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Abstract

Background: Essential genes are required for an organism’s viability and their functions can vary greatly, spreading
across many pathways. Due to the importance of essential genes, large scale efforts have been undertaken to
identify the complete set of essential genes and to understand their function. Studies of genome architecture and
organization have found that genes are not randomly disturbed in the genome.

Results: Using combined genetic mapping, lllumina sequencing, and bioinformatics analyses, we successfully
identified 44 essential genes with 130 lethal mutations in genomic regions of C. elegans of around 7.3 Mb from
Chromosome | (left). Of the 44 essential genes, six of which were genes not characterized previously by mutant alleles,
let-633/let-638 (B0261.1), let-128 (C53H9.2), let-511 (W09C3.4), let-162 (Y47G6A18), let-510 (Y47G6A19), and let-131
(Y71G12B.6). Examine essential genes with Hi-C data shows that essential genes tend to cluster within TAD units rather
near TAD boundaries. We have also shown that essential genes in the left half of chromosome I in C. elegans function
in enzyme and nucleic acid binding activities during fundamental processes, such as DNA replication, transcription, and
translation. From protein-protein interaction networks, essential genes exhibit more protein connectivity than non-
essential genes in the genome. Also, many of the essential genes show strong expression in embryos or early larvae
stages, indicating that they are important to early development.

Conclusions: Our results confirmed that this work provided a more comprehensive picture of the essential gene and
their functional characterization. These genetic resources will offer important tools for further heath and disease research.
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Background

Essential genes are absolutely required for the viability
of an organism such that loss of function mutation in
essential genes will lead to lethality or unviable progeny
[1, 2]. Recent research has shown that essential genes
are associated with human diseases and conditions such
as miscarriages [3, 4] and cancers [5-7]. The discovery
of many important essential genes, such as let-60/Ras
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[8] and let-740/dcr-1 [9, 10], were attributed to the use
of model organism Caenorhabditis elegans, in which es-
sential genes is estimated to take up 25% of all the genes
[11-13]. In mammals, approximately one-third of all
mammalian genes are essential for life [14].

Due to the importance of essential genes, large scale ef-
forts have been undertaken to identify the complete set of
essential genes and to understand their function. For in-
stance, 3326 murine genes were identified to be essential
upon knockout, which accounts for 14% of the murine
genome [14, 15]. Many of the essential genes in mice are
enriched in human disease genes [7, 15], such as cardio-
vascular (GATA4), neoplasms (KLF6), and nervous system
(HOXA1). Similar large-scale loss-of-function studies is
also available for several other model organisms including
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Saccharomyces cerevisiae [16, 17], Schizosaccharomyces
pombe [18], Drosophila melanogaster [19-24], and Danio
rerio [25, 26]. In C. elegans, RNAi knock-down pheno-
types were examined for roughly 92% of the C. elegans
genes and about 3500 genes (~ 17%) have been annotated
as essential [13, 27, 28].

While RNAi was successful in applying genome-wide
targeted approach to identify genetic phenotypes, it is
limited to only knock-down gene expression instead of
fully knock-out gene expression and are unable to main-
tain the phenotype over longer periods of time [13, 29].
The best approach is by mutagenesis and screen for gene
knock-outs. The concerted effort in the C. elegans Dele-
tion Mutant Consortium along with the Million Muta-
tion Project has generated loss-of-function alleles in
13,760 of 20,514 protein-coding genes [30]. The great
majority of the mutants from the above resources, how-
ever, are largely non-lethal mutations as their approach
requires the mutant strain to propagate [30]. An effect-
ively way to screen and maintain lethal mutations is to
use genetic balancer systems [31]. Nearly 70% of the C.
elegans genome is balanced by genomic rearrangements
such as duplications, translocations, and inversions [31, 32].
Duplication balancers do not cross-over with normal chro-
mosomes and thereby providing a third allele that carries
the wildtype rescuing allele [31]. The large chromosomal
duplications are not replicated and they segregate in a
non-Mendelian fashion such that it is not pass down to
daughter cells equally in meiosis. The progeny inheriting the
duplication will survive while the progeny without the dupli-
cation will not. Previous genetic studies have identified 103
essential genes mapped to 5.4 Mb region of Chromosome I
balanced by the duplication sDp2 [33]. We have previously
combined the mapping data with next generation sequen-
cing to identify the molecular identities of many essential
genes but many more are still uncharacterized [27].

Many studies have suggested that genes are not ran-
domly disturbed in the genome. For instance, the chromo-
somal clustering of housekeeping genes [34] and the
distribution biases of the sex-regulated genes [35] can be
found in the genome. Recent technological advances in
chromatin-conformation capture methods have allowed
in-depth study of genome organization. Methods such as
3C [36], 4C [37], Hi-C [38], and ChiA-PET [39, 40] exam-
ines genomic fragments that are close in proximity in nu-
clear space and have been successfully applied to bacteria
[41-43], yeast [44-46], Plasmodium falciparum [47],
plants [48, 49], C. elegans [50, 51], fruit fly [52, 53], mouse
[54, 55], and humans [38, 55—57]. By crosslinking genomic
fragments that are close in space followed by high-
throughput sequencing, Hi-C is able to identify the loci
that are close in space but not necessarily close in gen-
omic coordinates [38, 57—59]. The chromatin interactions
in the genome can form domains called topologically
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associating domains, or TADs, which are megabase-pair
size regions where intra-chromatin interactions occur
more frequently than other chromatin regions [55, 60].
TADs share a high degree of similarity in the domain
organization across different cell types and are conserved
between mice and humans, suggesting that TADs are the
stable domain organization in mammalian genomes [55].

Functionally related genes showed higher clustering on
the chromosomes [61] and may be linked in their gene
expression regulation. Functionally linked genes, includ-
ing co-expressed genes, genes in common pathway, or
genes with protein-protein interaction exhibit higher
clustering on chromosomes in both Escherichia coli and
humans [62, 63]. TAD boundaries, defined as genomic
region between TADs, are abundant in transcription
start sites, active transcription, active chromatin marks,
housekeeping genes, and tRNA genes [55]. These find-
ings inspired us to consider whether genes with same es-
sentiality or co-expression genes have some spatial
localization features and whether essential genes show
enrichment in TAD boundaries.

Results

Identification of genomic mutations in 130 chromosome
| mutants

Genomic DNA libraries of 130 mutant strains
(Additional file 1) with dpy-5 (e61) and wunc-13 (e450)
balanced by sDp2 were prepared and sequenced using
Mumina HiSeq to generate 100 bp paired end reads. We
achieved an average sequencing depth of 23X across the
whole genome and an average depth of 28X in coding re-
gions. The dpy-5 (e61) and unc-13 (e450) identified previ-
ously are used as a quality check [27]. For unc-13, the
variant ratio is expected to be 100% because the sDp2 does
not balance that allele. For dpy-5, a 66% variant ratio is ex-
pected because the sDp2 carry a rescuing allele [27]. In our
sequencing data, we found 23 strains without the expected
dpy-5 (e61)] and unc-13 (e450)] mutation and they were re-
moved from further analysis. In the case of 4 strains where
there is insufficient sequencing (below 8X coverage),
let-394 (h235), let-545 (h842), let-395 (h271), and let-122
(h226) were also removed from subsequent analyses. As a
result, a total of 103 strains were analyzed.

Identification of essential genes

Improving upon a method previously adapted for
identifying lethal mutations on Chromosome I bal-
anced by sDp2 [27], we identified 58 putative lethal
mutations in 103 strains. These putative lethal muta-
tions fall into 44 genes. The full list of let genes with
its identified sequences are shown in Table 1 and
Additional file 2.
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let-name  Essential gene  Alleles Allele mutation  Allele mutation Pfam KOG Evolutionary
(nucleic acid)  (Protein) conservatior
let-609  let-363 h191 C->T R->X Phosphatidylinositol Replication, recombination  I,F,M,N
3- and 4-kinase and repair
let-643  nath-10 h500 G->A R->K GNAT acetyltransferase 2 General function prediction |,F,M,N
only
let-624/  npp-6 h449,h839,h222 C->T Q->X Nucleoporin Nup120/160 Unkown I,EMN
let-644/
let-622
let-610  asd-2 h695 C>T pP->5S Homodimerisation region RNA processing I,FEMN
of STAR domain protein and modification
let-639/  hcp-6 h779,h123 G->A W->X non-SMC mitotic condensation Function unknown LFMN
let-371 complex subunit 1
let-138/  spg-7 h744h282,h89 G->A W->X Peptidase family M41 Posttranslational LFEMN
let-150/ modification, protein
let-357 turnover, chaperones
let-163  sep-1 h483 C>T Q->X Peptidase family C50 Cell cycle control, FMN
cell division.
Chromosome partitioning
let-133  Y71G12B.8 h440 T->A Y->X DEAD/DEAH box helicase RNA processing LFEMN
and modification
let-593  inx-13 h212 C->T Q->X Innexin Unkown I,FN
let-625  rpl-4 h506 G->A D->N Ribosomal protein L4/L1 family RNA processing I,FEMN
and modification
let-633/  B0261.1 h696,h778 C>T R->X Myb DNA-binding like Transcription I,FEMN
let-638
let-648  vha-16 h781 G->A D->N Unkown Unkown I,N,M,F
let-615  rpl-13 h529 G>T Q->X Ribosomal protein L13e Translation, ribosomal LFMN
structure and biogenesis
let-356  cdc-6 h501 G->A G->R ATPase family associated with  Cell cycle control, cell LFEMN
various cellular activities (AAA)  division. Chromosome
partitioning;Replication,
recombination and repair
let-505  tufm-2 h426 C>T R->X Elongation factor Tu Translation, ribosomal I,FEMN
GTP binding domain structure and biogenesis
let-128 ~ C53H9.2 h253 465+1G>A  None 505 ribosome-binding GTPase  General function LFMN
prediction only
let-398  gpc-2 h257 C>T Q->X GGL domain Signal transduction LFEMN
mechanisms
let-619/  dip-2 h348,h681 C>T H->Y AMP-binding enzyme General function LFEMN
let-105 prediction only
let-649/  him-1 h491,h811 G->A G->R RecF/RecN/SMC N Cell cycle control, I,N,M,F
let-109 terminal domain cell division.
Chromosome partitioning
let-578  npp-11 h512 G->A W-> X Nucleoporin FG repeat region  Intracellular trafficking, I,FMN
secretion, and vesicular
transport;Nuclear structure
let-543/  sacy-1 h792,h692 G->A G->R DEAD/DEAH box helicase RNA processing LFMN
let-544 and modification
let-614  rmh-1 h147 C->T S->L RecQ mediated genome Function unknown FN
instability protein
let-582  egg-4 h726 G->A A->T Protein-tyrosine phosphatase  Signal transduction I,FMN
mechanisms
let-528  cytb-5.2 h1012 G->A W->X Cytochrome b5-like Heme/ Energy production I,FMN
Steroid binding domain and conversion
let-511 W09C3.4 h755 262-1G> A None RNA polymerase Rpc34 Transcription LFEMN
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Table 1 Biological functions of the identified 44 essential genes (Continued)
let-name  Essential gene  Alleles Allele mutation  Allele mutation Pfam KOG Evolutionary
(nucleic acid)  (Protein) conservatior
subunit
let-135  pop-1 h268 G->A A->T HMG (high mobility group) Transcription ,FEMN
box
let-502  spe-5 h767 C->T S->F ATP synthase alpha/beta Energy production LFEMN
family, nucleotide-binding and conversion
domain
let-143  npp-13 h513 G->A G->E Nup93/Nico96 Cell cycle control, cell I,FEMN
division. Chromosome
partitioning
let-571 eif-2gamma  h347 G->A G->R Initiation factor elF2 Translation, ribosomal LFMN
gamma, C terminal structure and biogenesis
let-155  inx-21 h461 C>T R->X Innexin Unkown I,FN
let-162  Y47G6A.18 h460 G->A G->E Golgi phosphoprotein Intracellular trafficking, L,FMN
3 (GPP34) secretion, and
vesicular transport
let-510  Y47G6A.19 h740 1355-1G> A None Zinc carboxypeptidase Function unknown LFEMN
let-357  Ipd-3 h132 15394+1G>A None Fragile site-associated Unkown LFEMN
protein C-terminus
let-546  xpo-2 h227 G->A W-> X Csel Intracellular trafficking, LFEMN
secretion, and vesicular
transport;Nuclear structure
let-121/  cdt-1 h810,h197 C>T Q->X DNA replication factor Unkown I,F,MN
let-146 CDT1 like
let-130  Ipr-1 h773 G->A R->Q Unkown Unkown FN
let-573  rpl-1 h247 C>T T-> 1 Ribosomal protein L1p/L10e Translation, ribosomal I,F,MN
family structure and biogenesis
let-145  arx-1 h182 C>T Q->X Actin Cytoskeleton I,FMN
let-123/  cogc-3 h413,h518h738 G->A G->R Sec34-like family Intracellular trafficking, ILFMN
let-142/ secretion, and
let-583 vesicular transport
let-577  sop-3 h503 G->A E->K Unkown Unkown FMN
let-548/  tin-1 h356,h393 C>T Q->X Talin, middle domain Cytoskeleton LFMN
let-144
let-131 Y71G12B.6 h817 C>T Q->X GDP-mannose 4,6 dehydratase  Unkown FN
let-392 nekl-2 h120,h122 G->A G->E Protein kinase domain General function FMN
prediction only
let-374  Ipd-5 h251 G->A W-> X Unkown Unkown I,FEMN

Table includes 44 identified essential genes in this study with the information of let-x name, Alleles, Allele mutation, biological functions, and evolutionary
conservation. N-Nematodes, |-Invertebrates (Drosophila), M-Mammals (mouse, human), F-Fungi (Saccharomycetaceae)

Novel essential genes identified

Of the essential genes we have identified, we found 6 new
putative essential genes in which no other knock-out alleles
have been generated. Of these 6 genes, let-633/let-638
(B0261.1) is orthologous to a novel Myb-like leucine
zipper transcription factor, which is necessary for cell
proliferation, apoptosis, and differentiation, and plays
an important role in the pathogenesis of adenoid cystic
carcinoma [64—66]. let-128 (C53H9.2) is orthologous to
50S ribosome-binding GTPase, as previously research
show many Escherichia coli GTPases are important in

ribosome biogenesis [67]. Mitomycin C induced muta-
tions in this gene also shows this gene as essential for
survival [68]. lez-511 (W09C3.4) is orthologous to RNA
polymerase Rpc34 subunit, which plays a key role in the re-
cruitment of RNAP III to the pre-initiation complex [69, 70].
let-162 (YA7G6A.18) is orthologous to the Golgi phospho-
protein 3, which is a peripheral membrane protein of the
Golgi stack and plays a regulatory role in Golgi trafficking
[71]. let-510 (Y47G6A.19) is orthologous to zinc car-
boxypeptidase, which plays a role of protease enzyme
that hydrolyzes peptide bonds at the carboxy-terminal end
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of a protein or peptide. Let-131 (Y71G12B.6) is ortholo-
gous to GDP-mannose 4,6 dehydratase, which is essential
in the first step of GDP-fucose biogenesis pathway [72].

Functions of the identified 44 essential genes

To understand the biological roles of essential genes, we
first examined the functions of the 44 essential genes iden-
tified in this study based on their orthologous genes
(Table 1). Among the 44 genes, 13 essential genes encode
enzymes, such as 50S ribosome-binding GTPase, RNA
polymerase Rpc34 subunit, ATP synthase alpha/beta fam-
ily, protein-tyrosine phosphatase, and nucleotide-binding
domain. We found 5 genes related to ribosome biology
and biogenesis (Additional file 3. column: KEGG). Twelve
essential genes were found to be involved in protein meta-
bolic processes (Additional file 3).

Considering that the biological roles of essential genes is
very important, essential genes are often conserved across
different species. We investigated the orthologs of these
essential genes in other nematodes (N), Invertebrate (I)
(D. melanogaster), Mammals (M) (mouse and human),
and Fungi (F) (of the family Saccharomycetaceae) as
shown in Table 1. We found that 35 of 44 (79.5%) essential
genes were conserved in all the examined organisms.
Three of the genes were found to be essential in fungi and
nematodes, such as let-30/Ipr-1, a required gene at a time
of rapid luminal growth expressed by the duct, pore and
surrounding cells [73]. Three genes were found in nema-
todes, fungi, and mammals, such as, let-163/sep-1 is a
member of peptidase family C50, encodes the C. elegans
ortholog of separase, a cysteine protease first discovered
in yeast, sep-1 activity is required for a number of cell
cycle events including sister chromatid separation and
membrane trafficking [28]. We found two genes specific
to invertebrates, which were conserved in nematodes,
fungi, and invertebrates, but not in mammals. For in-
stance, let-593/inx-13 encodes an innexin, which is an es-
sential transmembrane channel protein and involved in
the building of invertebrate gap junctions.

Gene essentiality analysis

To conduct gene essentiality analysis, four groups of genes
were used for comparison: Group one (Gl): essential
genes that were isolated through genetic screens and are
fully sequenced and analysed by high throughput methods
dependent on the use of allelic ratios [27, 33, 74] (82 in
total). Group two (G2): essential genes that have published
alleles or RNAi supporting lethal phenotypes in the region
of chromosome I balanced by sDp2 (366 in total). Group
three (G3): essential genes that have published alleles or
RNAi supporting lethal phenotypes (3083 in total). Group
four (G4): non-essential genes that have no observable le-
thal phenotypes caused by either RNAi or known alleles
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(16,018 in total). We compared the function of essential
genes from four groups based on GO annotations (Cellu-
lar Component, Biological Process, and Molecular Func-
tion) and PANTHER Protein Classification (Fig. 1).

For the Molecular Function annotation analysis, genes
from G1, G2, and G3 do not show significant difference in
any Molecular Function annotation. However annotations
such as catalytic activity (GO:0003824) (P-value =4.77¢ 1%
and pyrophosphatase activity (GO:0016462) (P-value =
1.27e" %) are significantly underrepresented in G4 (Fig. 1a).
This is consistent with our observation in the cellular com-
ponent analysis, in which annotations of the intracellular
(GO:0005622)  (P-value = 2.74¢™ 133), protein  complex
(GO:0043234)  (P-value = 4.40e”"°), and macromolecular
complex (GO:0032991) (P-value = 6.47¢" 12%) are overrepre-
sented in G3 (Fig. 1b). With regard to the biological pro-
cesses, essential genes in G3 are significantly enriched for
cellular process (GO:0009987) (P-value = 6.06e~ %), as well
as nitrogen compound metabolic process (GO:0006807)
(P-value = 1.28¢*°) and nucleobase—-containing compound
metabolic process (GO:0006139) (P-value = 4.69% 133 sug-
gesting that essential genes tend to be involved in protein
synthesis. In contrast, G4 protein products are significantly
enriched for the regulation of system process (GO:0003008)
(P-value = 4.65¢°), such as sensory perception (GO:00
07600) (P-value = 3.90e”°), neurological system process
(GO:0050877) (P-value = 2.06e~ %), and multicellular organis-
mal process (GO:0032501) (P-value = 1.52¢™%). If there are
disruptions in these processes, C. elegans might show mutant
phenotypes, which however, are most likely not lethal. Ac-
cording to PANTHER Protein Class analysis, we found that
essential genes in G3 are significantly enriched for nucleic
acid binding (PC00171) (P-value=3.50e” 128 and RNA
binding protein (PC00031) (P-value = 9.97¢™ ')

All in all, the above analysis suggests that essential
genes plays a key role in enzyme and nucleic acid bind-
ing activities during fundamental processes, such as
DNA replication, transcription, and translation.

Gene essentiality vs. gene cluster

It has been noted before that gene essentiality, evolu-
tionary conservation, interaction networks, and gene ex-
pression are biological factors that can influence the
structural features of proteins [75]. Thus, we decided to
assess the properties of essential genes between the 4
groups from three different perspectives: gene cluster,
gene expression, and protein connectivity. Hi-C experi-
ments aims to capture the DNA fragments that are close
in spatial proximity and genes that are close in space
tend to share common functionality [62]. We aim to use
Hi-C data to determine whether essential genes exhibit
higher or lower gene cluster densities. The contact frequen-
cies between all genes were derived from the Hi-C interact-
ing DNA fragments of Wild-Type (N2) mixed-stage



Yu et al. BMC Genomics (2018) 19:871

Page 6 of 14

a Molecular function

g
signal transducer activity (GO:0004871)

|G-protein coupled receptor actvty (GO:0004930)
receptor actvty (GO:0004872)

catalytic activty (GO:0003624)

yrophosphatase actviy (G0:0016462)

RNA binding (GO:0003723)

structural constituent of ribosome (GO:0003735)
structural molecule actvty (GO:0005198)

binding (GO:0005488)

nucteic acid binding (GO:0003676)

(GTPase activty (GO:0003924)

nuciease activity (GO:0004518)

chromatin binding (G0:0003682)

structural constituent of cyloskeleton (G0:0005200)
DNA helcase activty (GO:0003678)
single-stranded DNA binding (GO:0003697)

\TP synthase activiy,

Il ranscription facto

helicase actvty (GO:0004386)

[mRNA binding (G0:0003729)

protein binding (GO:0005515)

DNA-directed RNA polymerase activty (GO:0003899)
DNA binding (GO:0003677)

ligase activty (GO:0016874)

RNA helicase actvty (GO:0003724)
hydrolase actvity (GO:0016787)
Jaminoacyl-IRNA ligase activity (G0:0004812)
ranslation nfiation factor actvty (GO:0003743)
ransferase activity (GO:0016740)

ranslation regulator actvty (GO:0045162)

C Cellular component

integral to membrane (GO:0016021) I >0
plasma membrane (GO:0005686)
1000 intracellular (GO:0005622) 5
o0 cellpart (GO0044464)

oo nucleus (G0:0005634) 0
oo orotein complex (GO:0043234)

oo macromolecular complex (G0:0032991)
oo G organele (GO:0043226)

oo cytoplasm (G0:0005737)

1000 || nucleolus (G0:0005730)

oo RO rvonucieoproten complex (G0:0030529)
o0 40)

nuclear envelope (GO:0005635)
actin cytoskeleton (G0:0015629)
microtubule (GO:0005874)
oroton-transporting ATP synthase complex (G0:0045259)
itochondrialiner membrane (GO:0005743)

vesicle coat (G0:0030120)

eytosol (G0:000582)

nucleoplasm (GO:0008654)

chromosome (GO:0008634)

nuclear chromosome (GO:0000228)

cytoskeleton (GO:0005856)
protein-DNA complex (G0:0032993)

Fig. 1 (See legend on next page.)

010046933)

b Biological process

response 1o stimulus (GO:0050896) I -
behavior (G0:0007610)

sensory perception of smell (GO:0007608) 5
neurological system process (GO:0050877)

multicelllar organisma process (GO:0032501) 0

single-multcellular organism process (G0:0044707)

sensory perception (GO:0007600)

sensory perception of chemical stimulus (G0:0007606)

reguiation of nucleobase-containing compound metabolic process (G0:0019219) - <-1C

organization (GO:0007005)

0:0006457)

cytoskeleton organization (G0:0007010)

[DNA recombination (GO:0006310)

MRNA 3-end processing (GO:0031124)

regulation of ipt polymerase Il pr (¢ )
(600015931,

celuar protein modifcaton process (GO:0006464)

cytokinesis (GO:0000910)

chromati assembly (G0:0031497)

regulation of gene expression, epigenetic (G0:0040029)

RNA catabolic process (G0:0006401)

RN (G0:0006399)
RNA localization (G0:0006403)
RN for protein translation (GO:0006418)

vesicle-mediated transport (GO:0016192)

ranscription intiation from RNA polymerase Il promoter (GO:0006367)

localization (GO:0051179)

-1000

“1000

“1000

&

“ow
[

[

-1000

1000
1000
1000
1000
000
1000
1000

1000

transport (G0:0006810)
[EXIN celluiar process (GO:0009987)

EECN ritrogen compound metabolic process (GO:0006807)
000
£ biosyntheic process (G0:0009058)

/1| celluar component organization (GO:0016043)

L |tanslation (G0:0006412)

QXN metabolic process (G0:0008152)

JLXZN orimary metabolic process (GO:0044238)

RNA metabolic process (G0:0016070)

celluar component organization o biogenesis (GO:0071840)

nuclear transport (G0:0051169)

protein localiztion (GO:0008104)

catabolic process (G0:0009056)

(generation of precursor metaboltes and energy (G0:0006091)

protein targeting (GO:0006605)

chromosome segregation (G0:0007059)

DA replication (GO:0006260)

protein complex assembly (GO:0006461)

protein complex biogenesis (GO:0070271)

ranscripton from RNA polymerase l promoter (GO:0006366)

DNA repair (GO:0006281)

respiratory electron transport chain (GO:0022904)

1000

intracelluar protein transport (GO:0006886)

000

protein transport (GO:0015031)

000

organelle organization (G0:0006996)

000

000

mRNA splcing, via spiiceosome (GO:0000398)

RNA splcing, via

0:0019538)

(60.0006119)

ranscription, DNA-dependent (GO:0006351)

[DNA metabolic process (G0:0006259)

chromatin organization (GO:0006325)

cell cycle (G0:0007049)

mitosis (GO:0007067)

[mRNA processing (G0:0006397)

RNA metabolic process (GO:0016072)

PANTHER Protein Class

Bl
nuciear hormane receptor (PC00169) °
|G-protein coupled receptor (PC00021)

receptor (PC00197) 5

actin family cytoskeletal protein (PCO0041)
00094) o

vesicl coat proten (PC00235)

transiation elongation factor (PC00222)

actin and actin related protein (PC00039)

exoribonuclease (PC00099) l
<10

| G-protein (PC00020)

chaperone (PC00072)

structural protein (PC00211)

ATP synthase (PC00002)

ligase (PC00142)

ransferase (PC00220)

RNA helicase (PC00032)

aminoacyl-RNA synthetase (PC0004T)

chromatin/chromatin-binding protein (PC00077)

enzyme modulator (PC00095)

microtubule family cytoskeletal protein (PCO0157)
RNA binding protein (PC00031)

nuceic acid binding (PC00171)

transiation factor (PC00223)

transiation iniiation factor (PC00224)

DNA-directed RNA polymerase (PC00019)

cytoskeletal protein (PC0008S)

PCO0174)
ribosomal protein (PC00202)
histone (PCO0118)

mRNA splcing factor (PC00148)

DNA binding protein (PC00009)

[ mRNA processing factor (PC00147)

z




Yu et al. BMC Genomics (2018) 19:871

Page 7 of 14

(See figure on previous page.)

value is thought to be 10 while the P-value is less than 0.0000000001

Fig. 1 The heat map analysis for the significant conserved gene functions based on PANTHER Overrepresentation Test. The hierarchal cluster
diagram was constructed by using pheatmap clustering in R. The P-values of each annotation data set (a) Molecular Function, (b) Biological
Process, (c) Cellular Component, and (d) PANTHER Protein Class) are calculated with the Bonferroni correction for multiple testing by each
functional group, which reflect the significance of the difference for the enrichment value between the essential and nonessential genes. The red
boxes represent that the functional group are overrepresentation, while the blue boxes represent the opposite case. Conversion P-value to -log10
(x), and get the heatmap of the converted p-value, the conversion value is thought to be 0 while the P-value is greater than 0.05, the conversion

embryos of C. elegans [50]. Then, the average contact fre-
quencies of genes in each group were calculated. Figure 2
shows genes from G2 tend to have more interaction part-
ners than other essential/ non-essential genes. We observed
that genes from G2 tend to have more interaction
partners than G1 (P-value=3.08¢” % Mann-Whitney
U test), which means the essential genes, sequenced
and analysed by our high throughput method, tend to
have less interaction partners than the other essential
genes in the region of chromosome I balanced by
sDp2. Genes from G2 also have more interaction
partners than G3 (P-value=1.62¢”* Wilcoxon Rank
Sum test), which might be due to fact that G2 essen-
tial genes are enriched in in cell cycle control, tran-
scriptional regulation, and RNA processing [27]. G2
also have more interaction partners than G4 (P-value =
1.89¢” % Mann-Whitney U test), which indicates essential
genes in the region of chromosome I balanced by sDp2
tend to engage in larger gene cluster than to non-essential
genes. However, we do see that G4 tend to have more
interaction partners than G3 (P-value = 6.10e” %, Wilcoxon

Distribution of the Interactions of Each Gene Group

-
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Fig. 2 The cluster frequency of different group genes in mixed-stage
embryos C. elegans. Box plots of each group genes for gene interactions
frequency. The numbers on the right side of the yellow block represent
the average interactions frequency of genes in each group. The P-values
were obtained from the Mann-Whitney U test / the Wilcoxon rank sum
test after the Levene’s test

Rank Sum test), suggesting non-essential genes tend to
engage in larger gene cluster than to essential genes in
general.

Gene essentiality vs. TAD boundaries and gene expression
TAD boundaries are enriched in transcription start sites,
active transcription, active chromatin marks, housekeep-
ing genes, tRNA genes, short interspersed nuclear ele-
ments (SINEs), as well as binding sites for architectural
proteins like CTCF and cohesin [55, 76-79]. To test
whether essential genes tend to cluster in TAD boundar-
ies, we examined the genes in each group and its associ-
ation with TADs. Figure 3 shows G4 has higher
probability than G3 to be in TAD boundaries (P-value =
8.33e™ 3, Fisher’s exact test) and seems that more essen-
tial gene tend to locate within TAD domains instead of
at the boundaries. The fact that essential genes are not
enriched in TAD boundaries suggest that essential genes
expression may not be constitutively expressed like most
house-keeping genes. Indeed, when we examined the
gene expression of essential genes using weighted correl-
ation network analysis (WGCNA) over 23 developmen-
tal stages, we found that essential genes are expressed in
specific time frames with most of the essential genes
show strong expression in early development (Fig. 4).

Gene essentiality vs. protein connectivity

We hypothesize that essential genes will have more
protein-protein interactions than to non-essential genes
due to its functional importance. Figure 5 shows the distri-
bution of the number of protein-protein interactions. Pro-
teins from G4 tend to have less interaction partners than
G3 (P-value < 2.20e”*°, Wilcoxon Rank Sum test), suggest-
ing that essential genes tend to be protein interaction hubs.
Similar results are seen for Gl (P-value< 2.20e %,
Wilcoxon Rank Sum test) and G2 (P-value< 2.20e 6,

Wilcoxon Rank Sum test) in comparison with G4.

Discussion

Using genetic mapping, [llumina sequencing, and bio-
informatics analyses, we successfully identified 44 essen-
tial genes with 130 lethal mutations in genomic regions
of C. elegans of around 7.3Mb from Chromosome I
(left). From the 44 essential genes we have identified, we
found 6 new predicted essential genes. As a result of our



Yu et al. BMC Genomics (2018) 19:871

Page 8 of 14

Distribution of the percentage of Genes in TAD boundaries

0.100

0.075

0.050

Percentage

0.025

0.000

—

group
|
[ =
[
[ =1

G1 G2

Fig. 3 The percentage of different essentiality genes locate in TAD boundaries. The four groups are labelled in black, red, green, and blue, respectively.
Statistical difference was calculated for G1 vs. G2, G3, and G4 individually by using Fisher's exact test (* P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001)
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study, the total essential genes identified in the region
covered by sDp2 is now 82. High-throughput sequencing
of balanced lethal mutations has proved that it is more
efficient and cost-effective than the traditional method,
which undertakes dozens of Sanger sequencing of genes
in a particular genetic mapping zone. Depending on the
size of the mapped zone, traditional method can take
months or years to characterize one allele.

Essential genes are important for the viability of an or-
ganism and can play a key role in novel drug development
[1, 2]. With approximately 60% of the essential genes show-
ing human orthologs, C. elegans is also an important
multi-cellular animal for the study of human disease [27].
While knock-out collection, targeted KO by CRISPR/Cas9
system, and RNAi screens steadily increased genomic
coverage to genome scale [13, 31, 80-82], identifying essen-
tial genes in an intact multicellular organism are still lim-
ited in terms of recovery and maintenance of lethal
mutations [27, 33]. Therefore, a resource such as described
here for identifying and studying essential genes in model
organisms is an important genetic resource for understand-
ing organization and function of essential genes as well as
providing a platform for in-depth functional studies.

The functions of essential genes vary greatly and
spread across many pathways. GO term analysis and
PANTHER Protein Class analysis indicates that essential
genes play a key role in enzyme, protein complex, cellu-
lar process and nucleic acid binding activities during
fundamental processes, such as DNA replication, tran-
scription, and translation. However, non-essential genes
are significantly enriched for the regulation of system

process, such as sensory perception, neurological system
process, and multicellular organismal process. Previous
reports have shown that essential genes in the left half of
chromosome I in C. elegans function in cell cycle con-
trol, transcriptional regulation, and RNA processing [33].
Our study here increased the number of essential genes
identified in Chromosome I and further strengthens the
notion that DNA replication, transcription, and transla-
tion are enriched in this set.

We found that non-essential genes form larger gene
clusters than essential genes in general. Non-essential
genes can experience gene duplication during evolution
more often than essential genes resulting in paralogs clus-
ter in the linear genome as well as 3D chromatin architec-
ture [83, 84]. This may explain why non-essential genes
form larger gene clusters in general.

The observation that essential genes in left half of
Chromosome I form larger gene clusters than non-essential
genes is intriguing. Functionally linked genes, including
co-expressed genes, protein-protein interaction genes, and
genes in the same pathway cluster together in physical prox-
imity in Escherichia coli, C.elegans and humans [62, 63, 85].
From the gene expression analysis, we observed that major-
ity of the essential genes are expressed early in development.
We hypothesize that there is a common expression regula-
tion facilitated by the chromatin 3D structure. This notion is
consistent with our observation that essential genes tend to
locate within TAD structures rather than at TAD boundar-
ies. Studies in Caulobacter crescentus shows that highly
expressed genes are enriched in the boundaries of chromo-
somal interaction domains (CIDs) [41]. In mammalian cells,
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TAD boundaries are enriched in transcription start sites,
active transcription, active chromatin marks, housekeeping
genes, tRNA genes, and short interspersed nuclear elements
(SINEs) [55]. The observation that essential genes expression
in very specific developmental stages suggest that expression
of essential genes are tightly regulated rather than constitu-
tive expression. By being within the TAD structure, the ex-
pression of genes can be controlled by either facilitating or
preventing loop interaction [60].

Proteins do not function alone. We found essential
genes act like hubs in protein-protein interaction with

higher number of protein interactions than non-essential
genes. Consistent with the study in yeast where the most
highly connected genes in the cell are the most import-
ant ones for an organism’s viability [86].

Conclusions

In the present work, we comprehensively analyzing genomic
mutations in 130 Chromosome I mutants of C. elegans with
a combination of targeted and forward mutational ap-
proaches [27] and successfully identified 44 essential genes
with high confidence, of which 6 are new essential genes
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Fig. 5 The protein interaction frequency of different group genes. Interaction number distribution of each group with whole genome protein
interactions in C. elegans. Box plots of each group for protein interaction frequency. The numbers on the right side of the yellow block represent
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never characterized by mutant alleles before. This is also the
first time that all essential genes identified to-date has been
analyzed together with 3D chromosome conformation data
where we found that essential genes are more located within
a TAD structure rather than TAD boundaries. The data pre-
sented here provides the genetic resource for further func-
tional studies of essential genes and more understanding
towards the minimal set of genes and pathway for survival.

Methods

C. elegans strains

The strains used are provided in Additional file 1. The
strains were generated by mutagenizing KR235 [dpy-5
(e61), +, unc-13 (e450)/dpy-5 (e61), unc-15 (e73), +; sDp2]
growing in nematode growth medium streaked with E. coli
OP50 [27, 87]. The maintenance of each strain and the
isolation of its genomic DNA were performed as previ-
ously described [27]. Library preparation and sequencing
was performed by the BC Cancer Agency Genome
Science Center.

Mutation identification procedure

The FASTQ reads were aligned to the C. elegans refer-
ence genome (WS246) using BWA [88]. GATK [89], and
SAMtools [90] were used to called for variants [27]. The
candidate essential genes on Chromosome I are rescued

by a third wild-type allele on sDp2, and thus we focused
on finding mutations that exhibit the variant frequencies
to be around 66%. In our sequencing data, we removed
strains without the expected dpy-5 (e61) and unc-13
(e450)I mutation and strains without sufficient sequencing
coverage from further analysis. Single nucleotide varia-
tions (SN'Vs) that exhibited the variant ratio between 40
and 90% were filtered from the sequencing data. Two fil-
tration steps were performed: First, some variations could
come from the starting strain KR235 that was used for
mutagenesis. In order to filter the background variations
between the starting strain and the C. elegans reference
genome, we excluded all variations that identified in
KR235 [27, 74]. Second, the variations were required to be
supported by at least 8 reads with both forward and re-
verse directions. After the aforementioned two steps of fil-
tration, the remaining SN'Vs were subjected to subsequent
essential gene identification.

The molecular identification of essential genes on
Chromosome I (left) is based on three lines of evidence.
First, variations in each strain were screened based on
previous genetic mapping data [80, 91, 92]. Second, le-
thal phenotypes, which are supported by RNAi or exist-
ing alleles in WormBase, increase the credibility of the
mutations (www.wormbase.org). Last, mutations, such
as splicing or nonsense, which usually lead to harmful
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phenotypes, in the million mutation project (MMP)
database should be absent in essential genes [30]. Thus,
it is less likely that the candidate essential genes in the
MMP database contain lethal mutations. With the afore-
mentioned information, in total, 44 sequenced essential
genes were identified with high confidence in the Chromo-
some I balanced regions, 9 of which were found in our pre-
vious study [27], which were summarized in Table 1 and
Additional file 2.

Essential genes functional analysis

Pfam analysis: The domain families present in each pro-
tein was searched with InterProScan [93] using the Pfam
database [94].

Gene Ontology (GO) analysis: GO annotation was
done using Blast2GO [95]. This part of the analysis was
also done by the PANTHER classification system [96]
from the website http://pantherdb.org/. GO annotations
(Cellular Component, Biological Process, and Molecular
Function) and Protein Class (PANTHER Protein Class,
are grouping terms to classify protein families and sub-
families, that are sometimes but not always related to
molecular function. [97]) were examined individually.
Use the Bonferroni correction for multiple testing.

Gene cluster: The Hi-C and TAD data of Wild-Type
(N2) mixed-stage embryos of C.elegans were obtained
from Crane et al. [50]. The data were binned into 50 kb
non-overlapping genomic intervals, which we termed as
locus. The interaction data between loci were normal-
ized using standard ICE methods [98]. The significance
of the interaction between a pair of loci was calculated
using Fit-Hi-C [99] with a minimum 15 contact counts
and P<0.01. When a locus showed significant inter-
action with 2 or more other loci, all interacting loci were
grouped together. The genes within a group of interact-
ing loci were considered as interacting genes and the
interaction frequency of each gene was counted. The
average interaction frequencies of genes in each group
were compared. The P-values were obtained from the
Mann-Whitney U test / the Wilcoxon rank sum test
after the Levene’s test.

Protein connectivity: The protein interaction data for C.
elegans were obtained from BioGRID [100-102]. There
are 3911 unique genes involved in 8488 non-redundant
protein-protein interactions. We counted the number of
protein-protein interactions of each gene and the average
protein-protein interaction frequencies of genes in each
group were compared. The P-values were obtained from
the Mann-Whitney U test / the Wilcoxon rank sum test
after the Levene’s test.

Gene expression: The gene expression data for C. elegans
were obtained from the GExplore (version 1.4) database
[103], which contains developmental stages originated from
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the NHGRI modENCODE project [104, 105]. The ex-
pression profile clustering was done using Weighted
correlation network analysis (WGCNA), which was
used for detecting clusters (modules) of highly corre-
lated/co-expression genes [106].

Additional files

Additional file 1: List of alleles studied. The alleles used for WGS are
listed in the 2nd column. (XLS 44 kb)

Additional file 2: Identifications of essential genes. Including information
about the allele name, the strain name, the genetic mapping zones [33],
location, predicted gene, allele mutation, RNAi support, alleles support, and
MMP support of the essential genes. The asterisk (¥) signify a stop codon.
(XLS 43 kb)

Additional file 3: The KEGG annotation and the GO annotation. The
KEGG annotation of genes are listed in the 3nd column .The GO
annotation of genes are listed in the 4nd column. (XLS 57 kb)
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