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Introduction: 

 
Epigenetics is the study of phenotypic changes that do not involve alterations of 

genomic DNA nucleotide sequences. These phenotypic alterations result from 

differential gene expression that are governed by mechanisms “above” (from the Greek 

“epi”) the genetic code. Differential gene expression is essential for the development of 

various cell lineages within an embryo and into adulthood. Developmental signals 

induce differential gene expression not only by initiating transcription via transcription 

factors and cis-regulatory elements, but also by causing changes in chromatin structure 

to provide steric access to the core DNA sequences. (D’Urso et al., 2014) Fluctuations 

in gene expression defines cell identity and their potential for differentiation. Like 

mutations and allele variants, epigenetic changes can also be maintained through 

subsequent cell divisions, even in the absence of the initial developmental signals. 

One of the best studied examples of the interplay between gene expression and 

epigenetic changes is the developing of Drosophila melanogaster embryo, where 

expression of homeotic genes is established by transient expression of the 

segmentation transcription factors (D’Urso et al 2014). The access of these transcription 

factors to DNA sequences is a result of altering chromatin structure via epigenetic 

mechanisms (Stephens et al., 2018). After these factors release their bind of DNA, the 

expression patterns of many genes, including the homeotic genes, is maintained 

through many cell divisions (D’Urso et al., 2014). Gene regulation and maintenance is 

also achieved through post-translational epigenetic mechanisms such as RNA 

silencing/activation via siRNAs, sRNAs, and microRNAs. Increasingly it appears that 

among the most influential epigenetic changes regulating gene expression are covalent 
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modifications to either the DNA itself (DNA methylation/acetylation) or post-translational 

covalent modifications of histones H2A, H2B, H3 and H4. These changes result in an 

alteration of the timing and amplitude of when genes are expressed, that ultimately 

dictate the ability of canonical transcriptional machinery to read the DNA code. In this 

way, modification of chromatin structure by chromatin modifying enzymes are critical 

determinants of cell fate in a developing embryo. 

Chromatin has two opposing states: euchromatin where DNA is transcriptionally 

active (or accessible by transcriptional machinery), and heterochromatin where DNA is 

transcriptionally inactive (cannot be accessed by transcriptional machinery) (Bannister 

et al., 2011). The extent to which the chromatin transitions between these two states is 

a crucial determinant of gene expression. The basic repeating structural (and functional) 

unit of chromatin is the nucleosome, which contains eight histone proteins and about 

146 base pairs of DNA (Van Holde, 1988; Wolffe, 1999, Annunziato et al., 2008). 

Histones can be enzymatically modified on their chains of amino acid tails by the 

addition or removal of acetyl, methyl, or phosphate groups (Fischle et al., 2005). The 

most typical modifications of gene expression are a result of post-translational histone 

modifications (PTMs) on amino acid chains (tails) of the histones (Bowman et al 2015). 

Likewise, these marks are reversible and can be added and removed enzymatically in 

response to developmental signals (Greer et al 2012). Together this system is 

intrinsically plastic, as each mark can be altered in response to environmental and 

cellular stimuli. 

Histone tail modifications contribute to the control of gene expression by 

influencing chromatin compaction and accessibility of cis regulatory elements such as 
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gene promoters to transcriptional machinery (Bannister et al 2011). The histone marks 

provide a 3-dimensional chemical signature that recruits enzymes which can further 

activate or repress gene expression (Dong et al 2013). These enzymes are known as 

readers, writers, and erasers. Together they work in concert with one another to 

properly regulate a gene (Zhang et al., 2015). The quality and quantity of histone 

modifications and the degree to which those marks activate or repress chromatin 

constitutes the “histone code,” a code that is far from being understood. 

This histone code is massively complex and the understanding of which is the 

reason this is such an enormous project comparable to that of the human genome 

project (Riveria et al., 2013). For example, the tails of the four standard histones: H2A, 

H2B, H3, and H4 can be modified at different sites with different modifications; some 

marks act together while other marks are mutually exclusive (Zhang et al 2015). For 

example, histone 3 tails contain nineteen lysines which are known to be either mono, di, 

or tri methylated (Karachenstev et al., 2006). In theory, there are approximately 44 

million histones in the human genome and if these modifications are independent of 

each other, this allows a potential for 280 billion different lysine methylation patterns in 

every cell. Lysine acetylation, methylation and arginine methylation, increase global 

accessibility of DNA which open up heterochromatin. 

Similarly, this does not even include modifications of other histones such as H2A, H2B, 

or H4. 

In theory, every nucleosome in a cell could potentially have a different set of 

modifications. Such a possibility is mindboggling and raises the question of whether 

evolution has selected for common reproducible patterns of histone modifications. A 
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study of 40 histone modifications across human gene promoters found over 4000 

different combinations of histone modifications used (Chih et al., 2005). Despite the 

enormity of possibilities, patterns were discovered including a set of 17 histone 

modifications that are present together at over 3000 genes (Wang et al 2008). This 

indicates possible collaboration between multiple chromatin modifying proteins to 

perform a common task of either repression or activation of genes. Therefore, 

recognizable and repeated patterns of histone modifications do occur, but they are 

very intricate. We currently have detailed biochemical understanding of the importance 

of a relatively small number of histone modifications. Thus, elucidation of the readers, 

writers, and erasers in establishing and utilizing the histone code requires additional 

research to come. 

Mechanisms of Histone Methylation and Acetylation 

 
Histone methylation and acetylation, two writer “marks”, occur on all basic amino 

acids, arginines, lysines, and histidines (Smith et al., 2010). This process involves 

methyl or acetyl groups being transferred or removed to amino acid residues of histone 

protein tails in nucleosomes (Rechsteiner et al 2010). Regulation of histone methylation 

and acetylation is achieved through a family of so called “writer” enzymes: those that 

catalyze addition of methyl groups (histone methyl transferases), those that catalyze the 

addition of acetyl groups (histone acetyl transferases), so called erasers: those that 

catalyze removal of methyl groups (histone demethylases), and those that catalyze the 

removal of acetyl groups (histone deacetylases) (Greer et al 2012). The targets of the 

enzymes are R-groups of basic amino acids that are found in histone tails (Bannister et 

al 2011). The most extensively studied histone methylation and acetylation sites on the 
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histone tails include those with lysine on histone 3, lysines 4, 9, 27, and 36 (i.e. H3K4, 

H3K9, H3K27, H3K36) 

In the case of deacetylation, an acetyl group is removed from the histone tail 

giving the histone a more positive charge. This increases the affinity of the N-terminus 

of histones to the negative charge phosphate groups of DNA, making the DNA tightly 

wound upon histone octamers rendering it inaccessible from transcriptional machinery 

(Erler et al., 2014). This is the process by which euchromatin, or transcriptionally 

accessible/active DNA, is physically altered to heterochromatin, or transcriptionally 

inaccessible/repressed DNA. 

While acetylation is generally considered an active mark, the effects of histone 

methylation is not as predictable. Histone methylation can trigger chromatin activation or 

repression depending what amino acid residues are methylated. For example, the 

methylation to H3K4me2 results in active gene transcription, however the methylation to 

H3K9me2 results in the repression of gene transcription (Miller et al, 2013). The 

difference lies in the ability of each of these chemically modified surfaces to recruit 

enzymes to the methyl marks. Methyltransferases, acetyltransferases, demethylases 

and deacetylases all work in harmony with each other to regulate gene expression by 

placing active and repressive marks at the right time and the right place throughout the 

genome (Kerr et al., 2014). Collectively, data from many biological systems indicate 

epigenetic regulation of gene expression is essential to ensure appropriate cellular 

development and it appears to govern cell fate decisions immediately after sperm and 

egg fuse to form a zygote all the way through adulthood. 

C. elegans as a model to study epigenetic reprogramming 
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The mechanistic complexities of epigenetic reprogramming through histone 

modifying enzymes has begun to be systematically explored using tractable genetic 

model organisms such as Caenorhabditis elegans. C. elegans is well suited as an 

experimental model due to its short life cycle, fast reproductive capabilities, transparent 

structure, predictable life cycle and known genome sequence. 

Studies in C. elegans make it easy to apply principles seen in the orthologues of 
 

C. elegans to the mouse model so we can further investigate these findings in a 

vertebrate system. Due to extensive research done upon C. elegans, there is a plethora 

of information and genetic tools available to facilitate studies of molecular genetics. The 

C. elegans genome has been fully sequenced for decades and is supported by publicly 

accessible databases (i.e. Wormbase, Wormenricher) that exemplifies wild-type 

phenotypes at particular larval stages, full genome sequencing, gene locations on a 

chromosome, libraries of null allele mutants, and libraries of gene constructs. 

C. elegans can be engineered with an array of phenotypically marked balancer 

chromosomes that can be used to determine chromosomal recombination and ensure 

predicted sorting of desirable mutant alleles. Balancer chromosomes allow for 

potentially lethal mutations to be maintained throughout generations when in a 

heterozygous state with the balancer chromosomes. This is especially imperative when 

trying to maintain mutations that affect maternally deposited gene products. C. elegans 

respond effectively to RNA interference (RNAi) using fast and simple methods to 

knockout any gene of interest in a single generation (Fire et al., 1998). In addition, C. 

elegans do not undergo DNA methylation, eliminating a confounding epigenetic factor 

from investigation. This is especially important as it allows for a more 
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acute focus on methylation of histones, helping to uncover the significance of this 

dynamic epigenetic mark on regulating global gene expression during development. 

 
 
 

Epigenetic reprogramming by SPR-5 and MET-2 

 
In order for C. elegans to properly develop from an embryo into an organism, a 

series of intricate and perfectly timed steps must occur. C. elegans have an invariant 

lineage, thus fate mapping when lineage tracing cell lines is easier compared to other 

model organisms. The invariant lineage of this model organism creates an easier 

outlook on defining germline vs. somatic cell distinction in that after initial cellular 

division of a zygote results in two primordial germ cells. These cells are destined to 

become the germline and do not reverted back into a somatic cell type. Likewise, at this 

stage, every other cell is predetermined to be of somatic lineage and is not supposed to 

become a germ cell. This is important when trying to identify the cellular defects that 

result from impaired epigenetic machineries (Wu et al., 2012). 

Some of the first molecular determinants driving development happen before 

fertilization when maternally deposited transcripts and proteins are deposited into the 

oocyte (Katz et al., 2009). Two of these maternally deposited factors are histone 

modifying enzymes, SPR-5 and MET-2. SPR-5 is a H3K4me2 demethylase and MET-

2 is a H3K9me2 methyltransferase (Katz et al., 2009). Both enzymes collaborate to 

repress expression of oocyte and sperm specific genes in the zygote after fertilization 

(Katz et al., 2009). They also facilitate the repression of all genes that were left active 

from the mother during this time (Kerr et al., 2014). 
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Germline specific genes are initially turned on via H3K4 methylation at the 

promoter regions of the oocyte and sperm specific genes by activating complexes such 

as COMPASS (Shilatifard et al., 2012). After fertilization, SPR-5 and MET-2 work 

together to revert cell fate from a terminal differentiated cell to a pluripotent state 

(“blank slate”). Once reprogrammed in this way, cells in the embryo can then proliferate 

and differentiate into any specific cell type (Kerr et al 2014). In mutants lacking either of 

these enzymes, the transgenerational inheritance of H3K4me2 or lack of H3K9me2 

results in progressive sterility in progeny over many generations (approx. 30) (Katz et 

al., 2009). This progressive sterility is a result of accumulation of active marks at 

germline genes in the soma that over time are not erased by SPR-5 or marked 

repressively by MET-2. In double mutants lacking both of these enzymes, the progeny 

exhibit sterility in a single generation and also a developmental delay phenotype 

meaning that they are much slower to develop when compared to wild type (Katz et al., 

2009). This delay is likely due to the ectopic expression of germline genes in somatic 

cells causing molecular confusion which prevents somatic cells from dividing properly. 

C. elegans with mutations in spr-5 and met-2 corrupt germline-soma distinction. Since 

both types of programs are simultaneously trying to be turned on, the cellular 

differentiation process becomes lagged. Evolutionarily speaking, germline formation is 

the most critical cellular determinant in order to ensure the passing of organisms’ 

genes to the next generation. Since this is such an important element of cellular 

differentiation, uncovering how this mechanism is safeguarded by all these various 

writers, readers, and erasers is critical in 
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understanding the complexities of organismal development. Thus, understanding how 

the mechanisms associated with SPR-5 and MET-2 epigenetic reprogramming function, 

is key to understanding the most basic developmental events. 

The role for SPR-5 and MET-2 in regulating early developmental epigenetic 

events is well established, but other studies have begun to determine the identity of 

other genes involved in this pathway. For example, recent work has shown that the 

mes-4 gene (maternal effect sterile) (along with others, ash-1, set-2, jdm-1, Jumanji,) is 

a focal determinant of early gene regulating decisions (Gaydos et al 2012). MES-4 is 

now known to be responsible for the methylation of H3K36me3, which is an active mark 

(Patel et al., 2012). MES-4 is essential in cell differentiation in distinguishing between 

germline and somatic cell lines (Gaydos et al 2012). Failure to deposit maternal MES-4 

results in sterility in the organism. Distinguishing between germline and soma is 

achieved through the effect of H3K36 which is specifically found in germline gene 

loci at transcription start sites (TSS) in germ cells (Patel et al., 2012). MES-4 methylates 

H3K36me3 to bookmark germline genes so that they are readily available to be 

expressed in the germline as soon as the germline begins to form at the 4th larval stage. 

In the (spr-5; met-2) double mutants, progeny are born with a plethora of open 

chromatin since epigenetic reprogramming cannot happen due to the lack of SPR-5 and 

MET-2 (Carpenter et al., 2020). This epigenetic reprogramming does not occur because 

SPR-5 is not present to remove H3K4me1/2 active marks and MET-2 cannot add 

H3K9me1/2 repressive marks (Carpenter et al., 2020). Since the chromatin in these 

double mutants is easily accessible MES-4 is free to methylate H3K36me3 in all cell 

types because MES-4 does not require transcriptional activation. Essentially MES-4 
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primes germline genes to be expressed throughout the entirety of the soma where they 

would usually not be found. This causes much confusion among cellular differentiation 

and ultimately causes the developmental delay phenotype seen in the spr-5; met-2 

double mutants (referred to going forward as “DM”) (Carpenter et al., 2020). When 

reducing mes-4 transcripts via RNAi in the background of the spr-5; met-2 double 

mutants, there is a return to wild-type development meaning that the developmental 

delay phenotype was rescued (Carpenter et al., 2020). The hypothesis supported by 

these results is that with the removal of MES-4 from the system, germline gene 

expression ceased in somatic cell precursors allowing for normal somatic cell 

development. However, this rescue comes at the cost of germline fertility since 

H3K36me3 activation marks cannot be added in germ cell precursors (Carpenter et al., 

2020). After the maternally deposited chromatin modifying enzymes establish an 

epigenetic ground state (Kerr et al., 2014), the need for the zygotic genome to continue 

maintenance of the initial establishment is required in order to ensure proper 

development (Schulz et al., 2019). 

Unhavaithaya et al (2002) discovered a member of a nucleosome 

remodeling complex called MEP-1. MEP-1 is a zygotic gene product that is expressed 

sometime soon after fertilization and was suggested to be one of the controllers of gene 

expression of germline genes by these germline genes from being activated, however 

the exact order of action and timing of these events is still not clear (Unhavaithaya et 

al., 2002). What we do know is MEP-1 is a component of a nucleosome remodeling 

deacetylase (NuRD) like complex called MEC. NuRD complexes are repressive in their 

nature, consistent with a role in policing inappropriate 
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germline gene expression in the soma. These NuRD complexes are highly conserved 

between species which further illustrates their importance in proper development of any 

organism. They play a role in the synMuvB developmental pathway playing an essential 

role in the controlling of oncogenesis genes in humans. Mutations in these synMuvB 

pathway gene regulators can result in cancer and tumors (Fu et al., 2011). Likewise, 

these complexes share similar roles between species; that is to further reinforce 

germline vs. somatic cellular distinction. MEC is comprised of LET-418, HDA-1, and 

MEP-1 all of which work together to deacetylate histone amino acid residues 

(repressive modification) in order to prevent germline gene expression in somatic cells. 

RNAi knockdown of the mep-1 results in a larval arrest (unable to develop past the L1 

stage) in wild-type C. elegans (Unhavaithaya et al., 2002). A knockdown of mes-4 in the 

mep-1 knockdown mutant resulted in a rescue in the larval 1 arrest similar to that of a 

rescue in spr-5; met-2 (mes-4) triple mutants (Carpenter et al., 2020). Similarly, the spr-

5; met-2 double mutants resembled an arrest to that of the mep-1 single mutants. 

Previous research used RNAi to reduce mep-1 transcript levels in the 

background of the DM (spr-5; met-2). The prediction was that circumstantial evidence 

would support the potential collaboration between maternal and zygotic systems to 

reinforce proper development. The results of this experiment resulted in an L1 arrest 

phenotypically worse than spr-5; met-2 alone or mep-1 knockdown alone (Chavez 

2019). This exacerbated larval arrest implicates a synergistic effect of these chromatin 

modifiers and further molecular confusion causing problems during normal 

developmental events (Chavez 2019). With this data we suspected that the intensified 
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response is a result of SPR-5, MET-2, and MEP-1 acting upon common gene targets 

and are therefore reinforcing the same developmental pathway. 

Here this synergy is examined further by performing a transcriptomic analysis of 

L1 C. elegans deficient for mep-1, spr-5; met-2 (DM), and spr-5; met-2; mep-1 

(DM(mep-1)). The rationale for this experiment is, if these proteins are converging on 

similar gene targets, there must be overlap in genes misexpressed in N2(mep-1), spr-5; 

met-2 and spr-5; met-2; mep-1 mutants. Similarly, we would expect that the expression 

of those same sets of misexpressed genes should be further exacerbated in an additive 

fashion as the number of mutant genes increase. Lastly, you would expect of those 

misexpressed genes, some should be germline genes. Alternatively, if they have 

differing gene targets then perhaps there is a unique function of MEP-1 which has yet to 

be discovered. Either outcome contributes to our understanding of the complex 

interplay between these epigenetic players as they dictate early developmental cell fate 

decisions. 
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MATERIALS AND METHODS: 

 
Strains. All Caenorhabditis elegans strains were grown and maintained at 20° C under 

standard conditions, as previously described (Brenner, 1974). The C. elegans spr-5 

(by101)(I) strain was provided by (Lakowski et al 2003). The N2 Bristol wild-type (WT) 

and FX30208 tmC27 [unc-75(tmls1239)] (I) strain was obtained by the Caenorhabditis 

Genetics Center (CGC). The tmls1239 chromosome balancer completely covers the 

spr-5 gene on chromosome 1. The tmC27 allele contains a wile type version of the spr- 

5 gene that is linked to a green fluorescent pharynx protein gene (GFP). The GFP emits 

a 488-nm illumination in the pharynx of the animal if the gene is present. The qC1 [qls26 

(lag2::GFP + rol-6(su1006)](III) strain was obtained from the W. Kelly (Bowman et al., 

2013) and crossed to met-2 (n4256)(III) to maintain met-2(n4256)(III) as heterozygotes. 

The qc1 “roller” allele on the chromosome 3 balancer manifests phenotypically at larval 

stage 3 or 4, thus genotyping must be confirmed in earlier larval stages via lag2 GFP 

found in the Z1 and Z4 primordial somatic cells. The spr-5 (by101)(I)/tmC27[unc- 

75(tmls1239)](I); met-2 (n4256) (III)/qC1 [qls26 (lag2::gfp+ rol 6(su1006))](III) strain was 

re-created for this study to maintain spr-5 (by101)( I); met-2 (n4256)(III) double-mutant 

animals as balanced heterozygotes. (Carpenter et al., 2020). Going forward, these 

mutants will be referred to as Double heterozygotes (DH). Animals homozygous for spr- 

5 and met-2 mutations will be referred to as double mutants (DM). The selection 

scheme for DMs from DHs is illustrated in Figure 1. 

Strain Maintenance. C. elegans strains were maintained on OP-50 bacteria spotted on 

NGM plates. NGM agar plates seeded with OP-50 bacteria were allowed to dry at least 

overnight. All strains were moved onto new seeded NGM plates approximately every 4 
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days to avoid plate starvation, which can stress animals and cause changes to their 

epigenetic status (Phillips et al., 2019). The N2 Bristol wild-type (WT) strain was 

maintained by moving 3 L4 worms onto a new plate. The DH worms were maintained by 

transferring 4 GFP pharynx positive L4s onto seeded NGM plates. (Animals 

homozygous for tmc27 (tmc27[unc-75(tmls1239)] (I) balancer also had green 

pharynxes, however, they were two-times brighter than the heterozygous animals). The 

parent generation used to produce the worms used for the RNAi experiments: spr-5/spr- 

5;met-2/qc1, are homozygous for spr-5 mutation and heterozygous for met-2. This 

strain was not maintained more than 1 generation because of the transgenerational 

effects seen with spr-5/spr-5 homozygous animals by Katz et al., 2009, Kerr et al., 2014 

and Greer et al., 2014. Without the tmC27 balancer allele paired with spr-5, the effects 

seen in these mutants could carry over multiple generations resulting in 

transgenerational sterility seen in those previous studies. 

The qC1balancer [qls26 (lag2::gfp+ rol 6(su1006))](III) codes for a rolling animal 

that does not move in the sinusoidal pattern. The qc1 allele is dominant and having two 

copies of the qc1 allele on chromosome 3 is lethal. Therefore, all rolling animals are 

heterozygous at the 3rd allele with wild type met-2. Due to the possibility of allele 

recombination during reproduction, creating multiple plates of the homozygous animals 

rather than the heterozygous animals resulted in a higher chance of producing offspring 

homozygous for both spr-5 and met-2 mutations. Homozygous spr-5; met-2 animals, 

were non-roller (moving in normal sinusoidal pattern) and non-green pharynx since they 

do not have the tmC27 or qc1 alleles (Figure 1). These animals without spr-5 and met-2 
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were used in the RNAi experiments and were scored as the “F1” generation. They 

experience zygotic defects seen in F1 and their offspring (F2). 

RNAi Knockdown. RNAi by feeding was carried out using clones from the Ahringer 

library as described previously by Kamath et al. (2003). Feeding experiments were 

performed on RNAi plates (NGM plates containing 100 ug/ml ampicillin, 0.4mM IPTG, 

and 12.5ug/ml tetracycline). The bacterial strain used for RNAi is HT115(DE3), a 

modified form of E. coli. DE3 refers to the IPTG-inducible T7 RNA polymerase cassette, 

( including a tetracycline resistance gene), that is engineered into the HT115 genomic 

DNA (Conte et al., 2017). The RNAi expression vector, pL4440, was transformed into 

HT115 (DE3) contains two T7 promoters in opposite orientations and an ampicillin 

resistance selection gene. The target gene sequences are cloned into the restriction 

enzyme site (BgIII) between the two T7 promoters. Bacterial cells that do not grow on 

the NGM plates (i.e. those that have lost the essential T7 gene) are consequentially 

eradicated. Three different RNAi vectors were used: pL4440, pL4440-pos-1, and 

pL4440-mep-1 (Figure 2) (Kamath et al., 2003). 

In order to deliver the RNAi to the worm cultures, 5mL (LB+ 100µL Amp) was 

inoculated with a fresh batch from -80°C stock. Liquid cultures were grown at 37°C for 

16 hours; cultures were stored (4°C) and used for up to 7 days. Bacterial RNAi cultures 

were seeded by spotting plain RNAi plates (NGM plates containing 100 ug/ml ampicillin, 

0.4mM IPTG, and 12.5ug/ml tetracycline) (3-spots per plate). Seeded RNAi plates were 

allowed 48 hours to dry and induce dsRNA transcription via IPTG stimulation. 
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Developmental Delay Assay. 4 DH parents were used to create an F0 generation of 

the double mutants. F0 DH Animals were allowed to produce F1 offspring of DM (spr- 

5/spr-5; met-2/met-2) which were used for the RNAi experiments. Genotype was 

confirmed via fluorescence-microscopy by lack of green-pharynx (tmC27) and lack of 

roller phenotype (qc1). The lack of these fluorescent markers indicates an animal 

homozygous for the mutant alleles: spr-5 and met-2. The F1s were subjected to each 

RNAi treatment and after 48 hours were transferred to a new RNAi plate of the same 

bacterial type. The now gravid F1 parents underwent a synchronized lay where each 

parent could lay their embryos with an allotted amount of time (typically 4-6 hours). 

Scoring of total progeny and developmental delay was conducted via light-microscopy 

following removal of F1 parents. A total of 48 hours was allowed for the now F2 

generation offspring to develop and image comparing relative size to wild type. 

RNAi experiment. When starting with DHs, there is only a 1/8 chance of obtaining the 

correct genotype used for the experiments. Therefore, amplification of spr-5 

(by101)(I)/tmC27[unc-75(tmls1239)](I); met-2 (n4256) (III)/qC1 [qls26 (lag2::gfp+ rol 

6(su1006))](III) strain plates were generated to create large scale cultures of spr-

5(by101)/spr-5(by101) (I)/met-2(n4256)/qc1 (III) used for the experiments. From here, 

30 F1 L4s (spr-5/spr-5;met-2/met-2) worms were placed on RNAi plates (pL4440, 

pL4440-pos-1, pL4440-mep-1) for a total of 2 plates per condition. 

After 48 hrs the then gravid adults were moved to plain RNAi plates where they 

were allotted time to lay their embryos. F1 worms were then removed from plates and 

sacrificed and F2 embryos were allowed to develop. After 8 hours the embryos began to 

hatch; all F2 progeny arrested at the L1 stage in the absence of food. F2 L1 larvae were 
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then washed off the RNAi plate using 700µL of M9 buffer solution and pipetted (glass) 

into a dimpled glass for further washing and counting (Figure 2). From here the L1 

isolates were pipetted up into 1.5mL non-stick Eppendorf tubes. Isolates were spun 

down for 2.5 min. After spin cycle, 600µL M9 buffer was aspirated off the top of the 

tubes (or until 100µL M9 is left). Total number of isolates were counted and then 

resuspended in a final volume of 100µL M9. 10µL of M9 solution was counted for total 

number of animals. 250-1000 isolates were recovered per RNAi treatment.. 

RNA Extraction. All the RNA manipulations were performed in an RNase free 

environment (Rnase zap, autoclaved tubes, Rnase zapped gloves, etc). Total RNA was 

isolated using TRIzol reagent (Invitrogen) from 3000 starved L1 larvae born at room 

temperature (21°C - 22°C) overnight in un-seeded NGM agar plate. Tubes containing 

appox. 500 isolates in each had 1mL TRIzol/100µL of larval suspension, were vortexed 

2x for 30 seconds, and were immediately refrozen into liquid nitrogen. 10µL of 20mg/mL 

glycerin solution was added to the solution followed by the addition of 200 µL 

bromochloropropane. 0.75 volume isopropanol was added to the aqueous layer and 

RNA was precipitated overnight at -20°C. Isopropanol was removed and pellet washed 

with 500µL 75% ethanol. RNA was spun down at for 10 min. Final dried RNA pellets 

were solubilized in 20µL dH20. 

RNA Sequencing. Total RNA was submitted to The Georgia Genomics and 

Bioinformatics Core (GGBC) https://dna.uga.edu/ . GGBC operates multiple platforms for 

short-, long-, and single-molecule sequencing reads (i.e., Illumina MiSeq and NextSeq, 

PacBio Sequel, and Oxford Nanopore MinIon). GGBC reverse transcribed the isolated 



19 

 

 

RNA into DNA and PCR amplified the cDNA. GGBC used Next-gen sequencing (NGS) 

on the cDNA and then sent the results back in .tabular files. 

Transcriptomic Analysis. Three biological replicates of each genotype/RNAi 

combination were analyzed. Every downstream analysis takes into account significance 

value based off a α-value p<.05. Sequencing reads were checked for quality using 

FastQC (Wingett and Andrews, 2018), filtered using Trimmomatic (Bolger et al., 2014), 

and remapped to the C. elegans transcriptome (ce10, WS220) using HISAT2 (D. Kim et 

al., 2015). Read count by gene was obtained by FeatureCounts (Liao et al., 2014). 

Differentially expressed transcripts (significance threshold p-value < 0.05) were 

determined using DESEQ2 (v.2.11.40.2) (Love et al., 2014). Transcripts per million 

(TPM) values were calculated from raw data obtained from FeatureCounts output. 

Subsequent downstream analysis was performed using R with normalized counts and 

p-values from DESEQ2 (v.2.11.40.2). Data was scaled and hierarchical clustering was 

performed using the complete linkage algorithm. In the linkage algorithm, distance was 

measured by calculating pairwise distance. Additionally, Gene Ontology (GO) Pathway 

analysis was performed using the online platform WormEnrichr (Chen et al., 2013; 469 

Kuleshov et al., 2016). An additional heatmap comparison of differentially expressed 

genes between spr-5, met-2, and spr-5; met-2 progeny compared to N2 progeny was 

generated in Microsoft Excel using Log2 fold change values from the DESEQ2 analysis. 

Because transcript isoforms were ignored, the data is discussed in terms of “genes 

expressed” rather than “transcripts expressed.” 

FastQC. FastQC provides a simple way to do some quality control checks on raw 

sequence data coming from high throughput sequencing pipelines. It provides a 
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modular set of analyses which you can use to give a quick impression of whether your 

data has any problems of which you should be aware before doing any further analysis. 

The main functions of FastQC are: import of data from BAM, SAM, or FastQ files (any 

variant), provide a quick overview to tell you in which areas there may be problems, 

summarize graphs and tables to quickly assess your data, export results to an HTML 

based permanent report, and allow offline operation for automated generation of reports 

without running the interactive application (you do not need to have internet). 

Trimmomatic. Trimmomatic is another QC check by removing sequencing adapters that 

could interfere with and confound downstream analyses. This would result in mapping 

the wrong gene to the loci or even not find any like complementary sequences. 

HISAT2. HISAT2 is aligns sequences to a known genome reference. (ce10) 

 
Feature Counts. In many applications, the key information required for downstream 

analysis is the number of reads mapping to each genomic feature, for example to each 

exon or each gene. The process of counting reads is called read summarization. 

Running feature counts shows the number of matches the sequence has to a given 

gene on a known genome. The more matches there are the higher the count. Thus, the 

higher the count is for a particular gene, the more transcripts there are of that specific 

gene and ultimately the more that gene is being expressed. 

DESeq2. DESeq2 is a method for differential analysis of count data gathered from 

Feature counts. DESeq2 uses shrinkage estimation for dispersions and fold changes to 

improve stability and interpretability of estimates. Essentially, this program is what 
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differentiates the amount of matches of gene from normal levels of expression vs. over 

or under expressed genes. 
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Results: 

 
Loss of spr-5; met-2; and mep-1 causes developmental arrest. 

 
Previous work demonstrated that spr-5; met-2 double mutants (DM) exhibit a 

developmental delay phenotype due to the misexpression of germline genes (Kerr et al. 

2014). Similarly, mep-1 single mutants exhibit a developmental arrest due to the 

misexpression of germline genes (Unhavaithaya et al., 2002). To examine whether or 

not the developmental delay in spr-5; met-2 mutants is synergistic with mep-1 mutants, 

we synchronized laid N2, spr-5, met-2, mep-1 RNAi, spr-5; mep-1, met-2; mep-

1(RNAi), spr-5; met-2, and spr-5; met-2; mep-1(RNAi) mutant hermaphrodites and 

monitored their development from when they hatched to when they were adults. Figure 

3 provides representative results seen by Carpenter et al., 2020 and Chavez 2019. 72 

hours post synchronized lay, 100% of N2 progeny, 95% of spr-5 progeny, and 85% of 

met-2 progeny were fertile adults (Figure 3a-c, g) (Carpenter et al, 2020). However, spr- 

5; met-2 progeny experienced a severe developmental delay. 80% of those progenies 

resembled L2 larvae after 72 hours, the remaining 20% after 72 hours made it to 

adulthood, but were sterile (Figure 3d, g) (Carpenter et al 2020). Similarly, spr-5; met-2; 

mep-1 progeny exhibited a severe developmental arrest in 100% of progeny scored 

(Figure 3e, g) (Chavez, 2019). Some of those developmentally arrested progeny 

exhibited more intense developmental defects that were not present in the DMs such as 

cavitation in the cuticle near the head (Figure 3f) (Chavez, 2019). The results reported 

by Carpenter and Chavez were identically reproduced in this study. The spr-5; met-2 

mutants were developmentally delayed and the spr-5; met-2; mep-1 mutants were 
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developmentally arrested (data not shown). The fidelity of these experiments indicates 

the RNAi is potent enough to be a proxy for a genomic mutation, the experiments were 

technically reproducible, and it was an efficient way to gather biological replicates 

respect to both quality and quantity (Data not shown). However, the number of progeny 

from spr-5; met-2; mep-1 adults began to dwindle when put into high stress 

environments such as M9, due to their fragile genetic constitution. Thus, slight 

adjustments to the protocol were made to increase progeny, and thus to increase yield 

of RNA. Specifically, spr-5; met-2; mep-1 progeny laid approximately 10 larvae in M9 

buffer solution. This modification resulted in the same mutants laying 500+ progeny on 

empty RNAi plates instead of M9 (Figure 4). Likewise, switching from M9 buffer to an 

empty (un-seeded) plate carried the same benefits as the M9 buffer such as: arresting 

isolates at the L1 stage (due to lack of food), and no cross contamination with OP-50 

bacteria. This way, the environment and thus potentially the epigenetic status of these 

organisms were alike in that they were similarly starved in either treatment as soon as 

they hatched. Using this “starvation” method, RNA-seq analysis would not be 

confounded due to transcripts produced by the food OP-50 bacteria. L1 larval arrest 

was a critical feature of this protocol because these larvae do not express any germline 

genes. Thus, by arresting all larvae at the L1 stage due to lack of food, we compared 

the transcriptome of the isolates from each treatment to see whether or not germline 

gene transcription was occurring in soma. If it is, then the misexpression of these 

genes is due to the mis regulation of germline genes in either of the mutant 

backgrounds. 

Using this improved ‘starvation’ method, we generated 2000 L1 isolates of the 
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DM (mep-1), DM, N2(mep-1), and N2(wild-type). Total RNA was extracted from each of 

these respective isolates and sent off for sequencing. With this data set, comparative 

transcriptomics were performed by comparing gene sets through analyzing the amount 

of up/down regulation (log2fold) of differentially regulated genes. RNA-Seq analyses 

was used opposed to other analyses such as microarray or Coimmunoprecipitation 

because: RNA-seq incorporates a broader dynamic range enabling more sensitive and 

accurate measurement of gene expression, it is not limited by prior knowledge - 

captures both known and novel changes, it can be applied to any species even if 

reference sequencing is not available, it is a better value often delivering advantages at 

a comparable or lower price per sample than many arrays, and it is by far the most 

cited NGS assay. Similarly, it is a powerful bioinformatics tool that can be used to 

check levels of any transcript throughout the entire genome in an unbiased fashion. 

(Roach et al 2019) 

spr-5, met-2, mep-1 deficient organisms share a significant amount of 

differentially expressed genes. 

It was previously shown that SPR-5 and MET-2 work synergistically to target and 

repress ectopic expression of germline genes in somatic tissue. (Kerr et al., 2014) 

Similarly, it was shown that MEP-1 targets germline genes in somatic tissue to achieve 

the same goal as SPR-5 and MET-2: repressing ectopic expression of germline genes 

in somatic cells. (Unhavaithaya et al., 2002) To test the extent to which these chromatin 

modifying proteins may be collaborating to repress common germline gene targets in 

somatic cells, we performed RNA seq on N2 (wild-type), N2 with mep-1 RNA 

interference (RNAi) [N2(mep-1)], spr-5; met-2, and spr-5; met-2; mep-1 L1 progeny. 
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RNA-seq analyses was performed on L1 larvae because this stage is just before the 

developmental arrest seen in the spr-5; met-2 mutants. Likewise, any transcription of 

germline genes at this larval stage indicates misexpression since these animals do not 

fully develop germlines until the L4 stage (Kimble et al 2005). Similarly, the data was 

compared to qRT-PCR results seen in Katz et al., 2009 as a baseline to ensure the 

changes in experimental measures resulted in similar gene expression profiles. 

The first phase of transcriptomic analysis was conducted to ensure that the RNA 

was in high concentration, but also that the RNA’s integrity was not compromised due to 

the presence of RNases during the extraction process and reads were proportional to 

input of RNA. The example in Figure 5 shows total RNA concentration for the spr-5; 

met-2; mep-1 sample were similar to other samples taken. Table 1 shows the RNA 

integrity number (RIN) indicating the RNA was not degraded, was in high enough 

concentration, and high-quality enough to proceed with sequencing. Likewise, the 

indication of the 18S and 28S ribosomal RNA peaks shows that the total RNA is fully 

intact (Figure 5). 50 paired-end reads (PE) were requested with no less than 25-million 

reads resulting in a total of 400 million reads for our 12 samples. Paired-end reads are 

important to ensure that fragment(s) sequenced were sequenced from both ends and 

not just one end which could cause issues in further downstream analyses. 1x NextSeq 

High Output flow cell recorded these reads into a downloadable file from the Illumina 

website. Each paired end read created a new data file, thus RNA-seq.tabular data files 

were concatenated using command line unix access terminal and were uploaded to 

Galaxy to undergo a series of quality control analyses. Concatenation was essential to 

merge all the sequence sets together into one data file. 
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Command line was used instead of galaxy to concatenate files because 

command line allows the control of the order of files to be concatenated. After 

concatenation, FastQ files were analyzed in Galaxy’s FASTQC function on each of the 

24 files (two for each sample; forward and reverse). The FastQ files were then used in 

the trimmomatic function to remove any sequence adapters that could skew 

downstream analyses. Likewise, Trimmomatic removes the disproportionate base 

sequence content since the adapters are what was causing the problem in FASTQC. 

After Trimmomatic quality control, <91% of all reads were left (Table 2). Similarly, 

HISAT2 was used to align the filtered tags from Trimmomatic onto the known C. 

elegans genome database, ce10. All samples had <97.5% alignment indicating that the 

RNA not only maintained its integrity, but that it was high quality enough to be 

completely mapped back to a database (Table 2). 

The Featurecounts function was then used to map individual reads onto specific 

genes or exons. This function known as read summation, is what indicates the total 

amount of transcripts recorded for a particular gene (Table 2). These counts were 

summarized by using the DESeq2 function which correlates genes together by how 

much they are being amplified above wild type expression levels (Love et al., 2014). For 

example, genes that are more upregulated than other genes and close to the same 

amount would be grouped together. This creates dispersion plots which can be used to 

assess the number of genes being misregulated and by how much (Figure 6). The 

figure shows the trend of misregulated genes and that they shift together and towards 

the fitted line. Most of the genes are being affected in the same way, as indicted by the 

tight fit of genes near the projected fitted line. It is safe to assume that the RNA results 
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are not only from the same organism, but that the mutations in these organisms result in 

a global change of expression in the same direction (either up or down). What we 

cannot tell from this analysis though is the directionality of changes of expression. 

Having established similar gene misexpression profiles, a detailed analysis of 

patterning changes was explored. How many genes out of the 20,407 in the C. elegans 

genome were misregulated in the spr-5; met-2; mep-1 mutants vs. spr-5; met-2, mep-1 

knockdown mutants and wildtype. We identified 77 differentially expressed genes 

(DEGs, Padjusted< .05) in N2(mep-1) mutants ns. wildtype, 4,222 DEGs in the spr-5; 

met-2 mutants vs. wildtype, and 7,488 DEGs in the spr-5; met-2; mep-1 mutants vs. 

wildtype (Table 3). All 72 DEGs that were misexpressed in mep-1 RNAi vs. wildtype 

are also misexpressed in common among all different mutant candidates (Figure 7). 

However, there was a significant (Padjusted <.05) overlap of 3,621 DEGs between spr-

5; met-2 and spr-5; met-2; mep-1 mutants. 

SPR-5, MET-2, and MEP-1 regulate the expression of the same genes. 

 
While the initial analysis showed common gene targets between SPR-5, MET-2 

and MEP-1, it was not clear how much these chromatin remolding proteins targets 

impact gene expression on these common gene targets. In order to address this, RNA- 

seq data was analyzed to construct a scatter correlation plot comparing the DEGs in 

N2(mep-1) knockdown, spr-5; met-2 and spr-5; met-2, mep-1 mutants (Figure 8). If the 

effects are additive, then when comparing N2(mep-1), spr-5; met-2 vs. spr-5; met-2; 

mep-1 the results should demonstrate a shift of all genes off the 1:1 correlation line 

towards a higher log2FC value on the x-axis. The data demonstrate a significant trend 
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comparing genes upregulated in the N2(mep-1) single mutant, where these same 

genes are even more upregulated in spr-5; met-2 double mutants, in some cases 

being amplified 2-5- fold for each gene (Figure 8a). In N2(mep-1) vs. spr-5; met-2; 

mep-1 mutants, there is a similar trend only now these same genes plus ≈3000 other 

genes are being even more expressed in the triple mutant than in the spr-5; met-2 

double. (Figure 8b). The data exemplifies not only both of these, but also a significant 

difference in expression between the DEGs in spr-5; met-2 double mutants and the 

DEGs in spr-5; met-2; mep-1 “triple” mutant (Figure 9). The bar graph demonstrates 

the striking difference in gene amplification between the two mutant backgrounds. 

SPR-5, MET-2, and MEP-1 regulate the repression of germline genes in somatic 

tissue. 

Collectively, the RNA-seq data suggests that SPR-5, MET-2, and MEP-1 work on 

a significant amount of the same gene targets, If these two pathways are both working 

to regulate germline gene expression, then the additive effects should be focused on 

targets implicated in germline formation (ex, P granules, germ plasm, synaptonemal 

complex). Using WormEnricher, a gene ontogeny analyses of the DEGs for N2(mep-1), 

spr-5; met-2 and spr-5; met-2; mep-1 mutants was conducted (Figure 10). 

WormEnricher output is recorded as combined score. Combined score is calculated by 

combining, significance of misexpressed genes related with a certain cellular function. 

Thus, the higher the combined score, the more that category of genes is collectively 

misregulated. 
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In wildtype, there are transcripts associated with housekeeping genes and 

somatic cell function (e.g. endoplasmic reticulum formation to make new membranes). 

Similarly, genes associated with NuRD complexes are also being transcribed in L1 

larvae at the time of RNA extraction (Figure 10a). In N2(mep-1) mutants, germline 

associated genes such as P granule and germ plasm began to appear as 

misexpressed and was among the top candidates of genes being expressed during 

RNA extraction (Figure 10b). Likewise, in spr-5; met-2 mutants, transcripts associated 

with meiosis and germline formation were among the top gene candidates being 

misregualted in the absence of SPR-5 and MET-2. These candidates consisted of the 

same genes being misexpressed in N2(mep-1) mutants such as genes associated with 

the formation of P granules, however their combined score is much higher indicating 

amplified transcripts at gene loci compared to the single mutant (Figure 10c). In spr-5; 

met-2; mep-1 mutants, the same kinds of genes were top candidates, however they 

were even further misregualted than even the spr-5; met-2 mutants indicating a 

synergistic effect between the chromatin modifying proteins. Similarly, new previously 

undetected candidates of germline formation began to arise as top genes being 

misexpressed, such as genes associated with the formation of the germ plasm (Figure 

11d). The shift in ontological characterization of misexpression towards germ-line 

machineries, supports the trend expected. These candidates appear when their 

combined score is higher compared to the combined score of other types of genes. 
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Discussion: 
 

Previous genetic studies suggested an interaction between maternally deposited 

chromatin modifying enzymes and MEC via synergistic phenotypic amplification of the 

developmental delay. To explore this genetic interaction further, an RNA-seq 

transcriptomic analysis was performed on N2 (wildtype) vs. N2(mep-1), spr-5; met-2, 

and spr-5; met-2; mep-1 mutants. To determine if these two machineries, one 

maternally deposited and one zygotically activated, police the expression of a common 

set of genes, mep-1 was knocked down using RNAi into the background of spr-5; met-2 

mutants. In doing so, it was shown that the inhibition of mep-1 transcripts via RNAi in 

these spr-5; met-2 mutants, resulted in a developmental arrest that the organisms never 

recover from. This implies that organisms that lack maintenance phase (e.g. NuRD 

complexes/MEC) chromatin modifying proteins in combination with lack of 

establishment phase chromatin modifying proteins (e.g. SPR-5 and MET-2), results in a 

phenotype far more severe than either of the mutations alone. This was achieved 

through devising a modified protocol that allowed for large scale production of L1 

isolates and the extraction of RNA of sufficient quality and quantity to enable high-

throughput RNA sequencing. Comparative transcriptomics revealed that maternal 

reprogramming enzymes, SPR-5 and MET-2 work in collaboration with maintenance 

phase chromatin modifying proteins such as MEC. These collaborators are in fact, 

under wild-type circumstances, working in an additive fashion to repress the same gene 

targets. 

Descriptive Ontogeny analysis shows germline genes are being increasingly 

misexpressed in more mutant genotypes. This is consistent with our hypothesis that 

MEP-1 and members of MEC are working together with maternal reprogramming 
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enzymes SPR-5 and MET-2, in order to further facilitate the repression of 

germline genes in somatic tissues. 

The exact timing of when MEC and thus MEP-1 facilitates its reinforcing 

properties during the maintenance phase is not known. However, this finding is 

consistent with current models of germ line vs. soma distinction demonstrated in 

Strome et al 2012. Strome et al demonstrates that other germline regulating chromatin 

modifiers such as MES-4 are key in bookmarking between germline and somatic cells 

(Figure 11a). MES-4, in the absence of SPR-5 and MET-2, is responsible for the 

ectopic expression of germline genes in somatic tissue (Strome et al., 2012). Ultimately 

this causes the developmental delay seen in spr-5; met-2 double mutants (Carpenter et 

al., 2020). This results from H3K36me3 at germline gene loci in somatic cell. Since 

SPR-5 and MET-2 are not present in DMs to shut down germline genes that are left on 

from the parents, MES-4 is able to access chromatin in a much wider set of targets 

than compared to wild type. This causes ectopic expression of genes that are not 

supposed to be transcribed at that time or in that cell type (Figure 11b). MEC may also 

have an influence on MES-4 H3K36me3 localization since it reinforces the job of SPR-

5 and MET-2 during the maintenance phase after transcription from the zygotic 

genome. 

With the elimination of mep-1 in the background of the spr-5; met-2 mutants, we believe 

that MES-4 has even greater access to even more sets of genes and for longer periods 

of time since now repressive chromatin complexes are eliminated from both the 

establishment and maintenance phases (Figure 11c). This potentially could lead to 

more H3K36 methylation at germline gene loci, leading to higher expression levels of 

germline genes in somatic tissue. Hence, the exacerbated delay and arrest. This 
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interpretation is supported by both correlation plots. Thus, we believe this simplified 

model in the context of these 4 chromatin modifying proteins elucidates the intricacies of 

proper gene regulation to ensure healthy development. Similarly, preliminary data 

shows other maintenance phase repressive proteins such as the DREAM complex 

could also be involved in the same synMuvB pathway as MEC, SPR-5, MES-4, and 

MET-2. (Oglethorpe Dev. Bio 2020) 

Further biochemical assays such as ChIP-Seq and ATAC-Seq are certainly 

promising candidates to solidify our findings in this study. A ChIP-Seq analysis of MEP- 

1 in wildtype vs the spr-5; met-2 double mutants would give insight into the physical 

similarities between SPR-5, MET-2 and MEP-1. This would correlate the physical 

location of MEP-1 with the misexpressed genes from our bioinformatic analyses. The 

expectation is MEP-1 would localize at germline gene loci that are top candidates in the 

gene ontogeny reports. Similarly, a ChIP-Seq of H3K36me3 in wild- type vs. N2(mep-1); 

spr-5; met-2; and spr-5; met-2; mep-1 would allow us to answer the question of MES-

4’s role in the absence of MEP-1. The expectation of this experiment would be a global 

increase in H3K36me3 at all genes throughout the genome. Also, a ChIP-seq of global 

acetylation would be interesting to see how much MEP-1 plays a role in the overall 

acetylation profile between wild type, N2(mep-1), spr-5; met-2, and spr-5; met-2; mep-1. 

Given the results of the RNA-seq data, you would expect MEP-1 to play a big role in 

global genome acetylation, however there could be other NuRD like complexes that 

assimilate during later stages of development. Lastly, an ATAC-seq assay on the spr-5; 

met-2 double mutants vs. spr-5; met-2; mep-1 triple mutants would shed light into the 

global changes of the epigenetic landscape within all of these 
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mutants. This would indicate patterns of MEP-1 that might affect overall accessibility of 

the genome. All of these potential assays could be correlated with one another and 

overlaid to affirm the roles of these chromatin modifying proteins with each other and 

lead to the identification of other machineries involved in regulating germline/soma 

distinction. 

Collectively these findings shed light on disorders in humans known to be 

associated with defects in epigenetic reprogramming mechanisms. LSD1, (the human 

orthologue of SPR-5) deficient patients suffer from severe developmental and 

neurological disorders such as mental retardation. Similarly, individuals deficient in 

NuRD complexes result in inflammatory diseases caused by the over expression of 

inflammatory genes such as rheumatoid arthritis and allergies. (Kuo et al 2014) 

Mutations in NuRD complexes result in the overexpression of oncogenes associated 

with tumor progression (Glozak et al 2007). Lastly, NuRD complexes play an essential 

role in laying down memories and products of behavior such as addiction. (Robison 

2011) The need to fully understand the function of all of these chromatin modifying 

proteins involvement in the developmental process both in adults and embryos as well 

as gene regulation is becoming essential in continuing the progress of modern 

medicine. 
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Trial  Genotype  (RNAi)  RNA Integrity 
(RIN Value) 

[RNA] 
ng/µL 

 
1 

N2 
(L4440)  8.30  45 

(mep‐1)  7.20  42 

DM 
(L4440)  7.20  19 

(mep‐1)  7.50  17 

 

2 

N2 
(L4440)  6.40  21 

(mep‐1)  7.00  13 

DM 
(L4440)  8.80  11 

(mep‐1)  N/A  5 
Table 1. Summary of total RNA extraction outcomes. Trials had no errors except spr-5; met- 
2; mep-1 trial 2 as denoted by the “N/A” value under RNA integrity. This was because we did not 
gather enough RNA [<5ng/µL]. 
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Samples  # tags  % tags after filtering  % aligned (once, >once)  # mapped reads 

 

 

 

Table 2. Quality control analyses shows RNA sequencing was successful and able to map 
back to a known genome reference (ce10) <97.5% of the time. R1= forward strand, R2= 
reverse strand. Number of tags= total number of sequenced nucleotides. Percent tags after 
filtering = percent of nucleotide left after Trimmomatic. Percent aligned = number of tags that were 
able to match on ce10 genome using HISAT2. An alignment of <97.5% throughout the ce10 
genome indicates high quality RNA and sequencing. Number of mapped reads= number of 
nucleotides able to be mapped back to ce10 genes using FeatureCounts. 
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Table 3. Summary of differentially expressed genes in N2(mep-1), spr-5; met-2, and spr-5; 
met-2; mep-1 mutants. (Significance cutoff of padjusted< 0.05). There is a significant increase 
in amplified genes as you increase in mutant genotype. All data normalized to wild-type. FC= fold 
change. 



43 

 

 

 

 
 
 
 
 

Figure 1. Selection Scheme for F1 DMs. Segregation patterns of spr-5; met-2 dihybrids depicts 
every possible combination of these alleles and their expected phenotype. We only used 
homozygous animals (labeled in red/”DM”) for spr-5 and met-2 because they did not carry the 
wild-type balancer allele. They are indicated by having no GFP (GFP: -) and no roller phenotype 
(Roller: -). All others were recognized via GFP microscope, by eye, or were lethal. 



44 

 

 

 
 
 

 
N2 (+) 

 
 
 
 

Transition 

to RNAi 

plates 

RNAi: 
 

Negative control: 

L4440 

Positive control: 

 
Score for 

Developmental 

Delay 
 

 
 
 
 

Normal 

Development 

 

 
Developmental 

Delay 

 
 
 

 
Quality Control (Ran in 

Galaxy): 

 
• FastQC 
• Trimmomatic 
• HISAT2 

(spr‐5/spr‐5 ; +/+)  pos‐1 (embryonic  Synthesize cDNA  • Feature Counts 

(+/+ ; met‐2/met‐2) 

(spr‐5/spr‐5 ; met‐2/met‐2) 
lethal)                    

• DESEQ2 
Differential Gene Expression 

Candidate gene(s):  Isolate total RNA of 

L1 Larvae 

PCR amplify 
 

NGS 
Analyses (Ran in R): 

 
• Scatter 

Correlation 
• DEG expression 

Figure 2. RNAi pipeline. The flow chart describes the sequence of events we used to isolate 
our progeny for L1 RNA-seq. First, each parental strain (N2, spr-5, met-2, spr-5; met-2) was 
selected for and subjected to each RNAi treatment. Then progeny of the parental strain were 
isolated and scored for development via light microscopy and/or DIC photography, followed by an 
RNA-seq analysis on L1 larvae. 
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N2  spr‐5  met‐2  spr‐5;met‐2  spr‐5;met‐2;mep‐1 

 

g 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3a-g. Loss of mep-1 in spr-5; met-2 progeny, exacerbates developmental delay 
phenotype. The results of the phenotypic analyses show that after 72 hours post fertilization, 
both spr-5 and met-2 single mutants exhibit little developmental defects (Figure 3b, c). 
However, spr-5; met-2 double mutants experience a severe developmental delay at the larval 
stage 2 (Figure 3d). Similarly, spr-5; met-2; mep-1 triple mutants exhibit a severe 
developmental arrest (Figure 3e) along with structural defects in the cuticle towards the head 
not seen in the spr-5; met-2 double mutants (Figure 3f). Percentage of N2, spr-5, met-2, spr- 
5; met-2, and spr-5; met-2; mep-1 progeny that reached adult stage (% adult progeny) by 72 
hours post synchronized lay (Figure 3g). All single mutants retain >75% of normal 
development. Introduction of two mutations into either one of the singly mutant backgrounds 
results in a dramatic decrease in progeny. (Data not shown for spr-5; mep-1 and met-2; mep- 
1 double mutants) Data adapted from Carpenter et al 2020 and Chavez 2019. 
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Figure 4. Revamped protocol allows for increased amount of progeny per 
experiment. Trials using M9 buffer for parental generation to lay F1 progeny are in 
orange. Trials using empty RNAi plates for parental generation to lay F1 progeny are in 
green. Upon optimization, experiments using empty RNAi plates reveal that this 
increases brood sizes substantially while keeping the integrity of the experimental 
controls. 
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Figure 5. Example of RNA integrity data indicating spr-5; met-2; mep-1 sample had 
undergone proper extraction without RNA degradation. The presence of peaks denoted as 
18s and 28s indicates that RNA is intact and was not exposed to RNases during the extraction 
process. Total RNA concentration for the sample is shown by RNA concentration: 17ng/µL. The 
RNA integrity number (RIN) is calculated using the total concentration and height of the subunit 
peaks. An RIN value of >7 typically denotes a good score and quality RNA. 
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Figure 6. Dispersion plot of mapped reads in DESeq2 shows correlation between the 
mapped reads and amount of amplification. After Feature counts gathers total mapped reads, 
DEseq2 conducts various correlations analyses to confirm that the mapped reads are either from 
the same organism and that they are being affected in the same way. The expectation is to see 
the genes (black dots) fit closely to the fitted red line indicating they are changing in the same 
direction. Example from spr-5; met-2; mep-1 mutant RNA. 
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Figure 7. Overlap of differentially expressed genes between N2(mep-1), spr-5; met-2, and 
spr-5; met-2; mep-1. The Venn diagram shows a significant (padjusted <.05) overlap of 
differentially expressed genes between spr-5; met-2 and spr-5; met-2; mep-1 mutants. The 
numbers correspond to the number of genes differentially expressed in that specific mutant. The 
numbers inside the overlap represent the number of genes differentially expressed in both 
mutants compared to wild type. All data normalized to wild type. 
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Figure 8a-c. Scatter plot correlation between N2(mep-1) vs. spr-5; met-2, N2(mep-1) vs. spr-5; met- 
2; mep-1, and spr-5; met-2 vs. spr-5; met-2; mep-1 demonstrates the same differentially expressed 
genes become more amplified in more mutant backgrounds. The scatter correlation plot demonstrates 
the difference in expression between the genes in the least mutant genotype on y-axis and the genes in the 
most mutant genotype on x- axis. Green represents genes that are significantly upregulated, red represents 
genes that are significantly downregulated, and gray represents genes that are not significantly expressed. 
The 1:1 line indicates genes that have no change in levels of expression between genotypes. Looking at 
N2(mep-1) single mutants vs. spr-5; met-2 double mutants, the data demonstrates that the same genes in 
the N2(mep-1) single mutant are expressed at higher levels. Comparing this to N2(mep-1) vs. spr- 5; met-2; 
mep-1, there is a noticeable shift in genes (up and down regulated) from the N2(mep-1) single mutant 
towards higher expression profiles in the spr-5; met-2; mep-1 triple mutants. Lastly, when comparing spr-5; 
met-2 vs. spr-5; met-2; mep-1 differentially expressed genes, there is a similar trend where the same genes 
in the spr-5; met-2 double mutants become even more amplified in the spr-5; met-2; mep-1 triple mutants. 
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Figure 9. The same genes that are differentially expressed in spr-5; met-2 mutants are even 
further expressed in spr-5; met-2; mep-1 mutants. The spr-5; met-2 genes that were 
differentially expressed were set to 0 in order to show the significant difference in amplification 
between spr-5; met-2 mutants and spr-5; met-2; mep-1 mutants. The genes significantly up- 
regulated are in green and the genes significantly down-regulated are in red. The amount of 
expression (log2gfold) is in units of transcripts per million (TPM). All genes in the spr-5; met-2 
mutants were previously normalized to wild type and then set to 0 to create a baseline for the spr- 
5; met-2; mep-1 differentially expressed genes. 
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RNAi:  L4440  L4440‐mep‐1 
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Figure 10a-d. Gene ontogeny reports of cellular components of each genotype reveal 
germline gene misexpression in all mutants and an exacerbated effect the more mutant the 
phenotype. In wild type animals, L1 larvae are expressing genes associated with somatic cell 
development such as: endoplasmic reticulum development and interestingly enough, genes 
associated with germline gene repression (NuRD complex genes, Green). In N2(mep-1) single 
mutants, germline genes such as genes associated with the formation of germ plasm (yellow) and 
p granules (red) begin to express themselves in the soma of the L1 animal, however in low 
quantites. In the spr-5; met-2 double mutants, those same p-granule genes are being further 
misexpressed indicated by the scale change of combined score from 14 in N2(mep-1) single 
mutant, to nearly 20 in the spr-5; met-2 double mutant. Lastly, in the spr-5; met-2; mep-1 triple 
mutants, germ plasm and p granule are even further shifted up than in previous mutants indicating 
that those genes are being even further expressed. 
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Figure 11. Diagram of SPR-5, MET-2, MES-4 and MEP-1 interactions that dictate germline 
vs somatic cell distinction. At fertilization, SPR-5 and MET-2 turn off gametogenesis genes in 
the soma that were previously left on from the parent to form the gametes. At the same time, 
MES-4 bookmarks those same genes with H3K36me3 in order to keep the germline genes poised 
in cells destined to be germ cells. MEP-1 works collaboratively with SPR-5 and MET-2 to further 
reinforce the action of: turning off germline genes in the soma. This action is acquired through 
deacetylation of the same gene targets as SPR-5 and MET-2 to further repress any germline 
specific genes in the soma. Organisms deficient in SPR-5 and MET-2 experience a severe 
developmental delay due to the misexpression of germline genes from ectopic H3K36me3 from 
MES-4. However, the delay is not permanent presumably because of MEP-1 and other 
maintenance phase chromatin repressors still shutting down germline genes through 
deacetylation. Organisms deficient in SPR-5, MET-2, and MEP-1 result in a permanent arrest at 
the L1 stage. Since many levels of epigenetic repressive complexes are eliminated from the 
organism, MES-4 can have increased accessibility to chromatin throughout many cell divisions 
and mark more ectopic H3K36me3 on greater sets of germline genes. The result of this leaves 
the animals fully arrested without any recovery. Primordial germ cell = black, somatic cell= white, 
grey cell = combination of the two, dark grey = combination but more germ cell than soma. 


