt al, 2005; Gleasost al,

2006; Greeret al, 2008).

1.3.4 Regulatorsof vulval development

In addition to thecore signaling pathwaycomponents several regulators
participate in the formation of the vulvBhereregulators are categorized into two main
classes based on their functions: positive regulators, which promote cell growth, and
negative regulators, which inhibit cell growth. To date, numerous regulators have been
identified through genetic screerthat function through one or more of the three
pathways (Ras, Notch, and Wnt) to ensure precise and coordinated cellular processes
during vulval developmenfThese regulators play essential roles in-fin@ng the

signaling pathways, ensuring precise control and proper development

1.3.4.1.Positive and negative regulators

The positive regulators that function through the Ras pathway include 1IKSR
KSR-2, LIN-2, LIN-7, and LIN-10 (eviewed in Sundaran2013). Theseegulators
function independently or as part of a compleand act at different stages of the
signaling pathway. For example, L4 LIN-7, and LIN10 form acomplex essential
for the localization of the LE-R3 receptor to the basolateral membrane of the VPCs
(Kaechet al. 1998). ERM-1 functions redundantly to control the same process$
operates independently (Haagal, 2014). Likewisesomepositive regulators of the

Notch pathway include SER, EMB-4, EGQ1, and CSRL (reviewed in Greenwald
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Kovall 2013). Another positive regulator, BRE, functions as a glycosphingolipid
biosynthesis enzyme (Katet al, 2005). Cell surface and secreted proteins (L&R5
R-spondin) have shown to enhance Wnt signal (Binnetrtal, 2007; reviewed in
Cruicat& Niehrs 2013).

Several negative regulators of the three signaling pathways have been identified
(reviewed in Sternbergt al, 1995; reviewed in Greenwald & Kovall, 2013; reviewed
in Sundaram 2013). These include ARK and RAB7 that function to inhibit
endocytosis and proteasomal degradation of the-RETeceptor through distinct
mechanisms (Hoppet al, 2000; Skorobogata & Rocheleau, 2012). Sbéhd GARP
1 negatively regulate LEB0 and MPK1 respectively (Gt al, 1998; Hanjakt al,
1997). SEL10 is a negative regulator of the Notch pathway and mediates the ubiquitin
mediated degradation of the receptor 1R (Hubbarcet al, 1997). A genetic screen
by Denget al.(2019) has identified five kinases that negatively regulate 122NSome
proteins that exert a negative impact on the Wnt pathway include Wnt inhibitory
proteins, Dickkopf proteinsand WNT modifying enzymes like Notrum and TIKI

(reviewed in Cruicat & Niehrs 2013).

1.3.42. Synthetic Multivulva genes asegative regulators
Synthetic Multivulva (synMuv) genes astudied extensively i€. elegansThe
two major synMuv gene classes al@ss A and class BJutations inanyclass A genes
in combination with class Bive rise taheMuv phenotype h en c e tthhee ttiecrom |
(Fergusor& Horvitz 1989; reviewed in Fa§& Yochem 2007).There is als@ class C

of synMuv genes thatct redundantly with class A and class B to regulate vulval
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developmentin many ways, class C genes are similar to class B (Andetsah,
2008), however mtations inthis classgive rise toa weak Muv phenotype on their own
(Ceol & Horvitz, 2004. The different classes compensate each other by providing
similar activity (network compensation) rather than enzymatic substif@isthe genes

in different classes exhibit no sequence similarity.

Class A genes encode novel nuclear proteins that repress expresimi of
through transcriptional regulation (Daviseh al, 2005; Davisoret al, 2011). This
classincludeslin-8, lin-38, lin-15A lin-56, smel, and uba2 (reviewed in Fay&
Yochem., 2007).

ClassB genes encode nuclear proteins that function as chromatin modifiers
which suppress transcription by recruiting repressive cofactors to gene promoters,
nucleosome remodelingand deacetylase activities (Cet al, 2006; reviewed in
Sadavisam& DeCaprio, 2013). Theyunction as part of chromatin modulating
complexes like dAREAM/MuvB, NuRPand HP1. This class consistsagiproximately
25 genes includg lin-35 (homolog of Retinoblastomdrb), lin-9, lin-52, lin-53, lin-

54, dptl, hadl, mepl, andmet2 (reviewed in Fay& Yochem, 2007). These genes
belong to three distinct complexes: DREAM complex (which contains theSRIDJO-
mediated Mec complexand synMuvB heterochromatin complex (Wtial, 2012).

Along with vulvd developmentclassB genes are also involved in other processes like
cell cycle regulation, RNA interference (RNAI), and maintaining the expression of the
germline genes. They also restrict both the expression of P granules to germline cells
and the notch ligandag-2, to the distal tip celbf the gonad(Boxem & van den

Heuvel,2002;Poulinet al, 2005; Wanget al, 2005; Petrellaet al, 2011)).Lossof-
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function mutations inclass B genes causenhanced RNAi, migxpression of P
granules in somatic cells, réxpression ofag-2 in intestinal and epidermal cells and
up-regulation of germline genes (Waagal, 2005; Pouliret al, 2005; Petrell&t al,
2011).Regulation of gene expression by such chromatin remodelers is required for cells
to adopt and maintain specific fates. This is particularly important for the distinction
between somatic and germline cells. Maintaining specific identity of these cells is
essential for proper cell proliferation and propagation of species and is brought about
by the repressive action of synMuv genes that prevent the expression of germline
specific genes in somatic cells and s@pacific genes in germline cells. Inhibiting the
activity of synMuv genes cause ectopic expression of germénesn somatic cells
leading to Muv phenotype Unhavaithayaet al, 2002; Wanget al, 2005). 1t is
important to note that some of the classiBgle mutantcan cause a weak Muy a
highertemperatures anmay also in parallel with other class B genes (Andersen et al.,
2008).

Overall, the study of these diffentclasse®f synMuv genes has revealed that
there is genetic redundancy in the process of Vulgaelopment and thiedundancy
is sometimes large and sometimes minor. This might explain while certain
combinationof mutants have a much stronger Muv phenotype than others.

synMuv genesact to represdin-3/EGF expressionFay & Han, 2000; Cuet
al., 2006;). Removal of this suppression causes @m&l overexpression OfLIN-
3/EGF activating Ras signaling itheuninduced VPCs (P3.p, P4and P8.p) causing

them to adopthe vulval cellfateresulting inthe Muv phenotypéSafferet al, 2011).
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While thesynMuv system has been studied extensivelg.ielegansthere is
no knowledge about their function and extentcohservation beyon€. elegans
Chapter 4 of my thesigsfocussed omvestigating the synMuv system@ briggsae
while concurrently comparing it with the wadharacterized system {@. elegansBy
examining the synMuv system in both speciesm to gain valuable insights into the
potential similarities and divergences in the regulatory pathways governing vulval
development, sheddingglit on the evolutionary aspects of this crucial developmental

process

1.3.5 Vulval development inC. briggsae:similarities and differences fromC.
elegans

As mentioned above, the vulval morpholognd the stepsof vulval
morphogenetic changes iB@. briggsaeare nearly identical toC. elegansAs a
componenbf the reproductive system, vulisaconnected to the uterus and its opening
and closing areegulatedby interconnected muscles and neur@esual observations
show that these components along with somatic gonad and germlireryasemilar to
C. elegansHowever, a closer examination has revealadations in the arrangement
of eggs within the uterus and the capacity of the uterus to hold &ddiionally, the
thickness of the utsdiffers between the twspecies (Gupta & Sternberg, 2003).

The process of vulva formation @ briggsads identical to that o€. elegans
and involves the same steps as mentionegkition 1.3for C. elegansComparative
genetic studies, performed by our lab dMarie-AnneFélix lab, have shown conserved

roles of the three signaling pathways (Ras, Naoll Wnt) E€lix, 2007; Seetharamam
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et al, 2010; Sharanayat al, 2012; Sharanayet al, 2015).Despite the external vulval
morphology being identical, and the shared involvement of common pathways and
regulatory elements, differences have been observed in the underlying molecular
pathways between these two speciést example, or lab has previously shown
differences in thepry-1 mutant phenotype betwee@. elegansand C. briggsae
(Seetharamanret al, 201Q. The work has demonstrated that the functiorprgfl

differs between the two species, although the WNT pathway is cons&wueatk of the

additional examplemcludethe following.

1.3.5.1. Differences in the competence of P3.p

Although P3.p is considered part of the vulval equivalence group, its behavior
is not uniform. It has the potential to adopt either the tertiary or the fusion fate. In the
case of the tertiary fate, P3.p undergoes a single division, and both daughter cells
subsequently fuse with hyp7. If it adopts the fusion fate, it fuses with hyp7 without
undergoing any divisions (Delattre Belix, 2001). The frequency of division differs
betweerC. eleganandC. briggsaeIn C. elegansthe division frequency among wild
isolates ranges from 15% to 58%, whereds.ibriggsadsolates, it is lower, spanning
from 0% to 15% (Delattre&¢élix, 2001). Additionally, in the absence of other VPCs
(P4.pi P8.p), P3.p can adopt a vulval cell fate in 50% of the animals wlegans
whereas such adoption never occur€.ibriggsagDelattre &Félix, 2001). However,
it is worth mentioning that P3.p adopts induced fateCinbriggsaeMuv mutants

(Sharanayat al, 2015).
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1.3.5.2. Differences in the function othe Ras pathway

The Ras pathway plays a conserved role in regulating ivdeselopment in
both C. elegansand C. briggsae However, the VPCs €. briggsaeexhibit greater
sensitivity to subtle alterations in this pathway comparécl ®legansThis sensitivity
is evident when observing the effects of weak overexpressilim-8fIn C. briggsae
such ovefexpression induces the adoption of primary cell fate by P5.p and P7.p.
Conversely, a similar increase@ elegandails to prompt P5.p and P7.p to shift their
fates from secondary to primary€lix, 2007). Moreover, it appears that the Ras
pathway may not be as importan@Gnbriggsaeas it is inC. elegansThis is supported
by experimentshowing that when the activity of the Ras pathway is abolish€d in
elegansno vulva is formed. In contrast, @ briggsag some vulval tissue can still be
observed even under such pathway inhibition (Mahatakl, 2017). These findings
suggest subtle yet significant differences in the regulatory mechanisms of the Ras

pathway between the two nematode species.

1.3.5.3. Differences in the function ofhe Notch pathway

Previous studies have revealed distinct functional divergences between the
Notch receptors LINL2 and GLPL in C. elegansandC. briggsae In C. elegansthe
loss ofglp-1 through RNAI does not lead to any discernible phenotypic defects. A
comparable loss i€. briggsaecauses the Muv phenotype (Rudel & Kimble, 2001).
Similarly, loss oflin-12 leads to larval lethality it€. briggsae but not inC. elegans
(Rudel & Kimble, 2002). Furthermore, there are time12 like genes inC. briggsae

compared to one i@. elegangRudel & Kimble, 2001; Rudel & Kimble, 2002).
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1.3.5.4. Differences in the function of negative regulators

In previous work conducted by our labcollaboration with Dr. Chamberlim
forward genetics screen was carried out to identify genes that regulate vulva formation
in C. briggsae The screen identified seven genes, with four of them categorised into
the I nappropriate Mwd)vatl &€Ced lofpragalndéeéer a6
2015; Chamberliret al, 2020). During subsequent molecular analysis, three of these
genes were found to correspond to known genes, while the fourth gene remain
uncharacterisetldesignated aSbr-ivp-3. Further analysis on these gene€iriggse
revealed that these genes regulate the expression e8 Bl function through the Ras
pathway, loss of which causes the Muv phenotype (Sharaeayal, 2015).
Interestingly, when the orthologs of these genes were mutatédalegansno Muv
phenotype was observed (except flmm-14), indicating that the functions of these
genes in vulvedevelopment have diverged between the two species (Chandielin
2020). The focus of my work described @hapter 5 is centered around the
characterization of th€br-ivp-3 gene inC. briggsaeand exploring its role in other
biological processes, along with vuhdevelopment.

These investigations show that while the vulval morphology is conserved
betweenC. elegansandC. briggsae there exist notable variations in the underlying
genetic processes and pathways. Although our current understanding has provided
insights into the roles of genes and signaling pathway€.irbriggsae'svulval
development, significant gaps in knowledge remain. Our understanding of these

processes iiC. briggsaeis limited, necessitating further research to understand the
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evolution of underlying genes and genetic mechanisms. Such work will elucidate how
these mechanisms have diverged from thoseC.ofeleganswhile preserving the

characteristic morphology of the etgying organ.

1.4.0bjective of my Ph.D. thesis

As mentioned above, the overall process of vulva formation and its morphology
is conserved betwedl elegangndC. briggsaebut there are subtle differences at the
genetic and pathway levels. Thus, to understand more about these diffetkaces,
overall goal of my Ph.D. is to study the evolution of transcriptional repressors that
are involved in vulva formation in C. briggsae To this end, | have taken a two
pronged approaclfl) Developing resources to facilitate genetic and genomic studies
in this speies. (2) Characterizing the roles of a novel class of genes and a set of known

repressors of vulval development

1.5. Chapters organization
My thesisconsists okix chapters, four of which describe results in the following two
broad areaslThe other two chapters are introducti@@hapter 1) andconclusion and
future directiongChapter 6).
1 Develop resources to establiShbriggsaeas an experimental system for
comparative and evolutionary studi€hapters 2 and 3).
1 Investigate mechanisms ¥PC induction andulval cell proliferation

(Chapters 4 and 5).
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TheChapter 2 focuses on characterization©f briggsaeas a model systerh.
carried out a study comparing various phenotypic traits withwisleestablishedC.
eleganswild-type isolateN2. For this purpose, the. briggsaewild-type isolate AF16
served as a primary focus, while otlerbriggsadsolates, namely HK104, VX34, and
QX1410, were utilized to delve into specific traits. The significant outcomes of this
study unveiled that. briggsaesolates exhibit anore slendemorphology compared
to N2 and display distinct behavioral responses to diverse stressors. Notalgythis
first study to report the divergent response€ oélegansand C briggsaeto different
kinds of environmental stress. Our findings reveal @dtriggsaepossesses inherent
resilience to heat stress, yet it shows heightened sensitivity towards oxidative and
osmotic stressors. These responses underscore the subtle yet significant differences that
exist between these two morphologically similar species.Wbik has been deposited
on bioRxiv.

Chapter 3 deals with genome annotation©f briggsaeWith the objective of
enhancing the available resources@obriggsae we employed th&#ans-spliced exon
coupled RNA end Determination (TERED) technique to refine its genome
annotation. This is a joint project carried out with another graduate student, and we are
co-first authors on the manuscript describedCimapter 3. Through this process, we
successfully improved the annotation of a substantial number of genes. Furthermore,
we conducted a comprehensi@ealysis of the operon structar@a C. briggsaeand
compared it to the known operon structuireC. elegansOur investigation revealed
that roughly 40% of the operons were conserved between the two species, although the

functions of these operons remained consistent. Additionally, our study identified 362
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paralogous genes, 52 novel exons and 14 unidteehg-spliced genes i€. briggsae
This investigation significantly contributes to our knowledgé&rams-spliced genes in
C. briggsaeenhances gene models, and operon models, and provides valuable insights
into the conservation and divergence of genomic features@itiegansThis work
has been published in the jour@z®: Genes|Genomes|Genetics.

The Chapter 4 presents my research on the synMuv syste@ inriggsaeand
offers novel insights into its evolutionary dynamics between closely related nematode
specieC. elegansUntil now, research on the synMuv system has been exclusively
conducted irC. elegansMy study is the first to explore this systemdnbriggsaeIn
collaboration with Dr. Helen Chamberlin at Ohio State University, | generated CRISPR
based mutant alleles for class A and class B gen€s limiggsae The study revealed
evidenceof rapid evolutionary changes within the class A genes. Notably, the highly
conserved class B genl&-35, displayed functional divergence betwegnelegans
and C. briggsae Moreover, our findings demonstrated that class A genes do not
function along with class B genes for vulva formatioRirbriggsae These results shed
light on the evolutionary dynamics of a class of negative regulators governing cell
proliferation.

In Chapter 5, | have describedthe characterization of three novel genes
involved in vulva development irC. briggsae Cbr-lin(bh1), Cbr-lin(bh3), and Cbr-
ivp-3. The findings onCbr-lin(bhl) and Cbr-lin(bh3) have been published in
microPublication Biology. Specifically, we focused on determining their linkage
group along with Muv penetrance and VPC induction pattern. Our data suggested that

Cbr-lin(bhl)is present on Chromosome | a@tr-lin(bh3) on chromosome Ill. While
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the Muv penetrance dEbr-lin(bhl) increased with an increase in temperature, the
penetrance o€br-lin(bh3) was unaffected by temperature chang#e.also showed

that the ectopically induced VPCs adopted only secondary fabdbritin(bhl), but

both, primary and secondary fates in @t@-lin(bh3). My work onCbr-ivp-3(syb5286)
focused on understating the regulation of gene€limyivp-3 for which | carried out a
transcriptome analysis. This analysis revealed that along with its role inl vulva
developmentthe gene is involved in regulating other biological processes including
stress and aging. In summary, my discoveries serve as a foundation for gaining deeper
insights into their involvement in vuldevelopment and identifying the specific genes
they may represent. This paves the way for future investigations and a more

comprehensive understanding of their functional significance.
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List of figures

A
Genus Caenorhabditis
Family Rhabditidae
Sub-order Rhabditina
Order Rhabditida
Class Chromadoria
Phylum Nematoda
Kingdom Animalia

Chromadoria

Caenorhabditis
Rhabditina

Rhabditida

Nematoda

Figure 1.1. Taxanomy and phylogeny of thgghylum Nematoda

A. Taxanomical classification of the gen@aenorhabditisB. A highly simplified

phylogenetic tree of the phylum Nematoda adapted from Eial (2018).
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Figure 1.2. Phylogeny tree ofCaenorhabditisspecies
The Eleganssupergroup is divided intdElegansspecies group andaponicaspecies
group. TheElegansspecies group consists of 14 species. Apart ftopaponica there
are other members of tdaponicagroup that have been omitted for simplification. The

figure is adapted from Steveasal, (2019).
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~ One celled stage

Two celled stage

" Four celled stage

Figure 1.3. Vulval development stages il€. briggsaeAF16

The process of vulva formation begins at the L3 stage. The VPCs P5gpamRbP7.p
divide three times going from oreelled A two-celledA four-celledA eightcelled

(P6.p) and sevecelled (P5.p and for P7.p), thus giving rise to 22 cells. These cells then
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undergo morphological rearrangements and selective fusions to form the functional

vulva.

AC represents the anchor cell.
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Figure 14. VPC fate specification
The 22 vulvécells arise from three precursor cellB5.p, P6.p and P7.p that acquire
unique cell fates by receiving inductive signals from Ras, Notch and Wnt pathways.
P6.p progenies undertake primary cell fégving rise to 8 cells) P5.p and P7.p
progenies undertake secondary cell {gteing rise to 7 cells eachi3.p, P4.p and P8.p
progenies undertake tertiary cell fate in which they divide once and fuse with hyp7.
Pl.pi P2.p, P9.pi P11l.p fuse with hyp7. P12.pa fuses with hypl0 and P12pp

undergoes PCD. THegure has been generated using BioRender software.
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Figure 15. Interactions between Ras and Notch pathwaysguring vulval
development
Binding ofthe EGF ligand_IN -3 (secreted by the anchor celb) LET-23 receptor on
P6.p activates the Ras pathway leading to production of DSL ligand-2,A&xd
downregulation of Notch pathway in P6.p, thereby conferring it a primary fate:2.AG
then binds to the LINL2 Notch receptor on P5.p and.p activating Notch pathway
and downregulating Ras pathway in these cells, conferring them secondary fate. Figure

has been created using BioRender software.
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List of tables

1.1. Core components of the Ras pathway irC. elegansand their homologs in
vertebrates
The table lists the core components of Ras pathway and their homologs in

vertebratesThe entirdist has beemeviewed in Sundaraet al, (2013)

Component C. elegans Vertebrates

Ligand LIN-3 EGF, TGFalpha and
others

Receptor LET-23 EGFR

Adaptor molecule SEM-5 GRB2

Guanine nucleotide exchan{ SOS1 SOS

factor

Ras LET-60 K-RAS, HRAS, NRAS

Scaffold KSR-1, KSR2 KSR1, KSR2

Raf LIN-45 A-RAF, B-RAF, GRAF

MEK MEK-2 MEK1, MEK2

ERK MPK-1 ERK1, ERK2

ETS factor LIN-1 ELK1 and others

Co-activator SUR2 SUR2
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1.2. Core components ofthe Notch pathway in C. elegansand their homologs in
vertebrates

The table has been adapted fromréhgew article by Kovall & Greenwald2012).

Component C. elegans Vertebrates

Ligand DSL-1, LAG-2, APX-1,|DLL1, DLL3,Dll4,JAGL, JAG2
ARG-1

Receptor LIN-12, GLRP1 NOTCH1, NOTCH2, NOTCH3

NOTCH4

Metalloproteinases SUR17, ADM-4 ADAM10, ADAM17

Gamma Secretase HOP-1, SEL-12, APH1,| PRESENILIN1, PRESENILIN2
APH-2, PEN2 NICASTRIN, APH1, PEN2

Co-activator SEL-8 MAM

CSL factor (DNA binding LAG-1 CBF

ability)
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1.3. Core components of the Wnt pathway inC. elegansand their homologs in

vertebrates

Table has been adapted from Sawa & Korswagon, (2012).

Components C. elegans Vertebrates

Ligand MOM-2, LIN-44, EGL- | 19 different ligands in
20, CWN1, CWN2 humans

Receptor MOM-5, LIN-17, MIG-1, | 10 different family
CFZ-2, CAM-1, LIN-18 | members

Destruction complex

BAR-1, APR1, KIN-19,

GSK-3, PRY-1

Beta catenin, APC, CKI

GSKa3, AXIN

Nuclear components

POP-1, UNC-37

TCF, Groucho
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Chapter 2. Comparative study of thermal tolerance and other

physiological characteristics inC. briggsaeand C. elegans

2.1 Preface

This chapter i ncl u&enparativie study af thérmalvi ng a
tolerance and other physiological characteristics il©. briggsaeandC. el bygans o0
Nikita Jhaveri and Bhagwati Gupta that has been depositedbioRxiv

(https://doi.org/10.1101/2023.08.03.551856he copyright holder for this preprint is

the author, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available underCC-BY -NC-ND 4.0 Internationalicense

This study describes characterizatiothaf most commonly usétl briggsae
wild-type isolate AF16, and its comparison to the satellite model orgadism,
elegangN2 strain).Theresults showed that AF16, and three otbebriggsaewild
isolates aremore slender andshow variations inbody length and lipid content
compared to N2All the C. briggsaeisolates could survive temperatures at which
N2 was dead. Interestingly, N2 was more resistant to oxidative and osmotic stress
compared to AF16. This is the first study to highlight differences in stress response
between the two nematode speckdditionally, the results presented have helped
better characterisg. briggsaeas a modesystem for comparative and evolutionary

studies.

Contributions

| carried out all the experiments awdeatedthe figures and tables. Dr.
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Bhagwati Gupta and | wrote the manuscript.
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2.2. Jhaveri and Gupta (2023} bioRxiv

Comparative study of thermal tolerance and other physiological characteristics
in C. briggsaeand C. elegans

Nikita Jhaveri and Bhagwati P. Gupta

Department of Biology, McMaster University, Hamilton, ON L8S 4K1, Canada

*Author for correspondence: Bhagwati P. Gupta (guptab@mcmaster.ca)

Key words:C. briggsae nematode, genetics, comparative study, evolution,
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Running title: Thermal tolerance Gf. briggsae
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Abstract

The nematode€Caenorhabditis briggsaéC. briggsag is routinely used in
genetic and evolutionary studies involving its watlbown cousinC. elegansThe
two species are morphologically almost identical, but they exhibit significant
developmental, genetic, and genomic differences. The AF16 isol@elofggsae
Is an established reference strain. We used additional wild isolates from tropical and
temperate regions to perform a comparative study of phenotypic characters. The
analysis revealed both intra (betweenbriggsaeisolates) and inter (compared to
C. elegandN2) species variability in dimensions and opacity. Our data also showed
that C. briggsaeisolates prefer higher temperatures for growth, reproducaiod
survival compared t€. elegandN2. The preference for higher temperature further
translated into higher tolerance for heat stress, as evident from survival at
temperatures that are lethal to N2. Interestingly, we found that @hleiggsaes
more resistant to heat, it shows greater sensitivity to other forms of stress, namely
oxidative and osmotic, compared @ elegansThe heat resistance 6f briggsae
was correlated with efficient upregulation of the cytosolic chapédrgml6.2
Overall, this work reveals significant differences in stress sensitivities befdieen

elegansandC. briggsae
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| ntroduction

Nematodes of th€aenorhabditiggenus are used extensively for the in vivo
study of biological processesand comparative analysis of gene function. In
particular, he nematodeCaenorhabditis eleganéC. elegany is an established
model system for biological research. Since its first use by Sydney Brenner (Brenner,
1974)C. elegan$as been one of the few chosen organisms to study the genetic basis
of animal development, behavior, and physiology (Menethal, 2019). Many
features ofC. eleganshave contributed to its value as a leading animal model
including a short life cycle, inexpensive culture condition, small footprint,
transparency, fewer cells, artle ease bywhich genes can be modified and
functionally assayed in the laboratory.

Comparative and evolutionary studies in nematodes have typically involved
C. elegansand a smalketof Caenorhabditisspecies, includingC. briggsae(for
review see Sommer and Bumbarger, 20X2).briggsaewas first isolated by
Margaret Briggs at Stanford University in Palo Alto, California (Briggs, 1946), who
studied the life cycle of animals and also reported living bacteria serving as a food
source. Dougherty and Nigp(1949) recognized the potential 6f briggsaefor
comparative physiology and genetic studies. In fact, Sydney Brenner had initially
intended to us€. briggsaeas his system of choice (Félix, 2008).elegansandC.
briggsaediverged from a common ancestor approximately 30 million years ago
(Cutter, 2008). Both are androdiecious although their hermaphroditic lifestyle has
evolved separatelfKiontke et al, 2004). Similar tcC. elegansC. briggsaeoffers

many experimental advantages including the ease of cultivationgandtic
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manipulations in thi@aboratory (Guptat al, 2007). The two species also share other
features such as gut microbiomes (Dirksen al, 2016), food preferences
(Schulenburg and Félix, 2017), and vector carriers (Kiontke and Sudhaus, 2006).
Available genetic and genomic resources Gobriggsaenclude a fully sequenced
genome (Steirt al, 2003), chromosomkevel assembly (Hillieet al, 2007; Ross

et al, 2011) more than 30,000 polymorphisms (Kobadtal, 2010) that allow
mapping of mutants isolated in forward genetic scréfmsexample, see (Guet

al., 2013; Seetharamaet al, 2010; Sharanyet al, 2015; Jhaveri and Gupta, 2023),
0 p er o n ssequanck tafshaveriet al, 2022), mutant strains (Gupga al. in
preparation), wild isolates collected from places around the world (Caitesr,
2006; Félix and Duveau, 2012; Cromlge al., 2019), recombinant inbred lines
(Rosset al, 2011; Stevenst al, 2022), proteome analysis (&hal, 2017) similar

to that conducted i€. elegangGrunet al, 2014; Tabuset al, 2005) and an RNAI
library covering 1,333 gend¥ersteret al, 2014) Morphological and behavioral
studies ofC. briggsaehave revealed that while the species is very similat.to
elegansthereare significantlifferences such as excretory duct placenféfang&
Chamberlin, 2002)male tail ray patterrfitchandEmmons, 1995~itch, 1997) and
thermal sensitivity (Prasaat al, 2011; Petrella, 2014; Begasseal, 2015).

In this study, we have further investigated the trait€obriggsaeusing
multiple isolates from tropical (AF16 and QX34) and temperate (HK104 and
VX1410) regions. Our results showed that while AF16 is significantly smaller and
thinner when compared ©. elegandN2, this was not the case for otl@&rbriggsae

isolates, suggesting significant variation in dimension across isolates and between
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species. Likewise, the transparency of animals was variable depending on the isolate.
We examined spontaneous males in unmated AF16 hermaphrodite cultures and
found a higher frequency compared to N2, which indicated differences i non
disjunction rates beteen the two strains. A major finding of this work is tRat
briggsaeshows higher resistance to heat stress compar€ddategansand prefers
elevated temperatures for growth and reproduction. Interestingly, the animals
showed greater sensitivity to two other forms of stress namely osmotic and oxidative
stress. The heat tolerance phenotypeCoforiggsaeis likely dependent on the
cytosolic chaperohsp16.2 since temperature pulses caused a massive increase in
hsp16.2 expression with levels showing more dynamic changes compar€d to
elegans Overall, the findings presented in this study demonstrate significant
differences between the two species and provide useful data to investigate the

molecular genetic basis of thermal respongg.ibriggsae
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Materials and methods

Strains and culture conditions

C. briggsaewild isolates: AF16, HK104, VX34and QX1410C. elegans
N2. TheC. briggsaeAF16 has been extensively used as a reference ¢Baird
and Chamberlin 2006)Worms were grown at 2C on NGAgar plates using
standard culture conditions (Brenner, 1974) except where specified. The plates were
seeded witliescherichia colbacteria (OP50) that served as a food source for worms
(Stiernagle, 2006).

For Nomarski imaging, worms were mounted on glass slides containing a
thin agar pad (2% noble agar). The animals were placed in a drop of M9 buffer that
included 5 mM Sodium Azide anesthetic (Yochem, 2006) and examined under the
upright Zeiss Zeiss Axioingeer D1 and Nikon Eclipse 80i microscopes. Images

were captured using Nikon Eclipse 80i and Zeiss Zen 3.0 software.

Size and movement characteristics

Length and width of anesthetized dhyadults were measured using Zeiss
Zen 3.0 software. For this, animals were mounted on glass slides and examined
under the Nomarski microscope. Movement in-dadults was analyzed using the
tracks in thin overnight @wn bacterial lawns on agar plates. Each worm was

allowed to move for 30 seconds, and amplitude was measured.

Frequency of males

To quantify the frequency of males,-4% L4 hermaphrodites were kept at
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15°C, 20°C, and 28C. The worms were allowed to grow till adulthood and lay eggs
for one day. Mothers were then removed from the plate. The offspring were screened

for males and the male frequency was determined.

Opacity measurements
Opacity, or optical density, of daly animals was measured by capturing

images using a Nomarski microscope and analyzing those using Image J

(https://imagej.nih.gov/ij///index.html Lipids were quantified by the Oil Red O
staining method as described previously (Ranawatdal, 2018). Among the
techniques used to measure fat level€.irelegansOil Red O staining has shown

to be the true representation of stored fat content, and positively correlates with the

levels of triglycerides (Yeet al, 2010).

Developmental time analysis

To measure the time required to reach young adults, 3 gravid
hermaphrodites were allowed l@y eggs on a plate for five hours. Mothers were
then removed from the plate. The progenies ve&rservedor when they became
young adults. Readings were taken every hour after they reatbed! stage and

were stopped when 80% of the population turned young adults.

Life span and related physiological characteristics

Life span analysis was carried out as previously described (Atnat,

2014). Briefly, 30- 40 L4 animals were transferred to fresh OP50 plates and kept at
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15°C, 20C and 28C. The worms were scored every day for survivabiliype of

the challenges witlC. briggsaelifespan assay was thendencyof animals to
frequently escape the bacterial lawn and commit suicide (most frequéfi€aind

much less at higher temperatureB)e cloned worms were moved to fresh plates
every day till day eight (around the time they stop laying eggs). Worms that escaped,
burrowed into the agar, had a bag of worm phenotype or any other morphological
defects like bursting of the intestine or puating vulva were censored and not
included in the analysis.

Body bending and pharyngeal pumping analysis was carried out fat day
adult hermaphrodites. Body bending was analyzed by measuring the number of
sinusoidal waves the worm made in one minute (one wave corresponds to one body
bend) on a OP50 seeded platehe worm stopped moving before one minute, the
reading was discded. for pharyngeal pumping, individual worms were counted for

the number of times the pharyngeal contraction took place in 30 seconds.

Reproductive span and brood size

Reproductive span and brood size were measured by transferring L4 worms
onto individual plates. The worms were moved to new plates everyday till they
stopped laying eggs. For reproductive span, the number of days till the worm stopped
laying eggs was coued. For brood size, the progenies were scored on each plate

and the total number was calculated for each worm.

Stress assays
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Heat stress (HS): For heat stress-@laanimals were exposed to temperatures
from 31°C - 41°C with an interval of 9C for two hours. Worms were allowed to
recover for 24 hours and scored based on movement into three categories: Alive
moving actively and responding to touch, Barely akveot moving or barely
moving, response to touch is not as good as alive wormd€)@ad- not moving and
not responding to touch. After recovery, it was observed that animals exposed to
lower temperatures still had intact bodies but pulsed at higher temperatures had
disintegrated. OtheC. briggsadsolates and mutant cultures were subjected to heat
stress at 3 for two hours and scored in the same way.

Osmotic stress: Osmotic stress was carried out by exposinfy dayms to
hypertonic conditions. NGM agar plates containing varying amounts of sodium
chloride (300 and 400mM ar®DOmM) were made. These plates were seeded with
OP50 and stored at’@ for no more than a week. The plates were sealed with
parafilm to maintain consistency. 3@80 dayl animals were placed on test plates
and scored for survival after 24 hours. Based on the response to touch, the worms
were placed into three categoriesv@ntioned in the HS assay.

Oxidative stress: Oxidative stress was assayed by exposinh \wayms to
200 mM Paraquat (methyl viologen) solution. The assay was carried out in a 24 well
plate format where 3550 day 1 worms were added in two wells for each strain.
Worms were screenegl/ery hour for survivability up to four hours. Animals that

didn't move in response to touch and hadlike appearance were counted as dead.

gRT-PCR
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Day-1 AF16 and N2 worms were exposed to HS7ACJor one hour. RNA
was collected after a recovery period of 1, 6 and 24 hours. For controls, worms were
collected at similar time points without exposure to HS. RNA extraction, DNase
treatment and cDNA synthesigerecarried out following the protocols mentioned
in Ranawadeet al. (2018). Levels of the transcription factor fisknd heat shock
chaperon protein (hspisp16.2were determined by qPCBmp-3 andiscu-1 were
used as housekeeping genesGoeleganandC. briggsaeespectively. The primer

pairs used for gPCR are mentionedsimpplementary table 1.

Statistical analysis

Lifespan graphs and data analysis were carried out using SigmaPlot 14. All
other graphs andtatisticalanalyses were performed using GraphPad Prism 9.5.1.
RT-gPCR data was analyzeding CFX Maestro 3.1 software (BiBad, Canada,;

https://www.bierad.com/erca/product/cfx maestreoftwarefor-cfx-reaktime-

pcr-instruments.
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Results

As part of the systematic characterizatiolCobriggsaeas a genetic system,
we examined the morphology and other characteristics of the species. Four different
wild isolates from different geographical regions (AF16 and QX214fr@pical,

HK104 and VX34 temperate) were used to investigate and quantify diftdraits.

C. briggsadas morphologically similar to C. elegandut shows subtle differences

The measurements of length and widtiCotlegand$\N2 and fourC. briggsae
isolates revealetivo facts: one, length is highly variable and, tv@, briggsaeis
slenderer (Figure 1ASupplementarfigure 1A; Supplementary table.ZJhe VX34
and HK104 isolates were largest and smallest, respectively. The length per unit
width of strains ranged from 17.1 to 19.7 with VX34 having the highest value that
was significantly different from N2p(< 0.0001) (inset in Figure 1A).

[FIGURE 1 and legend]

Casual observations of AF16 and N2 animal tracks on solid agar culture
plates hinted at some differences in movement characteristics. To examine this
further, we quantified the sinusoidal wave pattern and found that AF16 ddylts
had a comparatively shter amplitude (Supplementary figure 2A). However, the
amplitude per unit length of both species was comparable, suggesting that both
species have a similar sinusoidal wave pattern of movement (Supplementary figure
2B).

Nigon and Dougherty had reported earlier Gatlegansand C. briggsae

produce more males spontaneously at higher temperatures due to meietic non
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disjunction of sex chromosome (Nigon and Dougherty, 1949). During routine
culturing of C. briggsaeAF16, we observed a higher incidence of males compared
to C. elegansN2. To follow up on this, males were quantified ieth1 progeny of
unmated hermaphrodites that were growrl®C, 2°C and 28C. The results
revealed roughly 2 3-fold more males in AF16 compared to N2 (Figure 1B). The
frequency was highest at%5, likely due to increased natisjunction. No N2 males
were recovered at 6. We also observed more malesGn briggsaeisolates-
HK104, VX34 and QX1410 (data not shown). It is worth mentioning @Gat
briggsae males persisted in cultures even after brief starvation and could be
propagated by chunking.

Among other observations, it was noted tGabriggsaeAF16 animals are
comparatively more transparent th@n elegansN2. Measurements of opacity
confirmed that it was indeed the case. TitliselegandN2 was significantly darker
than C. briggsaeAF16 and HK104 animals (Figure 1C). However, opacities of
VX34 and QX1410 isolates were comparable Go elegansN2, suggesting
variability in the trait. To examine if the opacity would correlate with lipid levels,
we performed Oil Red O staining in AF16 and HK104 isolates and observed less
lipids in both compared to N2 (Figure 1D). Further investigations of thigoreship
between lipids and transparency involved making uge. @legansnutants,daf2
(e1370)and pry-1 (gk3682) that have high and low lipid contents, respectively
( O6 Roatal,R@9; Ranawadet al, 2018).The data showed that both mutant
stains are opaquer than N2 (Supplementary figure 3), leading us to conclude that

while lipids may affect opacity, other factors also contribute to differences in body
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color.

C. briggsaggrows, survives, and reproduces at higher temperature better tha@.
elegans

Both C. elegansand C. briggsaethrive in organic rich matter namely
compost and rotting fruityKiontke and Sudhaus, 2006¢ven though they are
found in similar environments, the two species differ in their seasonal abundances
with C. briggsaepreferring higher temperature conditions. (Félix and Duveau,
2012). To investigate the temperature trait further, we looked at various
characteristics of N2 and AF16 strains grown at different temperatures.

The examination of time to reach adulthood revealed striking differences
wherein at 1%C C. briggsaeAF16 took 15.8% longer time thah elegango reach
sexual maturity(112.70 +/ 1.15hoursand 97.33 +/1.15 hours respectively <
0.0001) but 16.8% shorter time at’@5(42.47 +/ 1.36 hours and 51.33-+1.15
hours respectivelyp < 0.01) (Figure 2A). At 28C, growth rates didot show a
significant difference (67.33 +2.51 hours fo€. briggsaeand 70.33 +/1.52 hours
for C. elegans Figure 2A). The differences in developmental timings were also
evident in temporal analysis of animals reaching adulthood (Figures 2B, C, D).
[FIGURE 2 and legend]

Similar to the growth rates, brood size and reproductive span of animals were
also affected by temperature. Specifically, the brood size of N2 was higher than that
of AF16 at 18C but comparable at 20. At 2€C, N2 was sterile whereas AF16

produced progeny (Figures 2E, F, G, H, [.Tle mean reproductive spans are listed
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in Table 1,which show an inverse relationship with temperatlins. interesting to
note that while the brood size of AF16 was significantly loiianN2 at 1%5C, the
reproductive span was comparable at this temperature (Figures 2E Tidldad).

We also examined the survivability of nematodes by growing them at different
temperaturesThe data is presented in Figur2k, L, M, and Table 2. EarlierC.
briggsae AF16 animals were reportei live longer thanC. elegansN2 at 26C
(Mallick et al, 2020) We observed similar results. Despite differences in the lifespan,
the physiological markers of aging, i.e., pharyngeal pumping and body bending
frequencies, were similar in both species (Figure 2L, Supplementary figure 4, and
Table 2).Lifespan studies were also carried out at two additional temperatures, one at

a lower end (1%) and the other at a higher end @B The data showed thax
briggsaehas a significantly longer lifespan th@n elegansat 28C but comparable at
15°C (Figures 2K, M Table 2). Taken together,hese results show that aging

characteristics o€. elegandN2 andC. briggsaeAF16 differ from growth rate and

brood size traits when reared at different temperatures.

C. briggsaehas higher thermal resistance tharC. elegandut is comparatively
more sensitive to other forms of stress

The experiments described above show @hdiriggsaes better adapted to
higher temperatures. To investigate this further, we examined the resistabce of
briggsae to acute heat treatments. For this N2 and AF16 were exposed to
temperatures ranging fro&#°C to 41°C for two hours. Examination of animals after

heat pulses showed that while some were moving actively, others were barely
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mobile, or appeared deédigure 3A) It was observed that AF16 is more tolerant to
higher temperatures than N2 and can survive heat shocks ufGgr§ure 3A).

At 37°C, there is a clear difference between the two species; while AF16 is mostly
alive (>90%), more than 65% of N2 animals are either barely alive or dead. We
tested three oth&®. briggsadsolates (HK104, VX34 and QX1410) and observed a
similar heat resistant respon$egure 3B).There was also a clear difference in the
movement characteristics of two species following heat treatmenCwitiriggsae
appearing more active and healthier tRarelegangFigures 3C, D).

We also examined treated animals under the Nomarski microscope, which
showed differences in internal organs. For example, pharyngeal bulb and intestinal
structures had less walkfined outlines (Figures 3E, F and insets); although the
basis of such changge.g., due to tissue damage or altered membrane composition,
remains to be investigated.

[FIGURE 3 and legend]

Since the heat shock response is known to activate expression of a battery of
chaperons to protect proteins from misfolding (Jeati@al. 2017), we investigated
whether expression dynamics of two major factors, the heat shock fat¢ts¥1) (
and the cytosolic heat shock protein 16h316.2, would correlate with heat
tolerance of the two species. To this end, animals were subjected to 1 hour heat shock
at 37C, following whichhst1 andhsp16.2levels were measured at different time
points. The results showed differencelsp16.2activation. Whereas i@. elegans
the fold changes were roughly 2,500x%, 500x, and 10x after recovery periods of 1 hr,

6 hr, and 24 hr; respectively, the corresponding increasgdinggsaevere 4600x,
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125x, and 1x (Figures3G, H, I). These results show lisatl6.2 is robustly
activated in both species following the heat shock. Furthermore, the levels are almost
twice as high irC. briggsaecompared tcC. elegansat 1 hr time point; and show a
faster decline irC. briggsaeg(Figure 3J, inset). Unlikbsp16.2 hst1 transcription

was not greatly affected, i.e., no change after 1 hr, less than 1.5x increase after 6 hrs,
and very little change after 24 hrs (Figure 3K). These results show that while heat
shock genes were activated in both speciespl6.2 exhibits a greater
transcriptional change i@. briggsadfollowing heat stress.

In addition tohsp16.2 and hst1l, we looked for other factors that may
contribute to heat resistance Gf briggsae This was done using a collection of
mutants isolated earlier from forward genetic screens in our lab and other labs
(Guptaet al, in preparationywww.briggsae.orf Specifically, 15 strains exhibiting
a range of phenotypes (Unc, Sma, Bli, Dpy, and Lin) were selected. The animals
were subjected to a 2 hr heat shock &C33nd survival was measured after 24 hr
of recovery (Supplementary Figure 5). TRdr-lin-11(sy5336)adults showed
sensitivity to heat stress that was attributed to theirl@gog defective (Egl)
phenotype since L4 worms were comparable to controls. A similar result was
obtained for Cbr-unc(sy501Q) although in this case L4 animals were weakly
sensitive. TheCbr-unc(sy5077padults showed high sensitivity to heat stress, most
likely due to animals being severely uncoordinated and unhealthy (data not shown).
Overall, we did not find any obvious candidate affecting the heat resistance of
animals. Since most of the mutants usethis study remain uncharacterized, a firm

conclusion about the role of these genes, including any potential genetic
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redundancies, cannot be made.

In addition to heat, we also examined the respons€s bfiggsaeandC.
elegango two other stresses, i.e., oxidative stress and osmotic stress. Interestingly,
C. briggsaeshowed increased sensitivity to both these chemicals. Thus, after 4 hours
of paraquat exposure (for oxidative stress), fewer AF16 and HK104 animals were
alive compared to N2 (Figure 4A). A similar trend was observed following 24 hours
of NaCl exposure (foosmotic stress) (Figure 4B). Thu3, briggsads not resistant
to all forms of stress, suggesting that higher thermal tolerance is a specific response
of this species.

[FIGURE 4 and legend]
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Discussion

This study focused on morphological and physiological characterist{€s of
briggsaetemperatendtropical isolates and their comparisons with the established
C. eleganswild-type laboratorystrain N2. Our results extend the findings on
similarities and differences between the two species. Specifically, we found that
while C. briggsaeisolates were comparatively thinner th@n elegansN2, the
animals exhibited greater variability in length, similar to that reporte@ fetegans
wild isolates(McCulloch and Gems, 2003). Variations in size have also been
reported for othenematodesC. inopinataadults are roughly 1.5x longer th&n
elegans however, interestingly, their dauers are comparatively smaller
(Hammerschmitret al, 2022). Another study by Flemmirgg al. (2000) showed
that the length of Rhabditida species variesigyfold. Studies inC. elegandhave
shown that body size is affected by both genetic and environmental factors (e.g., see
Van Voorhies, 1996; Kammengs al, 2007; Gumienny and Sava@einn, 2013;
Maulanaet al, 2022).Genetic factors include genes such as the sma (small) class
t hat b el on gignaling(GumiennyTaaiFSavageunn, 2013) andra-
3/Calpain 5(Kammengeet al, 2007).

We also observed differences in the opacityCofbriggsaeisolates and
investigated its relationship to lipid content. Lipid measurements in wild strains and
C. elegansnutantgdaf2 andpry-1 with high and low lipids, respectively, suggested
that lipids are not the sole determinants of opacity, raising the possibility that factors
such as cuticle composition may also be imed(Supplementary figure 3Among

other characteristics, we found a higher frequency of spontaneous mabe®ids)
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in AF16 compared to N2. Considering tRatelegansvild strains exhibit significant
differences in the proportion of males (Anderstral, 2010), these data suggest
that nondisjunction frequency varies greatly among species and isolates. Whether
such differences result from altered expression of any of the known genes linked to
male production (Hodgkiet al, 1979; Limet al, 2021) remains to be investigated.

A related observation was that unlike elegandN2 where the frequency of males
rapidly declines in actively growing cultureS, briggsaemales persist even after
starvation and repeated transfers of cultures. This may be duetggsaemales

being more efficient in mating. In agreement with this, (Gaetial, 2007) had
shown earlier that. briggsaemales are better at mating with youngjdy old adult
hermaphrodites tha@. elegansnales. We also quantified the sinusoidal movement
of animals on culture plates, which revealed that while the absolute amplitude of
AF16 is comparativelyshorter, theamplitude per unit length is similar to N2
(Supplementary figure 2).

The above results add to the existing body of work on morphological features
of C. briggsaeand their differences fronC. elegans These include anterior
placement of excretory duct (WaagdChamberlin, 2002) altered arrangements of
bursal rays in male tail (FitdmdEmmons,1995; Fitch, 1997) reduced competence
of P3.p vulval precursor cell (Delattend Félix, 2001),lack of systemic RNAI
(Winstonet al, 2007), andusceptibility towards viral infectior{§élix etal., 2011;

Franz et al, 2012; Frézalet al, 2019). Experiments involving physiological
responsedave also uncovered some changesn briggsae such as the faster

electrotaxis speed in a microfluidic chan(ieezaiet al, 2011) and lack of dauers
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at high temperature (Inougt al, 2007).Other norphysical differences include
alterations in signaling pathwaygélix, 2007; Hoyost al.,2011; Mahalalet al,
2017) and telomeric small RNAs (Freekal, 2019).

A major finding of our work is thatC. briggsaegrows, survives, and
reproduces better thad. elegansat higher temperatures. We found that growth
rates of AF16 animals to be faster al@Tompared to N2 buslower at 15°C
(roughly 16%- time difference for each). similar trend was observed for the brood
size, suggesting that AF16 is better adapted to a warmer cli@atsistentwith
these data, a previous work had reported the fecundiy. diriggsaeisolates at
different temperatures and showed that both temperate and tropical isolates
reproduced robustly when grown betweelf@@nd 28C (Prasadet al, 2011).
Studies irnC. eleganfiave shown the effect of temperature on brood size. McMullen
et al. (2012) examined the egg laying of N2 animals ahdwedthat at 28C, the
average number of eggs laid was reduced significantly whereas no eggs were laid at
30°C. This phenomenon is not unique to N2, as othezleganssolates exhibited
similar characteristics (Petrella, 2014). Another study by Powtetl. (2015)
reported intra andhter species thermal plasticity in spermatogenesis, oogenesis,
mitosis, and meiosis. These findinggetherwith data presented here advance our
understanding of the effect of temperaturegoowth reproduction, and brood size
of Caenorhabditispecies.

Lifespan ofC. elegansaandC. briggsaesolates from different geographical
locationshas beerreported(Gems and Riddle, 2000; Joyrdiatos et al, 2009;

Yujin et al, 2016). It is interestingp note that a correlation between lifespan and

64



Ph.D Thesis Nikita Sudhir JhaveriMcMaster Universityi Biology

region of isolation was observed f@r briggsaebut not for C. elegangJoyner
Matos et al, 2009; Yujin et al, 2016). Specifically,C. briggsaestrains from
temperate regions were shown to have a longer lifespan than those from equatorial
and tropical regions. Our analysis reveals that wilbriggsaeAF16 has a longer
lifespan at 26C and 28C, it is comparable to N2 at 96. To further investigate the
thermal responses o€. briggsae we performed acute treatments at high
temperatures. The results revealed that AF16 and other isolates are more resistant to
heat stress thab. elegandN2. InterestinglyC. briggsaeshowed greater sensitivities
to oxidative and osmotic stress, suggesting the resistance to heat stress is a specific
characteristic of this species. While the underlying basis of differences in stress
responses between the two species is currently unkniastors such as cuticle
composition, lipids, and heat shock chaperons may be involvedcent study
showed the role of permeability determining (PD) collagens in maintaining cuticle
structure, such that their loss leads to enhaseegitivityto paraquat, levamisole
and ivermectin (Sandhet al, 2021). We have observathnificantdifferences in
the expression of collagen genes betw@ebriggsaeandC. eleganadults (van den
Berget al, in preparation). Other cellular components could play roles aseag|l,
Lamitina et al, (2006) reported the involvement of glycerol phosphate
dehydrogenases iprotectingC. elegansagainst osmotic stress. Thus, expression
differences in these and other gemesween the two species may contribute to
variations in responses to temperature stress.

Lipids and fatty acids are known to affect sensitivity of animals to

environmental stress (see review by Los and Murata, 208djikawa and
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Sakamoto (2009) reported earlier that fatty acids regulate heat, oxjdatitte
osmotic stress irC. elegans Specifically, when animals were exposed to high
temperaturesa reversible change in the fatty acid composition of the plasma
membrane wasbserved This change involved an increase in saturated fatty acids
and a decrease in unsaturdiattly acids (Horikawa and Sakamoto, 2009; Chaetve

al., 2021), thus conferring resistance to htgimperaturesin an opposing trend,
unsaturated fatty acids were shown to play a role in oxidatressesponse, such

that a decrease in their levels causes sensitivity to oxidative stressoritevable

that the proportion of saturated to unsaturated fatty acid may differ between the two
speciesthereby causing changes in their stress tolerance. Future studies on fatty acid
compositionareneeded to investigate this possibility.

In addition to lipid and cuticle compositions, heat shock proteins such as the
transcription factor HSR and various chaperons (HSPs) are also differentially
regulated to affect stress responses of aminfdiguchiSanabriaet al, 2018).
Expaiments have shown that exposure to a variety of stresses cause significant
changes in the expression and subcellular localization oEheek proteinshereby
enabling animals to endure the stressful conditions (Labbadia and Morimoto, 2015).
The levels ofhsp70 andhspl16.11increase after exposure to HS and gradually
decline to normal levels by 8 hours into recovery (Labbadia and Morimoto, 2015).
Our findings align with the above data showimgp16.2 levels rising initially to
more than two thousand folds €. elegang2,579x) anl about four and a half
thousand inC. briggsae(4,608% following exposure to heat stress that gradually

declined afterwards. It is conceivable that a greater incredqsgp6.2may confer
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better protection of. briggsaeIn this regard, it is worth mentioning thHestp16.2

levels inC. elegansare reported to correlate with beneficial effects, i.e., rhepe

16.2 means better protection against stress and increased longevity of animals
(Walkeret al, 2001; Cypseet al.,2013; Mendenhalet al, 2017; Burnaevskigt

al., 2019).

Interestingly, whileC. briggsaeshowed a much higher increasehsp16.2
expression, it also exhibited a steeper decline with levels going back to normal after
24 hours. In contrast, expression dynamic€.irelegansvere much shallower and
levels remained significantly high after 24 hours (~10x). It remains to be
investigated whether the above differenceh@pl16.2 expression are intrinsic
characteristics of these twaenorhabditispecies, i.e., chaperon expression levels
and dynamics iC. elegandollowing heat treatment will differ fron€. briggsae
regardless of the temperature tested, or be dependent on the condition of the assay,
Il .e., expression trends in both Sspeci es
affect C. elegansviability. Unlike hsp 16.2 the levels of heaghock transcription
factor,hst1, were not greatly affected. This is not unexpected diség is mostly
regulated postranslationallyfollowing heat stresgHiguchi Sanabriat al, 2018).

It was shown that HSE is nuclear localized, leading to gene expressitangego
confer protection against heat str@glorton and Lamitina, 2013).

Overall, our work has uncovered differences in thermal resistance between
C. briggsaeandC. elegansWe found that both temperate and tropical isolat€ of
briggsae show similar resistance to heat pulses suggesting that a higher heat

tolerance is an inherent trait of this species. Interestir@lyhriggsaeshowed
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greater sensitivities to osmotic and oxidative stress. These findings indicate changes
in gene function and pathways in these two species, which confer resistance to
specific forms of stress. Further characterizatio@ obriggsaeand its comparison

to C. elegan$iold promise to uncover evolutionary changes in genetic and molecular

mechanisms of stress response signaling in animals.
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Figure 1: Size, male generation, opacity, and lipid analysis &. briggsaeand

C. eleganssolates
A. Length and width of dajt hermaphrodites of each strain. The inset graph shows
ratios of length to width for each isolate. The isolates-a¥e N2; A: AF16, H:
HK104, V: QX1410, and V: VX34. N&X34 is the only comparison that is
statistically significantn = 10 to 17 worms for each strain in a total of two batches.

All measurements are in micrometers (LuB)Male generation frequency of AF16

70



Ph.D Thesis Nikita Sudhir JhaveriMcMaster Universityi Biology

and N2 at15°C, 20°C and 28C. For AF16: 18C vs 20C: ns; 20C vs 28C: **,;

15°C vs 28C: **. For N2: 1%C vs 20C: *; 20°C vs 25C: *, 15°C vs 28C: **. The

assay was repeated twice for each strain and temperature cor@itiOpacity (as

a measurement of brightness of pixels) of AF16, HK104, VX34, QX1410 and N2

day-1 hermaphrodites. The assay was carried out in triplicates with n = 20 to 30 for

each strainD: Lipid staining using Oil Red O technique for AF16, HK104 and N2

day-1 animals. The assay was carried out in triplicates with n = 20 to 30 for each
strain.A-D. Data is represented as mean + SD. Statistical tests Bs@heway

ANOVA with Tukeyds mWAlQD.Preway AMOVIAWth i sons t
Dunnettds multiple comparisons test. Stat

asterisk (*): *p < 0.05; * p< 0.01; **** p< 0.0001; ns, not significant.
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Figure 2: Developmental time, brood size and life span of AF16 and N2 at

various temperatures
A. Time taken by 80% of AF16 and N2 population to reach young adults’@t 15
20°C and 28C. n = 109 to 159 in a total of three batches for both species and each
temperature conditio8-D. Temporal analysis at 6 (B), 2°C (C) and 28C (D).
E-G. Reproductive spans of AF16 and N2 aAgE), 20C (F), and 28C (G).H-
J. Brood size of AF16 and N2 hermaphrodites &#dC1EH), 20C (1), and 28C (J).

For E-J, 8-10 worms were measured for each temperature and each strain in a total
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of two batchesk-M. Life span of AF16 and N2 at 96 (K), 20°C (L), and 28C

(M). n = 2 batches of pooled worms, with minimum 20 worms scored in each batch
for each strain an@mperature conditio®-D and H-J: Data is represented as mean

+ SD. Statistical tests used, H-J: unpaired t testE-G, K-M: KaplanMeier Log

Rank (MantelCox) test. Statistically significant values are indicated by asterisk (*):

* p<0.05; *p<0.01; *** p< 0.0001; ns, not significant.

73



Ph.D Thesis Nikita Sudhir JhaveriMcMaster Universityi Biology

Figure 3: Effect of different heat stressconditions on AF16 and N2

A. Day-1 wild type C. elegangN2) andC. briggsagAF16) adults were exposed to

a range of temperatures for 2 hours for heat stBgS. briggsaesolates HK104,
VX34 and QX1410 were exposed to heat stress at 37C for 2 houra, Borthe
assay was repeated at least twice for each strain and temperature condition (n = 30
to 40 worms in each batct{. Day-1 N2 animals after a recovery period of 24 hours
following heat shock at 37C for 2 hou3. Day-1 AF16 animals after a recovery
period of 24 hours following heat shock at 37C for 2 holdrd\N2 day1 adultF.
AF16 dayl adult. The 20x magnified images of E and F are showsmandf,
respectively.G-l. Relative normalized expression b65p16.2 in heat shocked
worms of AF16 and N2 after a recovery period of 1, 6 and 24 hours, respectively.
the graph shows fold change in expressiohsg16.2for AF16 and N2. The inset
shows ratios of relative expression at each recovery time pinRelative

normalized expression dfsfl in heat shocked worms of AF16 and N2 after a
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recovery period of 1, 6 and 24 hours. Bat, K, the gPCR analysis was repeated
three times for each recovery period and each strain. Data is represented as mean *
SEM. Statistical tests useds, B. Chi-square testG-l, K: t-test. Statistically
significant values are indicated by asterisk (*)p*% 0.05; ** p < 0.01; ns, not

significant.
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Figure 4: Effect of oxidative and osmotic stress on AF16, H104 and N2
A. Day-1 worms were treated with 200mM PQ for 4 hours. Survival was measured
after each hourn = 112- 141 in a total of 2 batches (2 wells per batch) for all strains.
B. Day-1 AF16, HK104 and N2 animals were exposed to 300mM, 400mM and
500mM NacCl and survivability was measured after 24 hours. n = 37 to 78 in a total
of 2 batches for all strainé\. Data is represented as mean + SD. Statistical tests
used: A. Chi-square testB. Twoway ANOVA wi t h Tukeyos
Statistically significant values are indicated by asterisk (1) <*0.05; ** p< 0.01;

*** p<0.001; *** p<0.0001; ns, not significant.
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List of tables

Table 1.Reproductive span of AF16 and N2 animals at different temperatures. Each
assay was conducted in two batches. n represents the total number of animals from
combined batches. NAyot applicable (animals are sterile). See figure legends for

details of statistical analyses.

Genotype | Temperature | Mean lifespan + | Median Reproductive n p value
standard error lifespan span

N2 15°C 8.18 + 0.37 8 11 11 0.233

AF16 15°C 8.80 +0.29 9 11 10

N2 20°C 6.89 + 0.35 7 9 9 0.604

AF16 20°C 7.13+0.48 7 10 8

N2 28°C NA NA NA NA <0.001

AF16 28°C 3 +0.00 3 3 8
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Table 2.Lifespan analysis of AF16 and N2 animals grown at different temperatures.

Each

assay was

conducted in

t

w o

bat ches.

from combined batches. See figure legends for details of statistical analyses.

Genotype | Temperaturel Mean lifespan + | Median Maximum n p value
standard error lifespan life span

N2 15°C 28.31+1.16 26 41 42 0.161

AF16 15°C 27.4£0.92 26 40 40

N2 20°C 16.03 £ 0.39 16 22 40 0.002

AF16 20°C 17.97 £0.80 17 26 57

N2 28°C 5.05 + 0.04 5 6 92 <0.001

AF16 28°C 8.16 + 0.14 8 11 118
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Supplementary Figures
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Supplementary figure 1. Measurements of dayl adults of AF16, HK104 and

N2 males
Length and width of males are plotted. n = 10 animals for each strain, combined
from two batches. Data is represented as mean * standard deviation. All
measurements are in micrometers. @hay ANOVA wusing Dunnett
comparison test was used to azal data. The differences for length and width
between N2 and each of tk: briggsaeisolates were calculated and found to be

significant < 0.0001 in each case).
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Supplementary figure 2. Movement analysis of AF16 and N2
A. Amplitude of AF16 and N2 dag adults was measured. AF16 has a shorter
amplitude comparetb N2. B. There is no significant difference in the amplitude per
unit length between AF16 and N2. Four worms (10 waves per worm) were measured
for each strain in a total of two batchds. B. Data is represented as mearSD.
Statistical analysis was done using the student's unpaiestl Significant values are

indicated by asterisk (*). *p(< 0.05). ns, not significant.
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Supplementary figure 3. Opacity of N2 daf-2(e1370)and pry-1(gk3682)
Day-1 animals of N2daf2(e1370)andpry-1(gk3682)were measured for opacity.
Oneway ANOVA wusing Dunnettds multiple cor
differences between N2 amldf(e1370) and N2 angry-1(gk3682) n = 17 to 27
animals in a total of 3 batches for all straibsita is represented as mean + SD.

Statistically significant values are indicated by asterisk*t%.(p < 0.001); **** (p

< 0.0001).
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Supplementary figure 4. Body bending and pharyngeal pumping of AF16,
HK104 and N2 at 20°C

A. Day-1 animals of N2, AF16 and HK104 were analyzed for their body bends per
minute. There is no significant difference between N2 and bothigysaestrains.B.
Pharyngeal pumping of AF16, HK104 and N2 revealed no significant difference (ns)
between N2 and AF16, and N2 and HK104: 20- 30 animals in a total of 3 batches
for all strainsA, B. Data is represented as mean + SD. Statistical analysis was carried
out using onavay ANOVA using Dunnettos mul ti pl

significant.
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Supplementary figure 5. Heat stress t&€. briggsaemutants
C. briggsaemutants belonging tanc, sma, bli and lin category were exposed to heat
stress at L for 2 hours. Based on their response to touch, the animals were classified
into 3 categories after a 24%ur recovery period (see methods for detailed explanation
about each category). While the 2x outcros§dm-unc29(sy5440)strain showed
sensitivity to heat stress, the 4x strain was comparable to controls. In twoaises,
unc(sy5010)and Cbr-lin-11(sy5336) L4 stage larvae were also tested. Tler-
unc(sy5077animals are severely Unc and appear unhealthy, which likely affected their
response to heat treatment= 47- 152 worms collected from two to fobatches for
each of the strairBtatistical analysis was carried out using thesthiare test. *:((<
0.05), **: (p < 0.01), ****: (p < 0.0001). Only those strains showing values

significantly different from the AF16 control are indicated by stars.
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Supplementary tables

Supplementary table 1.Primers used in qPCR experiments.

Gene Oligo name Directon | 56 to 30 sequence
Celpmp3 GL747 Forward CTTAGAGTCAAGGGTCGCAGTGGAG
Celpmp3 GL748 Reverse | ACTGTATCGGCACCAAGGAAACTGG
Celhstl GL1631 Forward ATGCAGCCAGGATTGTCGAA
Celhstl GL1632 Reverse GCACGTTTTGAGTTGGGTCC
Celhsp16.2 GL1647 Forward GTCCAGCTCAACGTTCCGT
Cethsp16.2 GL1648 Reverse TCTCAGAAGACTCAGATGGAGAGAT
Cbr-iscu1 GL1406 Forward GTGCCGACGTTCTTGTCGTTT
Cbr-iscu1 GL1407 Reverse | GTGCCGACGTTCTTGTCGTTT
Cbr-hst1 GL1797 Forward TCATCTGGAGTTCAGTCATCCGTG
Cbr-hst1 GL1798 Reverse CTTCTCTCTCATCGAACGCATCTCG
Cbr-hsp16.2 GL1701 Forward CCGTCCAAGACCATTCTCTGT
Cbr-hsp16.2 GL1702 Reverse ACTGGGAGACGTTGAGGTTG
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Supplementary table 2.Mean length and width oCaenorhabditissolates. All
values are in micrometers (um). n, total number of animals combined from two

batches. SD, Standard deviation.

Strain Length Width n
Average SD Average | SD

N2 hermaphrodite 1051.34 81.40 61.54 2.58 10
N2 male 968.20 20.27 49.91 3.03 10
AF16 hermaphrodite 961.40 21.38 55.24 1.43 10
AF16 male 795.70 40.64 38.50 2.61 10
HK104 hermaphrodite 934.6 47.37 52.65 3.58 10
HK104 male 842.2 43.91 41.16 1.908 10
VX34 hermaphrodite 1076 93.15 54.55 2.079 13
QX1410 hermaphrodite 1023 94.23 55.67 3.55 16
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Chapter 3. Genome annotation ofCaenorhabditis briggsaby TEC-
RED identifies new exons, paralogs, and conserved and novel

operons

3.1. Preface

This chapter includes thep u b | i s h e dGenamet anmotateon df
Caenorhabditis briggsae by THRED identifies new exons, paralogs, and conserved
and novel Nikimehaeen!sWoutér yan den BetgByung Joon Hwang,
HansMichael Muller, Paul W. Sternberg, and Bhagwati P. Guf&3: Genes,

Genomes, Genetics, 12(htps://doi.org/10.1093/g3journal/jkac0This is an open

access article distributed under the terms ofGteative Commons CC Bhcense,

which permits unrestricted use, distribution, and reproduction in any medium, provided
the original work is properly cited.

1 Equal co-authors

In this study, we used the techniqueToainsspliced exon coupled RNA end
determination (TEERED) to improve the genome annotation of the commonly Gsed
briggsaewild isolate AF16. Our study is the first of its kind to use the bioinformatic
techniqgue TEERED to identify new exons, operons, and paralogs in the nem@tode
briggsae This technique also provided improved ORFs for known exons. Specifically,
we were able to identify 4,252 genes that wesias-spliced either by Spliced leader 1
(SL1) or SL2 inC. briggsae Of these, 94.8% had single transcripts whereas 5.2%

showed evidence for multiple isoforms. We also identified 14 genes that were only
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trans-spliced inC. briggsaebut theirC. elegan®rthologs lacked evidence of splicing.
We also put together operon modelsdn briggsae.Conservation analysis witQ.
elegansoperon models showed that only 40% operons were fully conserved between
the two, hinting towards evolution of operons. We also found evidence for paralogous
genes.

Our work is particularly important since work on genome annotationCfor
briggsaeis overshadowed by the more wkliown nematod€. elegansTherefore,
we were able to make a significant contribution to a species that has emerged as a model

organism for comparative studies.

Contributions
| and Wouter van den Berg performed the analysis using Perl. Both of us worked

on the figures and tables together. I, Wouter van den, BedDr. Bhagwati Gupta

wrote the manuscript. All three of us add

the final version to G3: Genes, Genomes, Genetics
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Abstract

The nematode Caenorhabditis briggsae is routinely used in comparative and evolutionary studies involving its well-known cousin
Caenorhabditis elegans. The C. briggsae genome sequence has accelerated research by facilitating the generation of new resources, tools,
and functional studies of genes. While substantial progress has been made in predicting genes and start sites, experimental evidence is still
lacking in many cases. Here, we report an improved annotation of the C. briggsae genome using the trans-spliced exon coupled RNA end
determination technique. In addition to identifying the 5’ ends of expressed genes, we have discovered operons and paralogs. In sum-
mary, our analysis yielded 10,243 unique 5’ end sequence tags with matches in the C. briggsae genome. Of these, 6,395 were found to
represent 4,252 unique genes along with 362 paralogs and 52 previously unknown exons. These genes included 14 that are exclusively
trans-spliced in C. briggsae when compared with C. elegans orthologs. A major contribution of this study is the identification of 492 high
confidence operons, of which two-thirds are fully supported by tags. In addition, 2 SL1-type operons were discovered. Interestingly, com-
parisons with C. elegans showed that only 40% of operons are conserved. Of the remaining opercns, 73 are novel, including 12 that en-
tirely lack orthologs in C. elegans. Further analysis revealed that 4 of the 12 novel operons are conserved in Caenorhabditis nigoni.
Altogether, the work described here has significantly advanced our understanding of the C. briggsae system and serves as a rich resource
to aid biological studies involving this species.

Keywords: nematode; C. briggsae; trans-splicing; spliced leader; operons; paralog; genome annotation

predictions (Hillier et al. 2007; Ross et al. 2011). While a diverse ar-
ray of techniques have been applied to improve the annotation of
the C. elegans genome (Hwang et al. 2004; Spieth and Lawson 2006;
Hillier et al. 2009; Salehi-Ashtiani et al. 2009; Allen et al. 2011), a
similar approach is lacking for C. briggsae. The current C. briggsae
genome annotation is largely based on homology with the C. ele-
gans genome. More analysis that uses experimental data gath-
ered directly from C. briggsae is needed to improve gene
identification and gene models. To this end, we used trans-spliced
exan coupled RNA end determination (TEC-RED) (Hwang et al.
2004), a technique based on exploiting the phenomenon of
spliced leader (SL) trans-splicing which has been observed in
nematodes and several other phyla including platyhelminths,

Introduction

Nematodes are a mainstay in fundamental biological research.
While most work has been based on Caenorhabditis elegans over
the last half a century since its proposed role as a model organ-
ism (Brenner 1974), the close relative Caenorhabditis briggsae offers
many of the same advantages in carrying out studies. Despite
diverging roughly 20-30 million years ago (Cutter 2008), the 2
species exhibit similar behavioral, developmental, and morpho-
logical processes including a hermaphroditic mode of reproduc-
tion (Gupta et al. 2007). Moreover, many of the experimental
techniques and protocols developed to manipulate C. elegans can
be adopted to C. briggsae with minimal to no modification (Baird
and Chamberlin 2006; Gupta et al. 2007). These features make

C. briggsae-C. elegans an ideal pair for comparative and evolution-
ary studies.

The genome of C. briggsae was sequenced many years ago and
revealed extensive genomic and genic conservation with C. ele-
gans (Stein et al. 2003). Subsequent work reported the assembly
of genomic fragments into chromosomes and improved gene

chordates, and trypanosomes (Lasda and Blumenthal 2011)

The advantage of TEC-RED compared with other genome an-
notation techniques like EST (Marra et al. 1998) and SAGE
(Veleulescu et al. 1995) is that it is capable of identifying tran-
scripts of most expressed genes, and uniquely allows for the
identification of S transcript start sites and alternative

Received: January 30, 2022. Accepted: April 14, 2022
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transcripts with different 5' ends of a gene. The approach is based
on 2 principles: (1) a short sequence from the 5 end of a tran-
script can be used to uniquely identify the initiation site of the
transcript and (2) the 5’ ends of most mRNAs are spliced to com-
mon leader sequences known as SL sequences. The SL trans-splic-
ing process involves replacing the outron of a pre-mRNA with a
22 nucleotide SL sequence donated by a 100-nucleotide small ri-
bonucleoprotein (Blumenthal 2005; Allen et al. 2011). C. elegans
and C. briggsae both have 2 types of SL sequences: SL1 and SL2
(Qian and Zhang 2008; Blumenthal et al. 2014).

We recovered well over 120,000 5’ end tags from sequencing
reactions representing 10,243 unique tags (7,234 for SL1; 3,009 for
SL2) with matches in the C. briggsae genome. The tags were ana-
lyzed using WormBase release WS276 to map unique hits in the
genome, resulting in the identification of a total of 4,252 genes.
Other tags with high confidence hits to unannotated regions or to
multiple locations of the genome identified 52 novel exons and
362 paralog genes, respectively. The novel exons could either rep-
resent previously unknown genes or new exons of existing genes.
The paralogs define 133 sets of 2 or more genes. Of these sets, 21
were confirmed as exact matches with known paralogs in
WormBase. The rest could potentially be new paralogous pairs
that need further validation. While the majority of the genes dis-
covered by tags confirmed 5’ ends of genes listed in WormBase,
there are many for which 5 ends indicated by tags differ from
current gene models, suggesting the need to revise existing anno-
tations.

A comparison of the splicing pattern of C. briggsae genes with
C. elegans revealed some changes. Specifically, 14 genes are
spliced to leader sequences in C. briggsae but their C. elegans
orthologs lack such splicing information. We also investigated
the presence of operons. It was reported earlier that 96% of C. ele-
gans operons are conserved in C. briggsae based on collinearity
(Stein et al. 2003). Our analysis revealed a total of 1,198 operons
including 492 for which splicing identities of 2 or more genes are
reported in this study. Of these operons, 333 are fully supported
by tags. Comparison of the latter with C. elegans revealed that
40% are conserved, the largest of which is composed of 7 genes.
Another 38% are termed partially conserved since gene sets do
not fully correspond to any of the operons in C. elegans. The
remaining are novel, i.e. consisting of divergent genes as well as
genes whose C. elegans orthologs are not reported in operons. Of
the divergent operons, 4 were found to be conserved in a closely
related sister species, C. nigoni. Lastly, 2 SL1-type operons have
been identified. Overall, the results presented in this study have
substantially improved the annotation of the C. briggsae genome
by identifying the 5’ ends of a large number of genes as well as
discovering novel operons, new exons, and paralogs. The findings
strengthen the utility of C. briggsae as a model organism and
serve as a platform to accelerate comparative and evolutionary
studies involving nematodes and other metazoans.

Materials and methods

Generation of tags

We followed the protocol described earlier for C. elegans (Hwang
et al. 2004). Briefly, the steps involved purification of poly(A) RNA
from the wild-type AF16 mixed stage animals, RT-PCR to gener-
ate ¢cDNA, amplification of cDNAs using biotin-attached primers
homologous to SL1 and SL2 sequences carrying mismatches to
create Bpml restriction enzyme site (Supplementary Tables 1-3),
digestion of amplified cDNAs using Bpml to produce short frag-
ments (termed “S’ tags”), ligation of tags to adaptor DNA

sequences, and sequential ligation of DNA to create concatenated
products. The ligated DNA pieces were cloned into a vector and
sequenced.

5'-Tag sequence analysis and exon identification
We wrote several Perl scripts to analyze the tags and genes. A
flowchart is provided in Supplementary Fig. 1. Briefly, tags were
collected and assigned unique tag IDs. Tag locations in the ge-
nome were determined by comparing the tag sequence to WS176
and WS276 genome files, where orientation and chromosome lo-
cation for each tag was noted. Subsequently the splice sequence
for each tag was obtained by finding the 7 bases directly up-
stream of each location where a tag matched on the genome.

The criteria to identify tag matches to exonic regions were de-
scribed earlier (Hwang et al. 2004). These included “same orienta-
tion of the tag as that of the corresponding exon,” “distance to
the first ATG,” “a minimum distance to the nearest in-frame stop
codon,” and “presence of a splice acceptor sequence following the
tag.” The latter was scored on how well they fit the consensus
splice site “TTTTCAG”" (Blumenthal and Steward 1997). In cases
where tags had multiple matches, we applied stricter splice ac-
ceptor site criteria. Perfect consensus sequence was given the
highest weight. Sites having mismatches were assigned lower
weights with priority given to conserved bases. While this ap-
proach resulted in most tags identifying unique exons, a small
number still showed multiple matches and were used to search
for potential paralogs (see below).

Each tag was used to find the nearest ATG of an open reading
frame, i.e. the proposed start of a coding sequence (CDS). This
ATG location was compared with known coordinates of start sites
of nearest exons as annotated in WS176 and WS276 genome an-
notation (gff3) files. This was done using coordinates of anno-
tated CDS. Two broad categories of exon matches were identified
based on tags that had unique matches: (1) where the 5' end cor-
responded to the start of a known exon (first exon: 1a, internal
exon: 1b) and (2) matches for which the 5 end differed from a
nearest exon (Fig. 1). Depending on the distance between the 5'
end and the exon, the second category of matches was further
divided into 2 subcategories. These consisted of exons that were
either within 20 bp from the 5’ end (“minor misprediction”) or fur-
ther away (“major misprediction”). The major misprediction
subcategory also includes matches where 5' ends were more
than 3kb away and may define brand new exons of existing
genes as well as potentially new, previously unknown genes.

Manual curation of genes

We found that 75 tag-matched genomic regions in the WS276
gff3 file had no known genes/exons within 3kb downstream of
the matched ATG. The surrounding chromosomal regions of
these matches were confirmed by manually searching the
WormBase genome browser for presence of annotated exons. Of
the 75, 21 were found to be false positives due to incorrect script
calls. Two were excluded from analysis because the genes are not
assigned to any chromosomes. The remaining 52 matches may
represent novel exons.

Analysis of intergenic regions and operons

The distance between 2 genes, termed “intergenic region” (IGR)
was determined based on the distance from the end of the 3' UTR
of an upstream gene to 5 start of the CDS of the immediate
downstream gene. Graphs were generated using Graphpad Prism
7.0 and Microsoft Excel. Genes having IGR >5,000bp (257) were
excluded from the analysis. For pairs of genes where the second
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Fig. 1. Representative model of locations of tag sequences within the genome. Three broad categories of matches are valid prediction (termed 1a and

1b), minor misprediction, and major misprediction.

gene is located within the first gene, IGR length is calculated as a
negative value. Intercistronic regions (ICRs) were calculated in
the same manner. The ICR analysis was done only for genes iden-
tified to be part of an operon.

‘We assigned genes to an operon in C. briggsae using criteria
established in C. elegans that is based on the SL identity and IGR
between subsequent genes (Blumenthal 2005). In brief, all genes
trans-spliced with SL2 or SL1/5L2 and present downstream of an
SL1-spliced gene were categorized into a single operon model
along with the upstream SL1-spliced gene. We based our as-
sumption of genes being in an operon together on this pattern of
SL sequences. If the splicing of the first upstream gene was un-
known, the operon models were termed “nontag-supported”
whereas those models in which the identity of the first upstream
gene was known were termed “tag-supported.” We compared the
“tag-supported” operon models with those in C. elegans
(WormBase) to determine how well operons are conserved. Based
on the conservation of genes, the “tag-supported” cperons were
classified into Exact match, Partial match, and Novel.

We confirmed the splicing of Cbr-rpb-6 by reverse transcription
followed by polymerase chain reaction (RT-PCR) amplification
using SL1 and SL2 primers and a sequence-specific down primer
GL1764 (GTTGAAGTTGTTCGGTGG). The examination of PCR-
amplified products on an agarose gel showed a strong signal
for the SL1 primer and a faint signal for the SL2 primer
(both same size). The SL1 primer-amplified piece was confirmed
by sequencing.

We examined the enrichment of germline genes in C. briggsae
high confidence operons. For this, C. elegans orthologs were iden-
tified and researched for association with germline function
(Wang et al. 2009). The significance of overlap was tested by
the hypergeometric probability test. Next, to identify processes
related to genes in operons, gene ontology (GO) (Ashburner et al.
2000) analysis was carried out for all operon genes. A similar
analysis was conducted for genes present in C. elegans operons
using a published dataset (Allen et al. 2011).

Paralog analysis

A total of 203 tags had multiple hits in the genome. Since many
of these consisted of overlapping sequences, we retained enly the
longest tags. This filtering step narrowed down the count to 158.
The genes identified by these tags were compared with annotated
paralogs in WormBase. The matches allowed us to place the pre-
dicted paralogs into 3 different categories. Genes that were paired
as paralogs with newly discovered exons were excluded.

Uniquely spliced C. briggsae genes

To identify the genes that are trans-spliced in C. briggsae but not
in C elegans, we used datasets published by 2 different
groups that together constitute the most complete collection of

Table 1. Overview of SL1 and SL2 5 tags identified in the study.

Total unique tags Matches in genome Unique hits Multiple hits

All 14,678 10,243 4,753 5,490
SL1 10,400 7,234 3,281 3,953
SL2 4,278 3,009 1,472 1,537

trans-spliced genes in C. elegans (Allen et al. 2011; Tourasse et al.
2017). Initial comparisons with the Allen et al. dataset revealed
198 genes that are present only in our analysis. The number was
further reduced to 14 genes when compared with the Tourasse
et al. study (Supplementary File 3).

Results

Overview of the TEC-RED method in C. briggsae

To implement the TEC-RED approach to identify transcripts, we
first isolated C. briggsae mRNAs containing an SL1 or SL2 se-
quence at their 5 ends. A total of 121,189 5 tags (91,733 for
mRNA with an SL1 and 29,456 for mRNA with an SL2 SL se-
quence) were recovered from DNA sequencing reactions. These
tags represent 14,678 different sequences, of which 10,400 (71%)
are for SL1 and 4,278 (29%) for SL2 sites. More than two-thirds of
all tags found matches in the genome (10,243, 70%), of which 46%
are unigue, i.e. matching only once and others matching multiple
times (Table 1). The proportions were similar for both SL catego-
ries, demonstrating no bias in the experimental protocol. The
remaining 4,435 tags (30%) had no match, for which there might
be several reasons. One, our search criteria was strict. Since TEC-
RED tags are very short (~14 nucleotides), we did not allow for
mismatches at the risk of getting too many nonspecific hits in
the genome. Other possibilities include sequencing errors, gaps in
the genome sequence, and incorrect sequence assembly.

Exon validations and predictions in C. briggsae
based on 5’ tag matches

A total of 62.5% of all tags (6,395 of 10,243) matched to exonic
regions and were retained for further analysis (Table 2). The
remaining tag matches were excluded because they did not pass
the search criteria (such as incorrect orientation, nonconsensus
splicing site, etc.; see Materials and Methods for details). Next, we
determined the locations of these tags relative to annotated
exons in WormBase. Most of the tags (6,192, 96.8%) matched
uniquely to 1 exon, with a small number having multiple
matches (203, 3.2%) (Supplementary File 1). For both SL1 and SL2
tags, roughly 80% of the matches correspond to known 5 ends of
annotated genes (category 1a), providing support to existing gene
models in WormBase. Less than 1% of the tags matched to inter-
nal exons (category 1b), suggesting an alternate 5’ end of the
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corresponding genes. The remaining tags identified start sites
that differed from current WormBase gene models and were cat-
egorized as mispredicted genes. In most of these cases (roughly
three-quarters of all mispredictions) the nearest exon was more
than 20bp away. This leads us to suggest that, particularly in
these cases, existing gene models may need to be revised. These
exons may define new 5" ends of known genes as well as novel,
previously unidentified genes. More experiments are needed to
investigate these possibilities. As expected, both types of tags, i.e.
with unigue and multiple hits have a similar distribution of cate-
gories (Fig. 2; Supplementary File 1).

Identification of genes based on tag matches

Next, we compiled a list of C. briggsae genes based on exons iden-
tified by unique tags. A total of 4,252 genes were recovered by SL1
and SL2 tags (Supplementary File 2). Almost two-thirds of the
genes (65%) are spliced with SL1 and 18% with SL2. Another 18%
of exons matched with both SL1 and SL2 tags (SL1/SL2), suggest-
ing the genes are part of hybrid opercns (Allen et al 2011)
(Table 3; Supplementary File 2). Based on their genomic locations,
these genes are roughly evenly distributed on the chromosomes
except for Chr. X which had the lowest gene count. However, the
trend was different for gene density with Chr. III being the dens-
est chromosome and Chr. X the sparsest (Supplementary Table
4). Whether the uneven distribution is by chance or a characteris-
tic of trans-spliced genes in C. briggsae remains to be seen. A tiny
fraction of genes (0.1%) is located on unmapped genomic frag-
ments.

The recovery of C. briggsae genes prompted us to examine evo-
lutionary changes in trans-splicing. A comparison with C. elegans
studies (Allen et al. 2011; Tourasse et al. 2017) revealed 14 genes
that appear to be uniquely spliced to leader sequences in C. brigg-
sae but not in C. elegans (Supplementary File 3).

Table 2. Breakdown of tag matches into different categories.

Category of tag matches SL1 SL2 Total

la 3,537 1,542 5,079 (79.4%)
1b 20 3 23 (0.3%)
Minor misprediction 245 91 336 (5.2%)
Major misprediction 639 291 930 (14.5%)
Others 22 5 27 (0.4%)
Total 4,463 1,932 6,395

The numbers include both unique and multiple hits. Tag matches termed as
“Others” are those that cannot be placed uniquely into any of the main
categories.

(a) mla ®1b ® MinorMP = MajorMP ® Others
Single
Multiple -
Combined |
S

Next, we searched for transcripts resulting from cis-splicing of
the C. briggsae genes. Almost 95% of the curated genes (4,025 of
4,252) were found to be associated with unique tag sequences, i.e.
5’ ends matched to just 1 exon, providing support for the pres-
ence of a single transcript for these genes (Table 4). In the major-
ity of cases (82%, 3,288 of 4,025), the tag-identified 5 ends
matched with a known first exon (category 1a tags). Less than 1%
of the tags identify 5 ends that match with internal exons (cate-
gory 1b). The remaining genes (18%) consist of exons belonging to
minor and major misprediction categories. The rest of the genes
(5%, 227 of 4,252) identified by tags consist of those that produce
multiple transcripts (Table S). In 84% of these cases, at least one
5" end identified by tags matched with the first exon (category
1a). Five of the genes were alternatively spliced using internal
exons as the 5 start site (category 1b). Most of the genes con-
sisted of at least 1 major mispredicted exon, suggesting that
genes with multiple splice variants require further validation.

As mentioned previously, 203 tags had multiple matches in
the genome. Further analysis narrowed down the set to 158
unique sequences (see Materials and Methods). We reasoned that
these tags may represent paralogs and performed searches in
WormBase. The analysis identified 133 potential paralog sets
consisting of 362 genes. These sets fall into 3 distinct categories
(Supplementary File 10). Paralogs that fully matched with
WormBase annotation were termed "Exact Match” (21 paralogous

Table 3. Breakdown of genes by spliced leader sequences.

Spliced leader type Number of genes
SL1 2,750 (65%)
SL2 743 (18%)
SL1/5L2 759 (18%)
Total 4,252

Table 4. Genes supported by the presence of a single 5" end
(single transcript)

Category of matches  SL1 sL2 SL1/SL2 Total
la 2,142 (65.2%) 558 (17.0%) 587 (17.9%) 3,287
1b 14 (87.5%)  1(6.2%) 1 (6.2%) 16
Minor misprediction 146 (71.6%) 34 (16.7%) 24 (11.7%) 204
Major misprediction 357 (69%) 127 (24.6%) 33 (6.4%) 517
Total 2,659 720 645 4,024

Numbers refer to genes identified by SL1, SL2 and SL1/SL2 tags. Novel exons
and potential paralogs are excluded

(b) Wla ®1b ® MinorMP = Major MP M Others
Single
Multiple -
Combined ‘
ot s ok st o

Fig. 2. Proportion of tags belonging to different categories. The majority of SL1 (a) and SL2 tags (b) have single (unique) hits in the genome and belong to
category 1a, i.e. predicted 5' ends match with WormBase gene models. 1b: predicted 5' end match with an internal exon. Minor MP, minor
misprediction; Major MP, major misprediction; Others: mixed category of matches
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Table 5. Genes supported by the presence of multiple 5" ends.

Category of matches SL1 SL2 SL1/SL2 Total
laand 1b 2(25%) 0 3(75%) 5
1b Q 0 0 0
1a and minor misprediction 14 (36%) 7 (18%) 18(46%) 39
la and major misprediction 57 (39%) 14 (10%) 74(51%) 145
Others 2(33%) 0 4(67%) 6
All mispredicted exons 16 (50%) 2 (6%) 14 (44%) 32
Total 91 23 113 227

Numbers refer to genes identified by SL1, SL2 and SL1/SL2 tags. Genes for
which exons belong to multiple categories are grouped as 'Others’. Novel
exons and potential paralogs are excluded.

sets, 42 genes). The other sets matched only partially or did not
match to paralog sets recorded on WormBase (Partial Match: 66
sets, 174 genes; No Match: 46 sets, 146 genes). It is worth men-
tioning that about half of the genes in the No Match category
have no paralogous information available, whereas the remain-
ing half have paralogs in WormBase but these did not match with
our analysis. To further validate the paralogous relationships, we
determined chromosomal locations of the genes. Gene duplica-
tions arising from mechanisms such as slipped-strand mispairing
can cause the creation of paralogous genes in adjacent stretches
of sequence on the same chromosome (Levinson and Gutman
1987). In C. elegans, paralogs originating from gene duplications
are more than twice as likely to be present on the same chromo-
some and tend to be located closely together (Semple and Wolfe
1999). Additionally, studies in humans and other higher eukar-
yotes have revealed that intergenic distances between paralogous
genes are smaller than random gene pairs on the same chromo-
some (Ibn-Salem et al. 2017). Of the paralog sets identified in this
study, 63% (84 sets) were present on the same chromosome in-
cluding 35% (16 sets) that belong to the No Match category. The
IGR analysis revealed that the distances in 5 cases are <10kb
(Supplementary Table 5), which is more than 500-times shorter
than the average distance between a random pair of genes on the
same chromosome (558 = 0.89Mb in C. elegans) (Lee and
Sonnhammer 2003).

Validations of TEC-RED-identified transcripts

We took 3 different approaches to validate subsets of TEC-RED
predictions with the goal of demonstrating the usefulness of the
technique in improving gene identification and gene models. One
approach involved comparing different categories of tag-
identified exons between 2 WormBase releases. As described
above, a significant number of exons are categorized as minor
and major mispredictions (22%, 943 of 4,252; see Tables 4 and 5).
We hypothesized that mispredicted exons may be confirmed
with improvements in genome annotation. To test this hypothe-
sis, category 1a of transcripts were compared with those reported
in an older WormBase release (WS176). The analysis involved SL1
spliced transcripts belonging to category 1a (2,142) (Table 4). As
expected, a vast majority of the genes (73.9%, 1,583) are in cate-
gory 1a in both releases, providing support for these gene models
(Fig. 3, a and d; Supplementary File 4). The next 2 largest catego-
ries consist of genes that are mispredicted (11.7%, 250 genes) and
newly predicted, ie. absent in WS176 (13.3%, 286 genes). Few
genes (0.5%, 11) have start sites that correctly match with inter-
nal 5 ends of internal exons. The rest (0.6%, 13 genes) could not
be uniquely placed into a single category since these had multiple
tag matches in the older annotation. Roughly, similar results
were obtained by analyzing 1a category of SL2 spliced and SL1/
SL2-spliced genes (182 genes, 115 genes, respectively) (Table 4

and Fig. 3, b-d; Supplementary File 4). Altogether, 858 annotation
improvements are supported by our analysis. The demonstrated
Improvements in gene identification and genome annctation as
observed in WS276 prove the accuracy of our %' start site determi-
nation method.

The second type of validation focused on a subset of the major
misprediction category of genes whose 5 ends mapped more
than 3kb away from nearest exons. Most of these (94%, 49 of 52)
are in IGRs (Supplementary File 5). Thirty-seven percent (19 of 52)
of the exons are supported by RNA sequencing reads
(WormBase), providing proof of accuracy to our method
(Supplementary Fig. 2). These novel exons are likely to either be-
long to nearby existing genes or define brand new genes

The last set of validations consisted of comparisons with C. ele-
gans gene models. In this case, category 1b of single and multiple
transcripts (Tables 4 and 5, respectively) were manually exam-
ined. The results showed that 38% of newly discovered 5 ends (6
single transcript and 2 multiple transcripts) are supported by C.
elegans orthologs (Supplementary Fig. 3 and File 6), providing fur-
ther support to our analysis. We took a similar approach to ana-
lyze a subset of transcripts in the major mispredictions category.
Of the 10% of such predictions that were tested, 34% (17 of 50) are
supported by WormBase C. elegans gene models. With this suc-
cess rate, another 115 of the remaining single transcript genes of
the major misprediction category are likely to be validated.
Overall, the 5' tag analysis serves as a rich resource to improve
the C. briggsae genome annotation.

Discovery of operons
The identification of genes based on unique tag matches in C.
briggsae allowed us to search for operons. In C. elegans it has been
shown that the first gene in an operon is SL1 spliced (Conrad et al.
1991), whereas downstream genes are spliced either with SL2,
SL2 variants or both SL1 and SL2 (Blumenthal 2005). An operon
that contains at least 1 gene spliced with both SL1 and SL2 1s con-
sidered a “hybrid operon.” Ultimately, global analysis of trans-
splicing in C. briggsae will reveal all operons and operon genes.
Our data suggest the existence of up to 1,198 C. briggsae oper-
ons (Table 6; Supplementary File 7). These include 333 operons
that are fully supported by tags, i.e. we were able to determine
the splicing pattern of every gene, with operons ranging from 2 to
7 genes The remaining 865 operons (ranging between 2 and 6
genes) are categorized as “Predicted operons” since the splicing
identity of the first gene in these cases remains to be determined
In this set, the predicted operons that contain 3 or more genes
(159) are large enough to be labeled as bona fide operons. Added
together with the 333 fully supported operons, this allows us to
report at least 492 operons in C. briggsae with sufficient certainty.
In C. elegans, operon genes tend to be very closely spaced, typi-
cally having an ICR of <1kb (Allen et al. 2011; Blumenthal et al.
2014). To examine whether the same is true in C. briggsae, we cal-
culated ICRs and found that a vast majority of the genes (78%)
are separated by <200bp (Fig. 4). We also determined IGRs for
SL1 and SL1/SL2 hybrid spliced genes discovered in our study.
The results suggested that the IGR to the nearest gene upstream
of SL2-spliced genes 1s smaller compared with those spliced with
SL1 and SL1/SL2. While the SL2-spliced genes have a median dis-
tance of 180bp, the medians of SL1 and SL1/SL2 spliced genes are
4,631 and 1,242bp, respectively (Fig. Sa). Furthermore, as we
would expect, genes with larger IGRs are more likely spliced with
SL1 than SL2 or SL1/SL2 (Fig. Sb; Supplementary File 8) and are
thus less likely to be part of the same operon
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Fig. 3. Reclassification of genes from WS176 categories to category 1a in WS276. Only single transcript genes were compared. Venn diagrams, with
WS276 genes of category 1a in black circles and WS176 genes of various categories in colored circles. Numbers in overlapping circles represent genes of
a given category in WS176 that are annotated as 1a type in WS276. Numbers in the middle of black circles (nonoverlapping) represent genes that are
unique to WS276 analysis. a) 286 or 13.2% of SL1-spliced; b) 107 or 19.0% of SL2-spliced; c) 53 or 9% of SL1/SL2 hybrid-spliced] whereas those in brackets
next to colored circles are total genes identified by tag searches in WS176. d) Histogram showing the proportion of genes with matching ' ends in
'WS276 (category 1a) that overlap with various categories in the WS176 analysis.

Table 6. Breakdown of C. briggsae operons based on the number of genes present.

No. of operons Operons consisting of
2 genes 3 genes 4 genes 5 genes 6 genes 7 genes
Tag-supported operons 333 261 54 15 2 0 1%
Predicted operons 865 706 125 26 4 1 0

Operons are placed into 2 broad categories, those consisting entirely of genes with known spliced leader sequences (Tag-supported) and others where the spliced

leader identity of the first gene is unknown (Predicted).

* The operon CBROPX0001 contains 8 genes in total. The first gene (Cbr-rpb-6) lacks a tag but has been confirmed by RT-PCR as SL1 spliced.

Tag-supported operons

We examined the conservation of tag-supported operons in C. ele-
gans. The analysis of orthologs helped define 3 distinct categories
(Supplementary File 7). The 2 largest categories are named “exact
match” and “partial match” operons (40% and 38%, respectively).
Exact match operons consist entirely of C. elegans orthologs,
whereas in partial match operons only some of the genes are con-
served. The remaining one-fifth of operons define a third cate-
gory, named “novel” (73). While a majority of these (61, 18%)

consist of conserved genes whose orthologs are not present in C.
elegans operons, others (12, 4%) consist of divergent, C. briggsae-
specific genes.

The largest C. briggsae operons (CBROPX0001) was found to
consist of 7 genes, 6 of which (CBG25571, CBG03062, CBG25572,
CBG03061, CBG03060, CBG03059) are conserved in C. elegans and
are part of the orthologous operon CEOP2496. The fifth gene in
CBROPX0001 (CBG25573) does not appear to have a C. elegans
ortholog. Syntenic alignments revealed that CBG25573 is
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Fig. 4. Frequencies of ICR lengths between SL2 and hybrid-spliced genes in operons. ICRs are sorted in bins of 100 nucleotides. For pairs of genes where
the second gene is within the first gene, ICR is calculated as a negative value. For bin sizes, round brackets indicate exclusive bound, square brackets
indicate inclusive bounds. Genes with larger than 2kb ICRs are shown as a single peak.
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Fig. 5. IGRs of genes identified by tag matches. a) Box plots show IGRs for SL1-spliced, SL2-spliced, and SL1/SL2-spliced genes. The inside line marks the
median; lower, and upper lines represent the borders of the 25th and 75th quartile of the data sample, respectively. Whiskers enclose the 10-90% range
of the data. b) 100% stacked columns of IGR length. Lengths are sorted in bins of 500 nucleotides. For pairs of genes where the second gene is
overlapping or inside the first gene, length was calculated as a negative value. For bin sizes, round brackets indicate exclusive bound, square brackets

indicate inclusive bounds.

conserved in C. brenneri, suggesting that the gene may have been
lost in the C. elegans lineage (Supplementary Fig. 4). While we did
not recover a tag for Cbr-rpb-6 (CBG03063), whose ortholog is the
first gene in CEOP2496, we hypothesized that it is part of C. brigg-
sae operon CBROPX0001 based on the distance from its neighbor
CBG25571 (195 bp) (Fig. 6). RT-PCR experiments revealed that Chr-
pb-6 is spliced to the SL1 leader sequence (Supplementary Fig. 5),
thereby providing support to our hypothesis. We conclude that
CBROPX0001 contains 8 genes.

A few operons were manually updated. For example,
CBROPX0002 was split based on consensus SL, ICR between the
genes (4,759), and homology information in C. elegans, resulting in
2 different operons: CBROP0132 (CBG01778, CBG31146, CBG01779)
and CBROP0133 (CBG01783, CBG01784). In a different case,
CBROPX0007 is predicted to consist of 4 genes (CBG03212,
CBG03213, CBG03214, and CBG03215) (Supplementary Fig. 6). The
C. elegans orthologs of these genes constitute 2 distinct operons
(CEOP2396 and CEOP2749) (Fig. 7). While the ICR between
CBG03213 and CBG03214 is larger than 2kb, all downstream
genes in CBROPX0007 are either SL2 or SL1/SL2 spliced. Further

experiments are needed to validate the structure of CBROPX0007.
Table 7 lists the updated numbers of operons in each category.

We also analyzed partially conserved operons in some detail.
While all of these contain C. elegans orthologs, their structures
are not conserved. Specifically, the number of genes or some of
the orthologs in corresponding operons differ between the 2 spe-
cies (Supplementary File 7). Of the 128 such operons, 83 contain 2
or more conserved genes including 58 (70% of 83) with <1kb ICR
between every gene. One such operon (CBROPX0003) consists of 5
genes (Fig. 8). While the C. elegans operon CEOP1484 contains
orthologs of all of these, CEOP1484 encompasses 3 additional
genes.

Our tag searches identified 73 novel operons (Supplementary
File 7). A majority of these (61, 84%) consist of a mix of conserved
genes and those that lack orthologs in C. elegans. It is important
to point out that none of the conserved genes are part of C. ele-
gans operons. The other 12 (17%) operons consist entirely of genes
that lack orthology in C. elegans. In 7 of these cases, ICRs are
<1kb, providing further support to the operon structures
(Table 8).
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figures are modified versions of images obtained from WormBase Jbrowse 2
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Fig. 7. C. briggsae operon CBROPX0007. a) A cluster of 4 genes that define CBROPX0007. b) The orthologs of the 4 genes are split between 2 C. elegans

operons CEOP2396 and CEOP2749.

To investigate whether the 12 novel operons are unique to
C. briggsae or might be conserved, the analysis was extended to
C. nigoni, a sister species to C. briggsae (Woodruff et al. 2010). For
this, we manually searched 5’ upstream regions of orthologs
with >90% sequence similarity to 5’ tags and splice acceptor sites
of C. briggsae genes. The sequence searches revealed that 4 of the
operons have orthologs in the same genomic order with highly
similar splice site sequences and small ICRs (>1,200bp), suggest-
ing that they are conserved (Supplementary File 11).

Predicted (nontag-supported) operons

We report 865 predicted operons (Supplementary File 7). While
the downstream genes in these cases are spliced either with SL2
or SL1/SL2, the splicing status of the upstream gene is unknown.
Most, if not all, of these are predicted to be genuine operons,
especially those that are larger, i.e. consist of more than 2 genes.
A comparison with C. elegans of 159 operons containing 3 or more
genes revealed that 26 (16%) are fully conserved. A couple of
examples include CBROPX0206 (5 genes) (Fig. 9, a and c) and
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CBROPX0207 (5 genes) (Fig. 9d). The corresponding C. elegans oper-
ons are CEOP4500 (6 genes) (Fig. 9, b and c) and CEOP5248 (7
genes), respectively (Fig. Se). Comnparison of genes in CBROPX0206
and CEOP4500 revealed that these share 4 orthologs. We ob-
served 2 additional differences between CBROPX0206 and
CEQP4500: the order of genes has changed and CBROPX0206
includes CBG26297 which appears to lack a C. elegans ortholog
(Fig. 9¢). Given that CBG06240 and CBG36241 are immediately up-
stream of CBROPX0206 and their orthologs are part of CEOP4500,
the C. briggsae operon may be extended to include both these
genes. However, we have excluded these from our operon model
in the absence of corresponding TEC-RED tags. The second exam-
ple, CBROPX0207, contains 5 genes, all of which have orthologs in
CEOP5248. However, the C. elegans operon contains 2 additional
genes (ZK856.16 and ZK856.19) which are not conserved in
C. briggsae.

Uyar et al. (2012) had previously reported operons in C. briggsae
based on RNA-seq experiments. A comparison with our dataset
revealed partial or complete overlap with 195 operons (16%),

Table 7. Tag-supported operons in C. briggsae.

Operon type ‘Number (% of total)

Fully conserved operons (Exact match) 132 (40.1%)

Partially conserved operons (Partial match) 128 (38%)
Novel opercns 73 (21.9%)
* consisting of both divergent genes 61 (18.3%)
as well as orthologs that are not part
of C. elegans operons
= consisting entirely of divergent genes 12 (3.6%)
Total 333

Exact match operons are conserved between C. briggsae and C. elegans. Partially
conserved operons may contain some but not all orthologs that are part of
corresponding C. elegans operons. Novel operons may contain C. elegans
orthologs and divergent, C, briggsae-specific, genes.

including 15 that are identical (Table 3; Supplementary File 7). A
lack of significant match between the 2 datasets is unexpected.
One explanation would be that gene models and genome assem-
bly have undergone substantial changes since the previous
study.

SL1-type operons

We also found 2 operons that contain only SL1-spliced genes
These genes are positioned directly adjacent to one another, with
no space between them. The SL1-type operons have been de-
scribed previously in C. elegans and shown to lack ICR (Williams
et al. 1999). One of the C. briggsae SL1-type operons consists of 2
genes: CBROP0134 (CBG16825, Chbr-vha-11/CBG16826). Its C. elegans
ortholog, CEOP4638, also consists of 2 genes. Another SL1-type
operon identified by our study 1s CBROPX0001. Its C. elegans ortho-
log is CEOP2496. Interestingly, CBROPX0001 and CEOP2496 con-
sist of more than 2 genes (Fig. 6). In the case of CEOP2496, the
first 2 genes (rpb-6 and dohh-1) are known to be spliced exclusively
with SL1 (defined as SL1 operon) whereas the remaining down-
stream genes with SL2 or both SL1 and SL2.

There is also a potential SL1-type operon consisting of
CBG03984 and CBG03983. These 2 genes have a single base pair
IGR (Fig. 10). Interestingly, the C. elegans orthologs, F23C8.6 and
F23C8.5 (SL1 and SL1/5L2 spliced, respectively) are part of 1 op-
eron, CEOP1044, with an ICR of more than 400bp (Allen et al.
2011). More work is needed to determine whether the C. briggsae
genes are indeed part of an SL1-type operon.

Caenorhabditis briggsae operons show enrichment of
germline genes and highly expressed growth genes

Studies in C. elegans and Pristionchus pacificus have reported that
germline genes are overrepresented in operons (Reinke and
Cutter 2009; Sinha et al. 2014). We did a gene-association study in
C. briggsae to examine a similar possibility. The results revealed a
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Fig. 8. Partially conserved operon and its C. elegans ortholog. a) CBROPX0003 is an example of a partially conserved operon identified in this study. b)

CEOP1484, C. elegans operon orthologous to C. briggsae operon CBROPX0003.
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