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In this study, we selected 181 nematode glycogenes that are
orthologous to human glycogenes and examined their RNAi
phenotypes. The results are deposited in the Caenorhabditis
elegans Glycogene Database (CGGDB) at AIST, Tsukuba,
Japan. The most prominent RNAi phenotypes observed are
disruptions of cell cycle progression in germline mitosis/
meiosis and in early embryonic cell mitosis. Along with the
previously reported roles of chondroitin proteoglycans, gly-
cosphingolipids and GPI-anchored proteins in cell cycle pro-
gression, we show for the first time that the inhibition of the
functions of N-glycan synthesis genes (cytoplasmic alg genes)
resulted in abnormal germline formation, ER stress and
small body size phenotypes. The results provide additional
information on the roles of glycoconjugates in the cell cycle
progression mechanisms of germline and embryonic cells.
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Introduction

Carbohydrates play important roles in development and morpho-
genesis, in immunity and in medicine. The roles of carbohydrates
in cell–cell interactions and host–pathogen interactions are
typical examples of the key roles of carbohydrates in living
organisms (Committee on Assessing the Importance and Impact
of Glycomics and Glycosciences 2012). Thus, studying the roles
of glycoconjugates and conducting a functional analysis of their
synthesizing enzymes are essential for our understanding of the
nature of life. One approach to studying the role of carbohydrates
in organisms is assessing the phenotypes caused by inhibiting
the functions of glycogenes, which are the genes involved in the
synthesis, degradation, modification or recognition of carbohy-
drates. The nematode Caenorhabditis elegans is an ideal or-
ganism for this functional glycomics approach because the
inhibition of gene function via RNAi and deletion mutagenesis
is quick and easy (Ahringer 2006; Kutscher and Shaham 2014).
All of the organism’s cell lineages and its detailed neural
wiring patterns (connectome) have been described in studies
starting in the 1980s (White et al. 1986; Varshney et al. 2011;
Jarrell et al. 2012), and its development can be traced at a single
cellular level using differential interference contrast (DIC) mi-
croscopy because of its transparent body. Among >21,000
protein-coding genes, �60–80% of the genes are presumed to
be human gene orthologs (Shaye and Greenwald 2011; Lui and
Colaiacovo 2013). Thus, studying the function of human ortho-
logs in the simple nematode organism is a powerful strategy to
shed light on the roles of orthologous genes in humans. With
these definite advantages in mind, we have been studying
the roles of carbohydrate-related genes in the nematode
Caenorhabditis elegans since the 1990s. RNAi and deletion
mutagenesis have been intensively used, and various new roles
of C. elegans glycogenes have been reported from our labora-
tory (see below).
The GlycoGene Database (GGDB, AIST, Japan) is an

Internet database of various glycogenes, including glycosyl-
transferases, sulfotransferases and nucleotide-sugar transporters
(http://jcggdb.jp/rcmg/ggdb/). Detailed annotations, links to other
databases and orthologs of the human genes (Mus musculus,
Rattus norvegicus, Drosophila melanogaster, C. elegans,
Saccharomyces cerevisiae and Arabidopsis thaliana) are listed
if identified. All up-to-date information on human glycogenes is
summarized in the GGDB. Researchers can browse the list of
glycogenes in their own web browser and can effectively retrieve
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essential information on the glycogenes in which they are inter-
ested, such as the substrate specificities and gene expressions
(Narimatsu 2004; Togayachi et al. 2008).
In parallel with constructing the GGDB, we searched for gly-

cogenes in the C. elegans genome using the same in silico
cloning strategy developed for the GGDB (Togayachi et al.
2006). For all selected C. elegans putative glycogenes, we per-
formed RNAi to examine the roles of glycogenes in develop-
ment and morphogenesis. Several of the results have been
published from our laboratory, including the roles of chondro-
itin synthesis in cytokinesis (Mizuguchi et al. 2003; Izumikawa
et al. 2004), GlcCer synthesis in cell division and oocyte forma-
tion (Nomura et al. 2011) and GPI-anchor synthesis in germline
formation (Murata et al. 2012). In this study, we report the
RNAi phenotypes of the glycogenes listed in the database and
briefly describe our new C. elegans Glycogene Database
(CGGDB) and its entries. In addition to the abovementioned
groups of genes, we show that the RNAi-mediated inhibition of
the genes involved in N-glycan synthesis resulted in abnormal
germline formation, an ER stress phenotype (unfolded protein
response: UPR) and small body size (Sma) phenotype. These
phenotypes were predominately caused by the RNAi of the
genes acting at the cytoplasmic side of the ER and not of the
genes acting at ER-lumen side. The results strongly suggest that
N-glycan synthesis plays key roles in germline formation and
early embryogenesis, along with other glycogenes in the nema-
tode C. elegans.

Results
The selection of putative glycogenes in the nematode
C. elegans
To conduct a functional glycomics study to identify the roles of
glycogenes in the nematode C. elegans, we selected human gly-
cogene orthologs in the worm genome. Obtaining the human
glycogene sequences listed in our Glycogene Database (GGDB)
(Narimatsu 2004; Togayachi et al. 2006; Togayachi et al. 2008),
we used the basic local alignment search tool (BLAST) and a
suite of Profile Hidden Markov Model tools program using the
profile hidden Markov Model (HMM) to identify orthologs of
these genes in the worm genome. The DXD motif was searched
in the translated gene sequences because it interacts with the
phosphate groups of the sugar nucleotide donor through the co-
ordination of a divalent cation such as Mn2+. The transmembrane
domain, which is often localized at the N-terminal end, is identi-
fied as a region that contains 18–22 hydrophobic amino acid resi-
dues by SOSUI (Hirokawa et al. 1998; Togayachi et al. 2007).
Then, we classified these putative orthologs by comparing their
homology to the human glycogenes, referring to the Cazy GT
Database (Cazy; Campbell et al. 1997; Coutinho et al. 2003). A
sequence set for each GT family of the Cazy GT Database was
used as an MEME query (Bailey and Elkan 1994), and we
obtained six motifs in the GT families (gg_motif; M1–M6 in the
Supplementary data, Tables SI and SII). The presence of each
motif was searched in each putative glycogene, and the motif
was used to classify worm glycogene families. Positive amino
acids (K/R) are typically abundant in the inner side of the trans-
membrane region of the glycosyltransferase (positive-inside
rule) (von Heijne 1989); therefore, the presence of the K/R
region at the N-terminal side was also used as an indication of a

glycosyltransferase. The information from the OrthoList (Shaye
and Greenwald 2011; Greenwald Lab 2013) was also examined
and used to verify annotations (Table I; Supplementary data,
Tables SI and SII). In total, we selected 181 genes, including gly-
cosyltransferases, sulfation-related genes and GPI-anchor synthe-
sis genes. For brevity, all of the selected genes are listed and
described concisely in Supplementary data, Tables SI and SII.
The list of these in silico-selected genes can be used for the
further verification of the enzymatic activities and/or functions of
the gene products and will be a valuable resource to clarify the
roles of glycogenes in living organisms.

RNAi screening of all the selected C. elegans glycogenes
To knockdown each glycogene, the feeding RNAi technique was
used for N2 (wild type) animals and for a strain coexpressing the
mCherry membrane probe (mCherry DNA fused to a PH
domain) and GFP-tagged β-tubulin marker. The OD70 and
AZ244 strains contain the mCherry membrane probe and the
GFP-tagged β-tubulin marker, respectively; thus, we crossed the
OD70 strain to the AZ244 strain to visualize the germ cell mem-
brane and tubulin simultaneously. The strain is very useful for
visualizing germline cells in vivo (Nomura et al. 2011; Murata
et al. 2012). In this study, the phenotypes were monitored in P0,
F1 and F2 animals, and especially close attention was paid to the
formation of germline cells and early embryogenesis. Using a
transgenic worm that had the hsp-4::GFP transgene (SJ4005),
the ER stress response was also monitored for each RNAi treat-
ment. The HSP-4 is a homolog of the human chaperone and ER
stress sensor GRP78/BiP. Observations under a fluorescence
microscope and/or COPAS TM (Complex Object Parametric
Analysis and Sorting) Biosort analysis (Pulak 2006; Dejima
et al. 2009) was used for the experiments. By using the
COPASTM Biosort, we can measure the fluorescence intensity
and the body size of the worms simultaneously. All results are
listed in Supplementary data, Tables SI and SII, and the same
data can be found in our CGGDB. For several of the 181 genes,
deletion alleles were isolated and examined for phenotypes. For
example, RNAi treatment of the rib-1 or rib-2 genes involved in
heparan sulfate (HS) synthesis or the piga-1 gene involved in the
first step of GPI-anchor synthesis resulted in less evident pheno-
types, and severe phenotypes were observed only in the deletion
alleles (Morio et al. 2003; Kitagawa et al. 2007; Murata et al.
2012).

Abnormal phenotypes observed in our RNAi studies
Of the selected 181 glycogenes, remarkable RNAi phenotypes
were observed in 38 different genes. Table I lists all the glyco-
genes that showed severe phenotypes under RNAi treatments.
The results of functional glycomics analyses from our labora-
tory and others identified several important roles of glycans in
development and morphogenesis. Figures 1 and 2 show exam-
ples of abnormal cell division and abnormal germline pheno-
types observed in our RNAi-treated animals.
The inhibition of chondroitin synthesis results in abnormal

cytokinesis and abnormal distal tip cell migration, which
affects germline formation and early embryonic cell division
(Hwang, Olson and Brown 2003; Hwang, Olson and Esko
2003; Mizuguchi et al. 2003; Izumikawa et al. 2004; Suzuki
et al. 2006; Pedersen et al. 2013). The inhibition of the genes
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involved in chondroitin proteoglycan synthesis, including
chondroitin synthase (sqv-5), chondroitin polymerizing factor
(mig-22), xylosyltransferase essential for GAG synthesis
(sqv-6) (Hwang, Olson and Brown 2003; Hwang, Olson and
Esko 2003) and glucronyltransferase (sqv-8) (Bulik et al.
2000), all showed cytokinesis defects in the fertilized eggs
(lethality) as described by the previous studies, and, in several
cases, showed oocyte formation abnormality (Figure 1, mig-22
arrow head) which is a novel phenotype found in this study.
Figure 1 shows that many abnormal eggs accumulated in the
uteri of GAG-related gene-deficient animals.
RNAi-mediated inhibition of 2-O-sulfotransferase hst-2 and

3-O-transferase hst-3.1, which are sulfotransferases that are es-
sential for HS sulfation (Figure 1), resulted in abnormal oocyte
formation. Although extensive studies have been carried out on
abnormal neuronal phenotypes and DTC migration defect
under inhibition of these sulfotransferases (Turnbull et al.
2003; Kinnunen et al. 2005; Bülow et al. 2008; Bhattacharya
et al. 2009; Tecle et al. 2013), to our knowledge, this is the first
report on the germline defects caused by inhibition of these
genes. In hst-2 RNAi-treated animals, the proximal oocytes
were abnormal, and no eggs were found in the uterus (50%,
n = 20). Oocyte morphology was abnormal in hst-3.1-defective
animals (RNAi, 50%, n = 10), and sterility was observed in
both groups of animals (Figure 1).
In the nematode, HS synthesis is mediated by the rib-1 and

rib-2 genes. The deletion of these genes results in abnormal em-
bryogenesis after gastrulation (e.g., abnormal ventral/epidermal
enclosure formation) and abnormal axon guidance (Kitagawa

et al. 2007). 3′-Phosphoadenosine 5′-phosphosulfate (PAPS) is a
universal metabolic donor of sulfate groups (high-energy sulfate),
and the inhibition of PAPS synthase pps-1 (Dejima et al. 2006) or
PAPS transporters (pst-1 and pst-2) results in HS-deficient pheno-
types and phenotypes that can be found under the inhibition of
protein tyrosine sulfation (Bhattacharya et al. 2009; Dejima et al.
2010), indicating that sulfation plays essential roles in synthesiz-
ing sulfated HS proteoglycans and tyrosine-sulfated proteins
(Kinnunen et al. 2005; Dejima et al. 2006; Mizuguchi et al. 2009;
Dejima et al. 2010; Kalis et al. 2010). The inhibition of GlcCer
synthesis also results in both abnormal cytokinesis and abnormal
oocyte formation (Nomura et al. 2011) besides larval arrest pos-
sibly due to defects in digestive tract cells (Marza et al. 2009).
GPI-anchor synthesis is also essential to oocyte formation, and
without GPI-anchored protein synthesis, no oocytes are formed
(Murata et al. 2012).
The RNAi of oligosaccharyltransferase (OST) genes, con-

ducted by our group (ostb-1, stt-3 and dad-1; Figure 2) and
others (for ostb-1, see Bonner et al. 2013; for ribo-1, see
Stevens and Spang 2013), showed various abnormal pheno-
types, including ER stress and embryonic lethality. These
results indicate that the synthesis of N-glycans may play essen-
tial roles in meiosis and/or mitosis.

Glycogenes involved in N-glycan synthesis are essential
for meiosis and/or mitosis
To examine whether the glycogenes involved in N-glycan syn-
thesis also have roles in mitosis or meiosis, we determined the
RNAi of the N-glycan-related genes in the selected glycogenes

Table I. Examples of C. elegans glycogenes with observed RNAi phenotypes

Family Human ortholog C. elegans ortholog RNAi phenotype hsp-4::GFP fluorescence

ALG
Cytoplasmic ALG (GnT) ALG7 Y60A3A.14 Sma (100%, n = 33) Increased (C, FM)

ALG13 R10D12.12 WT Increased (C, FM)
ALG14 M02B7.4 Oocyte morphology variant (35%, n = 20) Increased (C, FM)

Cytoplasmic ALG (ManT) ALG1 T26A5.4 Emb (33%, n = 6) Normal (C, FM)
ALG2 F09E5.2 Sma, oocyte morphology variant (83%, n = 12) Increased (C, FM)
ALG2 bus-8 (T23F2.1) Sma, Skd, Dpy (100%, n = 15) Normal (C, FM)
ALG11 B0361.8 Sma, oocyte morphology variant (76%, n = 50) Increased (C, FM)

Dol-P-Man synthesis DPM1 dpm-1 (Y66H1A.2) Sma, oocyte morphology variant (78%, n = 32) Increased (C, FM)
Dol-P-Glc synthesis ALG5 H43I07.3 WT Increased (C, FM)

OST
WBP1, DDOST, OST48
beta subunit

ostb-1 (T09A5.11) Sma, no oocytes (83%, n = 24) Increased (FM)

DAD1, OST2 dad-1 (F57B10.10) Sma, oocyte morphology variant (89%, n = 29) Increased (FM)
STT3 stt-3 (T12A2.2) Sma, oocyte morphology variant (95%, n = 20) Increased (FM)

GAG CSS1, CSS2, CSS3,
CSGlcAT,
CSGalNAcT1,
CSGalNAcT2

sqv-5 (T24D1.1) Emb (83%, n = 12) Normal (C)

CSS2 mig-22 (PAR2.4) Emb (100%, n = 13) oocyte morphology variant Normal (C)
XylT XYLT1, XYLT2 sqv-6 (Y50D4C.4) Emb (45%, n = 20) Normal (C)
GlcAT B3GAT3, B3GAT2 sqv-8 (ZK1307.5) Emb (55%, n = 20) Normal (C)
SulfoT HS2ST1 hst-2 (C34F6.4) Oocyte morphology variant (50%, n = 20) Normal (C)

HS3ST1 hst-3.1 (F40H3.5) Oocyte morphology variant (50%, n = 10) Normal (C)
Others (see text for references): hpo-3 (F33D11.9), hpo-4 (T05E11.6), F38E1.9, C27A12.9, Y48E1B.2, T22C1.3, T09B4.1, dpm-3 (F28D1.11), cgt-1 (T06C12.10),
cgt-2 (F20B4.6), cgt-3 (F59G1.1), pps-1 (T14G10.1), chs-1 (T25G3.2), chs-2 (F48A11.1), sqv-2 (Y110A2AL.14), sqv-3 (R10E11.4), pad-2 (K10G9.3), gly-2
(C55B7.2), gly-4 (Y116F11B.12) and D2045.9

ALG, asparagine-linked glycosylation genes; C, COPASTM Biosort; Dpy, dumpy body; Emb, embryonic lethal; FM, fluorescence microscope; GAG,
glycosaminoglycan synthesis gene; OST, oligosaccharyltransferase complex; Skd, skiddy; Sma, small body size; WT, wild type.
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(see Figure 3 and Table I; Supplementary data and the glyco-
gene list, Tables SI and SII) and examined the phenotypes. The
RNAi-mediated inhibition of gly- genes coding enzymes such
as GalNAcT1, T2, T10 and T11 or glct- genes (beta3GlcAT)
showed no obvious phenotypes in oogenesis (mitosis and
meiosis) or in early embryonic cell division (mitosis)
(Supplementary data, Tables SI and SII). In contrast, the RNAi
of the genes involved in LLO (lipid-linked oligosaccharides)-
mediated glycan synthesis or the attachment of LLO to proteins
resulted in severe phenotypes. In Figure 2, typical RNAi phe-
notypes of genes involved in LLO synthesis are depicted as
observed in our experiments. The RNAi of calg-2 (C. elegans
ALG2 ortholog), calg-11, dpm-1, ostb-1, dad-1 and stt-3
showed severe phenotypes in oocyte formation. In this study,

the names of genes whose official names have not been
assigned in the C. elegans community are represented as calg-2
(i.e., C. elegans human ALG2 gene ortholog); this name is
composed of “c”, meaning “C. elegans”, followed by a gene
name indicative of human ortholog of the gene.
Figure 3 presents the eukaryotic N-glycan synthesis path-

way and summarizes abnormalities found in this study. The in-
hibition of calg-7 or calg-14 also resulted in similar phenotypes
(data not shown). The RNAi of calg-2 resulted in the extension
of the germline syncytial region across the loop of the gonad
(Figure 2, arrow). Few oocytes were formed, and the oocyte
size was small or abnormal (arrowhead). No fertilized eggs
were found in the uterus. The RNAi of the calg-11 ortholog
also showed an extension of the germline syncytial region

Fig. 1. RNAi-mediated knockdown of several glycosyltransferases and sulfotransferases showed germline phenotypes. In each set of photographs, the upper panel
shows the Nomarski DIC micrograph, the middle panel shows the PH domain detected by mCherry (red) and the bottom panel shows tubulin detected by gfp
(green). In the mCherry::PH panel, the numbers indicate the normal oocytes, where −1 is the most proximal, and the brackets indicate the normal uterus (control);
arrow: embryonic lethal (sqv-5, mig-22, sqv-6, sqv-8 and hst-3.1); arrowhead: oocyte morphology variant (mig-22, hst-2 and hst-3.1); dashed line: no eggs in uterus
(hst-2), asterisks; spermatheca, scale bar: 100 μm.
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across the loop of the gonad (arrow), and the oocyte number
decreased. The oocytes were abnormally swollen (arrowheads),
and the abnormal eggs were found in the uterus. The inhibition
of dpm-1, which transfers mannose to dolichol lipid, also se-
verely affected oocyte formation (Figure 2, arrowhead), and no
cellular compartment of the oocytes was observed. No fertilized
eggs were formed in the animal. The inhibition of ostb-1, which
is a subunit of OST, resulted in no oocyte formation. The length
of the syncytial region before the loop region was abnormally
short, and the syncytial region extended over the loop region. No
cellularization of oocytes was observed. The inhibition of dad-1,
which is also a subunit of OST, resulted in abnormal oocyte

formation (arrowheads). The number of oocytes was decreased,
and no fertilized eggs were found. The inhibition of stt-3, which
is a potentially active subunit of OST, resulted in abnormal
oocytes (Figure 2, arrowheads), as observed in dpm-1
RNAi-treated animals. The syncytial region also extended over
the loop region (arrow), and no fertilized eggs were formed
(Figure 2). In all of the RNAi-treated animals shown in Figure 2,
the gonads were small and poorly formed, and fertilization was
defected.
We performed a detailed analysis of the calg-7 gene functions,

which catalyzes the first step of N-glycan synthesis with RNAi
and deletion mutant analysis, and the results will be published in
a separate study. The inhibition of bus-8, which is another puta-
tive ALG2 ortholog, resulted in no abnormality in germline for-
mation; however, the Sma or weak dumpy (Dpy) phenotype, and
skiddy phenotypes (Yook and Hodgkin 2007; Partridge et al.
2008) were observed (see below). The RNAi-mediated inhibition
of cytoplasmic alg genes resulted in abnormal germline forma-
tion; however, the RNAi of ER-lumen alg genes (calg-3, calg-9,
calg-12, calg-6, calg-8 and calg-10) did not result in abnormal
phenotypes (Figure 3). Thus, abnormal germline phenotypes
were observed under the RNAi-mediated knockdown of cyto-
plasmic alg genes orOST genes.

Inhibition of cytoplasmic alg genes but not ER-lumen alg
genes resulted in ER stress/Sma phenotype
The inhibition of the alg7 gene with tunicamycin induces the
UPR due to the accumulation of abnormal non-glycosylated
proteins in the ER (Hulsmeier et al. 2011). It is also reported
that mild dose of tunicamycin (3 μg/mL) results in Sma pheno-
type in C. elegans (Struwe et al. 2009). Thus, we next exam-
ined whether the inhibition of glycogenes causes the ER stress
response and Sma phenotype.
To monitor UPR, transgenic animals containing hsp-4::GFP

(see above) were RNAi treated for each glycogene. The inhib-
ition of calg-7, calg-13, calg-14, calg-2 and calg-11 resulted in
the increase of hsp-4 transgene expression (the COPASTM

Biosort analyses and fluorescence micrographs are shown in
Figures 4 and 5). The dpm-1 and calg-5 genes act at the cyto-
plasmic side of the ER, and the RNAi of these genes also
resulted in the UPR (Figure 4). The RNAi of calg-1, which is a
cytoplasmic alg gene, did not result in the UPR (Figure 3,
Supplementary data, Figures S1 and S2). Thus, we detected the
UPR in RNAi-treated animals of most of the cytoplasmic alg
genes. The inhibition of OST genes such as ostb-1, dad-1 and
stt-3 also resulted in the UPR (Figure 5). In sharp contrast to
these results, the inhibition of the ER-lumen alg genes includ-
ing calg-3, calg-9, calg-12, calg-6, calg-8 and calg-10 resulted
in no stress response (Supplementary data, Figures S1 and S2).
The inhibition of bus-8 did not result in the UPR

(Supplementary data, Figures S1 and S2). The inhibition of
uggt-1 and uggt-2 (Buzzi et al. 2011), which are ER quality-
control genes, resulted in no stress response, and the inhibition
of ogt-1, which is an O-linked GlcNAc transferase ortholog,
resulted in no stress response at all (Supplementary data, Tables
SI and SII). As expected (Hulsmeier et al. 2011), inhibition of
glycogenes acting at Golgi (e.g., genes involved in GAG syn-
thesis) resulted in no stress response (Supplementary data,
Figure S1). Only alg genes and the dpm-1 gene, which act at

Fig. 2. RNAi-inactivation of glycosyltransferases involved in LLO synthesis
showed germline phenotypes. The germline of the control shows the normal
syncytium end (arrow). The knockdown of calg-2 and calg-11 resulted in the
extension of the syncytial region over the loop of gonad (arrow). The oocyte
number decreased, and the oocyte morphology became variant (arrowhead).
dpm-1, dad-1 and stt-3 RNAi also produced abnormal oocytes (arrowheads),
and ostb-1 and stt-3 RNAi resulted in expanded syncytium. The inhibition of
ostb-1 resulted in no oocytes, a very short gonad and expanded syncytium
(arrow) phenotypes. The RNAi of these glycosyltransferases involved in LLO
(lipid-linked oligosaccharides) synthesis all showed a small gonad phenotype
compared with the control. The PH domain was detected by mCherry. The
brackets indicate the uterus region. The asterisk indicates the spermatheca.
Scale bar: 100 μm.

S Akiyoshi et al.

12

http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwu080/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwu080/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwu080/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwu080/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwu080/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwu080/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwu080/-/DC1


the cytoplasmic side of the ER, showed the UPR after
RNAi-mediated knockdown. The RNAi-mediated inhibition of
no other genes caused the UPR.
In our systematic RNAi study of glycogenes, we noted that

the Sma phenotype (Sma phenotype) was found in animals
treated with RNAi against LLO synthesis genes. Figure 6
shows the Sma phenotype observed in the RNAi-treated
animals that had calg-7, calg-2, bus-8, calg-11, dpm-1, ostb-1,
dad-1 and stt-3 gene orthologs. The extent of the body size re-
duction was comparable with the previously reported Sma gene
phenotype of the nematode. The Sma phenotype was only
observed under the inhibition of cytoplasmic alg gene ortho-
logs or OST genes (Figure 3 shows the cytoplasmic/ER-lumen
alg genes and OSTs). Our inspection of the previously reported
RNAi experiments revealed that the Sma phenotype was
reported for ribo-1 OST subunit, but no Sma RNAi phenotype
has been reported for other N-glycan synthesis genes.
Figure 7 shows the reduction of ConA staining of total proteins

of calg-2 or calg-11 RNAi-treated animals after SDS–PAGE.
ConA recognizes mannose rich N-glycans including “core” tri-
mannosides found in LLOs (Naismith and Field 1996). ConA
staining was only reduced in cytoplasmic alg RNAi-treated
animals (calg-11 and calg-2 in Figure 7), and no reduction of
staining was observed in ER-lumen alg RNAi-treated animals
(calg-3 and calg-6 in Figure 7). This finding indicates that the
synthesis of LLO is reduced in cytoplasmic calg-11 or calg-2
RNAi-treated animals, and the observed phenotypes result from
the reduction of N-glycan synthesis.

In summary, the germline abnormal phenotypes, body size
small phenotype and UPR phenotype after RNAi were specific
for the cytoplasmic alg genes but not for the ER-lumen alg
genes. Among the 181 glycogenes examined, only the genes
involved in LLO synthesis at the cytoplasmic side showed
these phenotypes, indicating that the formation of the LLO core
structure is essential for normal germline formation and devel-
opment and morphogenesis.

Construction of CGGDB
The results of the RNAi-induced germline phenotypes of the
C. elegans glycogenes are listed in our newly constructed
CGGDB (http://jcggdb.jp/cggdb/). The C. elegans genes ortholo-
gous to human glycogenes are listed in alphabetical order of the
gene family name, and the human orthologous gene name is
indicated. Clicking the JCEG ID (Japan C. elegans Glycogene
ID) opens a new window, and detailed information on each gene
is listed. The NCBI gene link, the human ortholog information
in the GGDB/OrthoList, the results of transmembrane domain
prediction and the presence of the DXD motif, the presence
of unique motifs conserved among glycosyltransferases
(gg_motif), and the presence of the K/R region are also indi-
cated. Users are referred to the bibliography with PubMed links
for further sources of information. The coding DNA sequence
and protein sequence can also be retrieved through the links on
the page. The WormBase link and a direct link to the in situ data-
base NEXTDB (if available) are also present in the page, and the
user can see the in situ images with one click.

Fig. 3. Synthesis of dolicol-P-P-GlcNAc2Man9Glc3 in the ER of eukaryotes. A model for the eukaryotic biosynthetic pathway of lipid-linked oligosaccharides
(LLOs) and its transfer to proteins. The glycogenes that showed an increase of hsp-4::GFP expression by RNAi are highlighted in orange, and the genes showing
small body size (S) or germline phenotype (G) are indicated. ostb-1, dad-1 and stt-3 code subunits of OST.
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Previously reported RNAi phenotypes and allele phenotypes
are also collected in the database, enabling the user to access all
of the gene phenotypes quickly. By clicking the Expression tab,
the user can find a list of the cell names in C. elegans, and click-
ing the cell name opens a new window showing the glycogenes
expressed in that particular cell. The phenotype tab represents
various phenotypes associated with the glycogenes, and clicking
a phenotype opens a new window that lists all of the glycogenes
associated with the phenotype. Other C. elegans glycogenes that
are not orthologous to human glycogenes are also listed and
tested for RNAi phenotypes, and the results will be included in a
future version of our CGGDB. By navigating through our

CGGDB, users can grasp the up-to-date information on particular
C. elegans glycogenes to apply to their own studies.

Discussion

In his excellent review article on the glycogenes of C. elegans,
Prof. Schachter listed 148 genes that are relevant to glycosyla-
tion, including putative glycosyltransferases, glycosidases and
nucleotide-sugar transporters (Schachter 2004; Berninsone
2006). His review compiled RNAi information as well as
mutant phenotypes and has been an essential reference for

Fig. 4. RNAi of glycosyltransferases involved in LLO synthesis at the cytoplasmic side of ER resulted in the strong induction of hsp-4::GFP. The black dots
represent hsp-4::GFP fluorescence, and the gray dots represent extinction, which provides a measurement of optical density of the organism. COPASTM Biosort was
used for the analyses. X-axis: time of flight (length of each organism); Y-axis: intensity.
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studying C. elegans glycogenes. Independently, we used an in
silico cloning approach that was developed to construct our
GlycogeneDatabase and listed all of the C. elegans glycogenes
that are orthologous to human glycogenes. The current version
of the CGGDB does not include glycosidases and sugar trans-
porters, although we plan to add these genes to a future version
of the database. Further verification of the catalytic activity of
the in silico-selected genesis (e.g., by expressing the genes in
vitro) is labor intensive; however, the RNAi-mediated knock-
down of each glycogene function is simple in C. elegans. Thus,

we used the selected gene list to examine the roles of C.
elegans glycogenes systematically. As described above, we
found new roles of glycogenes in early cell division, early em-
bryogenesis, axon guidance, innate immunity (Ideo et al. 2009)
and germline formation. Owing to the transparency of its body,
the development of germline and embryonic cell division in C.
elegans can be easily examined in vivo. Detailed knowledge on
the molecular mechanisms of C. elegans germline formation
has been accumulated, including the molecular mechanisms of
germline stem cell niche induction and maintenance, stem cell

Fig. 5. RNAi of C. elegans cytoplasmic alg gene orthologs involved in LLO synthesis and RNAi of OST subunit genes induced strong GFP fluorescence under
fluorescence microscopy. In each of the micrographs, the upper panel shows the Nomarski DIC micrograph, and the bottom panel shows the fluorescence of the
hsp-4::gfp (green). Scale bar: 100 μm.

RNAi screening of C. elegans glycogenes

15



to oocyte formation, cell cycle progression of oocytes and
oocyte-embryo transition (Schedl 2013). Thus, we have paid
special attention to the germline phenotypes and early embryo-
genesis in our study.
In this study, by examining the germline phenotype of various

glycogene RNAi-treated animals, we found that the genes
involved in N-glycan synthesis are also essential in the germline
development and egg formation of C. elegans. The inhibition of
N-glycan synthesis genes, including cytoplasmic alg genes and
dpm-1, resulted in abnormal germline formation, UPR and Sma
phenotype; however, the inhibition of any ER-lumen alg gene
did not result in these phenotypes. The germline abnormal, UPR
and Sma phenotypes were also observed in the OST gene
RNAi-treated animals. A possibility that RNAi efficiency to
ER-lumen alg genes is generally lower to cytoplasmic alg genes
appears to be less probable because our RNAi against other
ER-lumen expressed genes (e.g., OST genes and GPI-anchor
synthesis gene -PIGV, PIGO, PIGK, GAA1 and PIGU orthologs)
showed severe phenotypes. These results indicate that the “core
trimannoside” formation and attachment of LLO to proteins play
essential roles in germline formation and early embryonic cell
division. No single RNAi treatment of the genes that are
involved in the N-glycan chain elongation/modification that
occurs at the ER-lumen side resulted in these germline pheno-
types. In several cases, the core trimannoside can be modified by
the addition of GlcNAc, followed by several different glycosyl-
transferases and glycosidases, to form fucose-modified oligosac-
charides (Schiller et al. 2012). These unique structures may
compensate for the reduction of orthodox N-glycan structures

resulting from ER-lumen alg RNAi. Thus, N-glycan core triman-
noside synthesis occurring at the cytoplasmic side before flipping
to the ER side or the addition of LLO to proteins by OST appear
to be indispensable, but the addition of monosaccharides at the
ER-lumen side appears to be dispensable. To confirm this
finding, we need to analyze both ER-alg knockout animals and
cytoplasmic alg knockout animals, and these studies are current-
ly underway in our laboratory and will be published separately.
Previously published high-throughput RNAi screening on

N2 animals failed to detect germline phenotypes for cytoplas-
mic alg genes, but in several RNAi experiments using the
RNAi sensitive strain (rrf-3), phenotypes including lethality or
Bt toxin hypersensitivity were reported for the calg-11, calg-13
and calg-14 genes, which are cytoplasmic alg genes. For the
calg-8 gene, which is an ER-lumen alg gene, a lethal phenotype
was reported in rrf-3 animals. The rrf-3 strain shows a high inci-
dence of male phenotypes and a temperature-dependent decrease
in brood size at 25°C; therefore, we excluded this strain from the
present analysis (Simmer et al. 2002). Reduced brood size,
partial embryonic lethality and larval arrest in F1 animals
were reported for N2 calg-8 (RNAi) animals using the
ORFeome RNAi sequence (Rual et al. 2004). Larval arrest
and reduced brood size in F1 animals may be caused by the
presence of abnormal glycosylated proteins in the later
stages of development or by a difference in RNAi efficiency
due to the different RNAi constructs used by our group and
by Rual et al. To resolve this discrepancy, the use of calg-8
knockout animals and the quantitation of calg-8 mRNA are
necessary.

Fig. 6. RNAi-mediated knockdown of glycosyltransferases involved in LLO synthesis showed small (Sma) phenotype. (A) The RNAi-mediated inactivation of LLO
synthesis genes resulted in small body size. Scale bar: 100 μm. (B) Body length of RNAi-treated animals. The error bar indicates the standard deviation. Control
n = 28, calg-7 (Y60A3A.14) n = 33, calg-2 (F09E5.2) n = 20, calg-2 (bus-8/T23F2.1) n = 13, calg-11 (B0361.8) n = 21, dpm-1 (Y66H1A.2) n = 30, ostb-1 (T09A5.11)
n = 25, dad-1 (F57B10.10) n = 36 and stt-3 (T12A2.2) n = 26. ***P ≤ 0.001.
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The inhibition of N-glycan synthesis genes resulted in abnor-
mal germline, UPR and Sma phenotypes. One possibility of
causing these RNAi phenotypes is that the absence of several
specific “N-glycosylated” proteins that are indispensable for
germline formation and morphogenesis resulted in the pheno-
types. N-glycosylated C. elegans proteins have been extensive-
ly studied by mass spectroscopy; therefore, the identification of
major N-glycosylated proteins expressed in the germline is
within the scope of the present technology (Kaji et al. 2003;
Kaji et al. 2012). The identification of these proteins and the in-
hibition of the function of each N-glycosylation protein may
shed light on this possibility. The other possibility is that the
disturbance of gene networks responsible for germline forma-
tion and morphogenesis result from a reduction in the expres-
sion level of N-glycan synthesis genes, followed by UPR. The
reduction of the gene functions induces the accumulation of
abnormally glycosylated and/or non-glycosylated proteins,
which results in UPR. In the absence of N-glycan synthesis
gene function, no properly N-glycosylated proteins are formed.
Therefore, the UPR cannot restore the abnormal ER state,
which may be the cause of defects in germline cells and early
embryonic cells. In this case, we can identify the major
N-glycosylated proteins and UPR-associated proteins that have
been affected (i.e., overexpressed and decreased proteins) in the
germline. This type of analysis may help identify the roles of
various normal proteins and stress–responsive proteins in germ-
line formation and morphogenesis.
The cytoplasmic alg genes and ER-lumen alg genes are

associated with various congenital disorders of glycosylation in
humans. Through the in silico identification of alg gene

orthologs followed by RNAi experiments of each gene, we
found that RNAi is a very powerful method to induce various
N-glycosylation-defective phenotypes including germline ab-
normalities, the UPR and the body size small phenotype.
Tunicamycin, which is an inhibitor of ALG7 (DPAGT), induces
no phenotypes in N2/rrf-3 animals at 2 μg/mL, while it induces
Dpy, Unc, Sma and other phenotypes with low penetrance at 3
μg/mL. These phenotypes disappear at higher concentration of
the drug. Lethality dominates at higher concentration (Struwe
et al. 2009; Struwe and Warren 2010). Struwe et al. carried out
genome-wide RNAi screening of rrf-3 worms to identify genes
hypersensitive to a mild dose (2 μg/mL) of tunicamycin. They
pinpointed 512 genes that show phenotypes under the
drug-induced mild inhibition of N-glycosylation. In the pres-
ence of tunicamycin, RNAi of ER-lumen calg- genes (calg-3,
-6, -8, -9, -10 and -12) showed phenotypes (Emb, Lvl, Lava,
Gro, small brood or Ste), but no RNAi phenotypes were
recorded without tunicamycin. No phenotypes were found in
cytoplasmic calg- genes in their experiments. The 512 RNAi
hypersensitive genes could be promising candidates for the
phenotypes observed in our cytoplasmic alg gene RNAi experi-
ments. With these previous studies, the RNAi-mediated inhib-
ition of calg- genes described in this study could be a powerful
way to study the molecular mechanisms of the onset and path-
ology of congenital disorders of glycosylation.
There are a lot of difference in glycans between humans and

the nematode. For examples, no sialylated glycoconjugates are
found in the nematode, and genes of neither sialyltransferases
nor sialidases are found in the genome. By selecting C. elegans
glycogenes orthologous to human glycogenes, we can exclude
these non-conserved glycogenes, and only conserved glyco-
genes are depicted in our study. Most of the molecular mechan-
isms found in C. elegans are often conserved in higher
organisms including humans; therefore, listing the human gly-
cogene orthologs in C. elegans and using the gene list for the
systematic inhibition of gene functions has a unique advantage
for clarifying the roles of human glycogenes due to the various
advantages of C. elegans over mammalian model organisms
and cultured cells. We hope that our CGGDB will be a valuable
source for researchers to use to discover the molecular mechan-
isms of human glycogene-associated diseases and their novel
treatments.

Materials and methods
C. elegans strains
All worm strains were cultured at 20°C as previously described
(Brenner 1974). The following strains were used: N2: wild type,
OD70: ltIs44; [pie-1p-mCherry::PH(PLC1delta1) + unc-119
(+)] (Kachur et al. 2008), AZ244: unc-119(ed3) III; ruIs57
[pie-1::GFP::tubulin + unc-119(+)] (Praitis et al. 2001) and
SJ4005: zcIs4[hsp-4p::gfp] V. Previously, we isolated a strain
coexpressing the GFP-labeled β-tubulin marker and the mCherry
membrane probe by mating OD70 to AZ244 (Nomura et al.
2011), and the strain was used throughout this study.

RNAi by feeding
The protocol for RNAi by feeding was based on previously
described methods (Timmons et al. 2001; Akiyoshi et al.

Fig. 7. Knockdown of calg-11 or calg-2 shows reduction of ConA staining.
ConA staining was decreased in the RNAi-mediated inhibition of cytoplasmic
alg genes (calg-2 and calg-11) compared with the control. The arrows indicate
the bands showing strong reduction. This reduction was not detected under the
inhibition of ER-lumen alg genes (calg-3 and calg-6). The blotted membrane
of the same samples shown at the right panel was incubated with sugar inhibitor
plus HRP-conjugated ConA (Plus sign), and the left membrane was incubated
with HRP-conjugated ConA in the absence of the sugar inhibitor (minus sign),
followed by ECL detection. The bottom panel shows the anti-actin staining of
the same lanes of the same samples as a control.
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2013). Caenorhabditis elegans RNAi library clones (Kamath
and Ahringer 2003) were used for the RNAi of most of the gly-
cogenes. Unreliable RNAi bacterial strains of the library (Qu
et al. 2011) were omitted from our RNAi experiments. For
several of the glycogenes, RNAi constructs were made from
amplified cDNA or genomic DNA, as previously described
(Mizuguchi et al. 2003). A fragment of cDNAwas cloned into
the L4440 (pPD129.36) vector, and the cloned plasmids were
transformed into Escherichia coli HT115(DE3). A single
colony of HT115(DE3) carrying the plasmids was cultured in
LB medium containing 100 µg/mL carbenicillin for 8 h, and
the E. coli was seeded onto NGM plates and incubated at 37°C
overnight. The plates were treated with 2 mM isopropyl-β-
D-thiogalactoside (IPTG; 100 µL/plate) and incubated at 37°C
for 6 h to allow HT115 to express the double-stranded RNA.
L4 hermaphrodites were transferred onto the feeding plates and
maintained at 25°C. We observed the phenotypes of the F1 gen-
eration after 72 and 96 h. HT115 carrying the L4440 vector
without any insert was used as a control.

Scoring RNAi phenotypes
For phenotypic characterization and the lethality assay, L4 her-
maphrodites were transferred onto the plates, and dsRNA was
introduced into the worms by feeding. The F1 and F2 progenies
were further incubated for 130 h and were then observed by mi-
croscopy. The worms were picked at the late L4 stage from
culture plates, allowed to lay eggs for 24 h, and then transferred
to a new plate daily for the next 3 days. Larvae that failed to
develop into L3 after 40 and 96 h were scored as larval arrest/
lethal at 25°C. To measure body length, three L4 worms of N2
or RNAi-treated worms were put onto a 60-mm plate and fed
for 96 h at 25°C before analysis. We collected 40 adult worms
on a glass slide for each experiment, and heated the worms for
1 min at 60°C and measured their linear body lengths by ocular
micrometer. To assess the germline and early embryonic pheno-
types, the animals were observed with a full automatic micro-
scope (Leica or Olympus) equipped using MetaMorph
Software (version 6.1r5, Molecular Devices Corporation, CA)
(see Microscopy).

Microscopy
DIC and fluorescent images were obtained using a Leica
DMRXA full automatic microscope (Leica, Wetzlar, Germany)
or Olympus BX51 fluorescence/DIC microscope (Tokyo,
Japan) equipped with an MAC5000 controller system (Ludl
Electronic Products Ltd., NY) as previously described
(Mizuguchi et al. 2008). The acquired images were processed
using MetaMorph software (version 6.1r5, Molecular Devices
Corporation ). Confocal images were acquired with an LSM
510 META microscope (Carl Zeiss, Oberkochen, Germany).
The worms were placed on an 8-well printed microscope glass
slide (Matsunami Glass, Osaka, Japan) and anesthetized with
M9 buffer containing 16 mM sodium azide.

Scoring UPR with COPASTM Biosort
Phsp-4::GFP fluorescence induction of the SJ4005 strain and
time-of-flight of the populations of worms fed with control or
glycogene dsRNA were measured using a COPAS (Complex

Object Parametric Analysis and Sorting)™ Biosort dual color
fluorescence sorting system (Union Biometrica, Holliston, MA)
at 119 h at 25°C after placing five L4 worms following the
manufacturer’s instructions (Pulak 2006; Dejima et al. 2009).
Further data analyses were performed using Excel 2003 soft-
ware (Microsoft, Redmond, WA). A fluorescence dissecting
microscope (Olympus SZX16) was also used to monitor the in-
duction of the Phsp-4::GFP gene.

Lectin blotting and western blotting
In general, worms from three NGM agar plates were combined
and used for blot analyses. The worms were frozen cracked in
liquid nitrogen, and the samples were sonicated on ice in the
solubilization buffer (7 M urea, 2 M thiourea, 4% CHAPS,
10 mM Tris–HCl, pH 8.0–8.5) in the presence of protease inhi-
bitors (cOmplete ULTRA Tablets, Mini, EDTA-free, Roche
Diagnostics, Basel, Switzerland). After incubation of the buffer
at 4°C overnight, the samples were centrifuged at 18,000 × g at
4°C for 5 min, and the supernatant was collected and acetone
precipitated at−20°C for 2 h. After centrifugation at 12,000 × g
for 10 min, the pellet was collected, and after removing the
acetone through drying, the pellet was solubilized in the SDS
sample buffer. After SDS– PAGE (e-PAGEL 12.5%-E-T12.5L,
ATTO, Tokyo, Japan), the gels were blotted onto PVDF mem-
branes (Immobilon transfer membranes, pore size, 0.45 μm,
Merck Millipore, Tokyo, Japan) using a standard semi-dry blot-
ting protocol (ATTO). The blotted membranes were blocked
with PBS-0.5% Tween 20 solution (PBS-T) for 30 min at room
temperature followed by incubating the membrane with HRP
(horseradish peroxidase-conjugated concanavalin A (EY
LABORATORIES, INC., CA) (0.33 μg/mL in 0.5% PBS-T)
with or without the sugar inhibitor (0.5 M α-methyl-D-
mannoside, Sigma-Aldrich, Japan) for 1 h at room temperature.
For actin immunoblotting, the PVDF membrane after blotting
was incubated with anti-actin antibody (MAB1501, Merck
Millipore, 1:4000 in PBS-T) for 1 h. After extensive washing,
the membrane was incubated with HRP-conjugated anti-mouse
IgG (NA931V, GE Healthcare Japan, 1:4000 in PBS-T) for 1 h
at room temperature. The reactive protein bands were detected
using an ECL chemiluminescence protein detection kit (Western
Lighting ECL Pro, Perkin Elmer, MA) according to the manu-
facturer’s protocol using LAS-3000 (FUJIFILM, Tokyo, Japan).

The selection of human glycogene orthologs using
bioinformatics
To select glycogenes of the nematode (C. elegans) comprehen-
sively, orthologous genes of human glycogenes were first col-
lected. The set of genes registered in the GlycoGene Database
(GGDB) was used to query the bioinformatics tools for a simi-
larity search such as BLAST and HMM (Campbell et al. 1997;
Kikuchi and Narimatsu 2006). To eliminate the genes that have
homology on the site other than the enzymatic activity domain,
the resultant putative glycogenes were confirmed to have hom-
ology between the glycosyltransferase domain and known gly-
cosyltransferases. Subsequently, to select the glycogenes that
do not have homology to human genes, the gene sequences of
the nematode registered in the CAZy GT were collected and
combined into the first dataset (those that have homology to
human genes) (Coutinho et al. 2003). Finally, the collected
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putative genes were confirmed to possess the known character-
istics of glycosyltransferases (e.g., DXD sequences and
positive-inside rule), and this information was registered as an-
notation data into CGGDB (Kikuchi et al. 2003; Kikuchi and
Narimatsu 2006).

Statistical analysis
Statistical analyses, including one-way ANOVA, Student’s
t-test and Holm’s multiple comparison, were performed using
the R statistical package (R version 2.11.0).
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