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Abstract 22 

SEIPIN, an ER membrane protein, plays critical roles in lipid droplet (LD) formation and lipid 23 

storage. Dysfunction of SEIPIN causes a variety of human diseases, including lipodystrophy, 24 

neuropathies, and male and female infertility. However, the cellular and molecular mechanisms 25 

of SEIPIN in causing these diseases are poorly understood. To address such mechanisms, we 26 

investigated the functional roles of R01B10.6 (seip-1), the sole SEIPIN1 ortholog in C. elegans, 27 

using CRISPR/Cas9 gene editing, and transcriptional assays. SEIP-1::mScarlet is widely 28 

expressed throughout development in C. elegans. Three full gene deletion mutants, generated by 29 

CRISPR/Cas9, displayed penetrant embryonic lethality. EM imaging and the visualization of 30 

reporter genes revealed that the lipid-rich permeability barrier, the innermost layer of the C. 31 

elegans embryonic eggshell, was defective or missing. Intriguingly, depletion of SEIP-1 revealed 32 

a perturbed gene expression pattern for fatty acid biosynthesis enzymes, in agreement with the 33 

disrupted permeability barrier formation phenotype of the embryos. Lastly, dietary 34 

supplementation of PUFAs rescued the embryonic lethality and defective permeability barrier in 35 

the deletion mutants. In sum, our study suggests that SEIP-1 may maternally regulate LD 36 

biogenesis and maintain lipid homeostasis to orchestrate the formation of the lipid-rich 37 

permeability barrier, which is crucial for eggshell formation and embryogenesis.  38 
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Introduction 39 

Lipid droplets (LDs) are ubiquitous cellular organelles for neutral lipid storage. The ER-40 

localized protein SEIPIN, also known as BSCL2 in humans, has been implicated as a key player 41 

in LD biology (Cartwright and Goodman, 2012; Fei et al., 2011). Human SEIPIN1 is highly 42 

expressed in brain, testis and adipose tissue (Magre et al., 2001). Missense mutations in SEIPIN1 43 

were identified in patients diagnosed with Beradinelli-Seip congenital generalized lipodystrophy 44 

type 2 (BSCL2) syndrome, motor neuropathy and Silver syndrome, suggesting the importance of 45 

SEIPIN1 for human lipid metabolism in different tissues (Chen et al., 2009; Fei et al., 2011; Ito 46 

et al., 2008; Magre et al., 2001; Walther et al., 2017; Windpassinger et al., 2004). Interestingly, a 47 

pair of compound SEIPIN1 mutations were linked to teratozoospermia syndrome, which displays 48 

defective sperm and male infertility (Jiang et al., 2014). Consistent with these clinical studies, 49 

earlier investigations in mammalian and yeast cells have shown that loss-of-function SEIPIN 50 

causes defective fatty acid biogenesis and ectopic LD morphology, including tiny aggregated 51 

LDs and enlarged LDs (Fei et al., 2008; Grippa et al., 2015; Szymanski et al., 2007; Wang et al., 52 

2016a; Wolinski et al., 2011). In mice, SEIPIN1 deficiency also leads to defective reproduction 53 

and infertility (El Zowalaty et al., 2015; Zowalaty and Ye, 2017). However, the cellular and 54 

molecular mechanisms of the SEIPIN1-associated genetic diseases remain largely unknown.  55 

Caenorhabditis elegans is an attractive model for addressing fundamental questions about 56 

the metabolism of LDs. Although C. elegans lacks adipose tissue, such as adipocytes in 57 

mammals, they do store fats within abundant LDs, with TAGs being the major storage lipid, in 58 

the intestinal and hypodermal cells (Mak, 2012). Recent evidence suggests that LDs also exist in 59 

C. elegans oocytes and embryos (Shi et al., 2016). Unlike mammalian LDs, which measure up to 60 

100 µm, C. elegans contains smaller LDs limited to 1-1.5 µm (Shi et al., 2013). Several LD-61 
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localized proteins have been characterized in C. elegans, such as triacylglycerol synthesis 62 

enzyme DGAT-2, fatty acid CoA synthetase ACS-22, and a major LD protein PLIN-1 that 63 

contributes to LD biogenesis (Golden et al., 2009; Li et al., 2016; Shi et al., 2013; Vrablik et al., 64 

2015; Xu et al., 2012). Genetic mutants in daf-2 IGF receptor and daf-22 have been identified 65 

that result in aberrant LDs (Li et al., 2016). A recent study in C. elegans demonstrated that a 66 

deletion allele of seip-1 reduced the size of a subset of LDs while over-expression had the 67 

opposite effect. This study also suggested that SEIP-1 was enriched in ER subdomains, called 68 

peri-LDs, and that this localization was dependent on polyunsaturated fatty acids (PUFAs) (Cao 69 

et al., 2019). Besides LDs, another lipid storage organelle, the yolk granule, is synthesized in the 70 

C. elegans intestine and transferred to maturing oocytes during reproduction (Hall et al., 1999; 71 

Kimble and Sharrock, 1983). This is similar to mammalian lipoproteins, which are synthesized in 72 

the liver and delivered to the ovum (Schneider, 1996). However, it is unclear whether the 73 

biosynthesis of yolk and LDs are related in C. elegans, and it is also unknown how LDs are 74 

generated and transported into the germ line, or whether they are generated de novo in oocytes. 75 

The yolk vitellogenin protein VIT-2, which is involved in the transfer of dietary lipids to LDs, 76 

may contribute to LD formation and regulation during reproduction (Vrablik et al., 2015; Wang 77 

et al., 2016b; Zhang et al., 2012). Failure of proper lipid delivery to the C. elegans oocyte is 78 

known to impair oocyte growth, fertilization and the development of early embryos (Kimble and 79 

Sharrock, 1983; Sturmey et al., 2009). Thus, together with yolk particles, LDs likely regulate 80 

lipid metabolism in oocytes and embryos. However, the exact contribution of LDs during oocyte 81 

and embryonic development in C. elegans remains largely obscure. Although the intestine is a 82 

major LD storage site in C. elegans, it will be of great interest to determine whether the 83 
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regulation of LDs and LD-associated proteins, such as SEIPIN, share a similar genetic pathway 84 

in non-adipose tissues, such as the germline and young embryos.  85 

In C. elegans, a multilayered extracellular matrix, the eggshell, begins to form when an 86 

oocyte enters the spermatheca where it is fertilized. The synthesis of this eggshell occurs in a 87 

hierarchical pattern, with each layer being sequentially added, starting with the outermost layer 88 

first. A lipid-rich layer known as the permeability barrier is the fifth layer of the eggshell to be 89 

synthesized and is responsible for preventing osmotic and mechanical stress from harming 90 

developing embryos (Johnston and Dennis, 2012; Olson et al., 2012; Stein and Golden, 2018). 91 

Embryos lacking this layer are osmotically sensitive. The inhibition of a large number of genes, 92 

either by mutation or RNAi, cause the Osmotic Integrity Defective (OID) phenotype. Many of 93 

these genes are involved in lipid biosynthesis (Benenati et al., 2009; Rappleye et al., 2003; 94 

Tagawa et al., 2001). Interestingly, depletion of the yolk receptor protein RME-2 causes the OID 95 

phenotype, suggesting that yolk lipids may contribute to the permeability barrier (Gunsalus et al., 96 

2005). Although the specific lipids and protein components of the permeability barrier remain 97 

unknown, these earlier studies would suggest that lipid bodies, such as LDs and yolk, may 98 

contribute to permeability barrier formation. Determining the mechanisms by which the lipids 99 

get to, and help form, the permeability barrier will certainly shed light on the additional 100 

mechanisms that may operate to support fat turnover and lipid synthesis during the formation of 101 

this extracellular lipid-rich layer. 102 

Here, we made the observation that loss of SEIP-1 in C. elegans not only models BSCL2 103 

symptoms with marked lipodystrophy but also exhibit severe defects in the formation of the 104 

lipid-rich permeability barrier of the eggshell. Homozygous seip-1 mutants produce osmotically 105 

sensitive embryos, many of which fail to hatch. Taking advantage of high resolution confocal 106 
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and transmission electron microscopy, our data indicate that depletion of SEIP-1 causes 107 

abnormally sized LDs in oocytes and embryos as well as a defective permeability barrier. 108 

However, SEIP-1 depletion did not affect yolk particle synthesis, suggesting SEIP-1 may 109 

independently regulate LDs during permeability barrier formation. PUFA biosynthetic genes 110 

were also transcriptionally misregulated in our seip-1 mutants, suggesting a crucial role of SEIP-111 

1 for maintaining FA homeostasis during embryogenesis. Importantly, supplementing the diet of 112 

these seip-1 mutants with PUFAs resulted in the rescue of the OID phenotype, and its associated 113 

embryonic lethality. Therefore, our study provides a powerful in vivo system to investigate the 114 

detailed mechanism of SEIP-1 in modulating lipid metabolism and homeostasis during early 115 

embryonic development. Specifically, maturing oocytes require SEIP-1 to help in the synthesis 116 

of the extracellular permeability barrier lipids that are made shortly after oocytes are fertilized.   117 
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Results 118 

C. elegans seip-1 complements S. cerevisiae sei1∆ mutants 119 

A sole SEIPIN1 ortholog, seip-1 (R01B10.6), was identified in the C. elegans genome. 120 

SEIP-1 shares ~20% amino acid identity with both human SEIPIN (BSCL2) and S. cerevisiae 121 

SEIPIN (Sei1p). To determine if C. elegans SEIP-1 could complement budding yeast 122 

sei1D strain, C. elegans SEIP-1 fused with a GFP tag was expressed in yeast sei1D mutants. 123 

Depletion of Sei1 protein in yeast cells caused an alteration in lipid droplet morphology, 124 

including enlarged LDs (Fig. S1A-D, M) and small clustered LDs (Fig. S1M). Expression of 125 

GFP-Seip-1p was found to either surround the LDs labeled by Erg6p-mCherry or localize 126 

adjacent to the LDs (Fig. S1E-H). Co-localization of GFP-Seip-1p with ER marker Sec63p-127 

mCherry was observed in yeast cells (Fig. S1I-L), which is consistent with the observation that 128 

SEIP-1::mScarlet expresses at ER-LD contacts in C. elegans embryos (Fig. 1A) (Cao et al., 129 

2019). Interestingly, GFP-Seip-1p significantly rescued the aberrant LD population in the sei1Δ 130 

yeast cells (Fig. S1E-H, M), suggesting expression of the heterologous C. elegans seip-1 gene 131 

functionally complements the loss of SEI1 gene in yeast cells.  132 

 133 

SEIP-1::mScarlet expresses in multiple C. elegans tissues and on lipid droplets 134 

To investigate the roles that SEIP-1 may play during C. elegans development, we 135 

investigated its expression pattern. High expression of seip-1 mRNA was detected in the gonad, 136 

intestine, and embryos of wildtype animals (Fig. S2A). To visualize the expression pattern of 137 

SEIP-1 in C. elegans, we directly knocked-in a monomeric red fluorescent report gene, mScarlet, 138 

into the C-terminus of the seip-1 endogenous locus using CRISPR/Cas9. The C-terminal fusion 139 

protein, SEIP-1::mScarlet, was widely expressed from embryonic stages through adulthood (Fig. 140 
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1A-H, J and Fig. S2B-J). This is consistent with the expression pattern of seip-1 mRNA in these 141 

tissues (Fig. S2A). Animals with C-terminally tagged SEIP-1 did not show any embryonic 142 

lethality nor any obvious behavioral defects, suggesting that tagging SEIP-1 at the C-terminus 143 

does not disrupt function. We also attempted to knock-in both GFP and mScarlet at the N-144 

terminus of SEIP-1, however, N-terminal insertions caused embryonic lethality and no 145 

expression of fluorescent proteins. These observations suggest that N-terminal insertions disrupt 146 

SEIP-1 functions. Since SEIPIN1 is an integral endoplasmic reticulum (ER) membrane protein, 147 

an ER marker, GFP::SP12 (Poteryaev et al., 2005), was expressed in the SEIP-1::mScarlet 148 

animals to determine whether SEIP-1 associates with ER subdomains. Indeed, SEIP-1::mScarlet 149 

and GFP::SP12 clearly co-localize in the regions surrounding embryonic nuclear envelopes (Fig. 150 

1A). Circular structures of SEIP-1::mScarlet formed near the ER, consistent with the idea that 151 

SEIPIN resides in the ER membrane to regulate nascent LD biogenesis (Fig. 1A). Since SEIPIN1 152 

has been proposed to promote the maturation of nascent LDs, we stained animals expressing 153 

SEIP-1::mScarlet with the lipophilic dye BODIPY 493/503, which stains LDs. We observed in 154 

maturing oocytes that SEIP-1::mScarlet was present on ring structures surrounding a subset of 155 

BODIPY-stained LDs (Fig.1B and inserts). Similar co-localizations were found in the embryos 156 

and different tissues of larva and adult animals (Fig. S2C-G). Strong expression of SEIP-157 

1::mScarlet was observed in the fifth gonadal sheath cell that surrounds the maturing oocytes 158 

prior to ovulation into the spermatheca (Fig. 1B-H, J, Video S1). In C. elegans, the 159 

pseudocoelomic lipoprotein pool was identified as yolk, which is secreted from the intestine and 160 

travels through the gonadal basal lamina and sheath pores and then is endocytosed by the 161 

developing oocytes (Paupard et al., 2001). To test whether the expression of SEIP-1::mScarlet 162 

regulates yolk delivery to maturing oocytes, the yolk marker VIT-2::GFP was co-expressed in 163 
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the animals containing SEIP-1::mScarlet (Fig. 1H-J). VIT-2::GFP was not present on the SEIP-164 

1::mScarlet labeled droplets in the intestine and oocytes (Fig. 1H-J). Taken together, SEIP-165 

1::mScarlet accumulated at neutral lipid-containing droplets, which were not characterized by the 166 

presence of the yolk marker. SEIP-1::mScarlet strongly expressed in the oocytes and sperm (Fig. 167 

S2H-I), which suggested that SEIP-1 may play roles in C. elegans reproduction. To our 168 

knowledge, this is the first report of SEIPIN in both gametes and embryos of C. elegans and may 169 

represent a new in vivo model to study SEIPIN function in non-adipose tissues, particularly in 170 

germ cells and reproductive tissues. 171 

 172 

seip-1 mutants disrupt permeability barrier formation in newly fertilized embryos  173 

To investigate the biological functions of SEIP-1 in C. elegans, three candidate null 174 

deletion alleles were generated by CRISPR/Cas9 genome editing; one allele was a deletion of the 175 

whole seip-1 gene [seip-1(av109)] (Fig. 2A, Fig. S3C, G) and the other two alleles [seip-1(cwc1) 176 

and seip-1(cwc2)] were generated by replacing the seip-1 gene with an expression cassette of a 177 

hygromycin B resistance gene (HygR) (Radman et al., 2013) (Fig. 2B, Fig. S3B, D-F). A small 178 

seip-1 deletion allele, seip-1(tm4221), was also tested in this study (Fig. S4C). The number of F1 179 

progeny (brood size) was significantly reduced in all tested homozygous deletion mutants 180 

compared with wild type (Fig. 2C). In addition, the embryonic viability of F1 progeny was 181 

dramatically decreased in all tested seip-1 mutants compared with wild type. On average, 10%-182 

35% of the tested seip-1 mutant embryos failed to hatch (Fig. 2D). Expression of a seip-1 cDNA 183 

plasmid in the seip-1 mutants significantly rescued the severe embryonic lethality of F1 progeny, 184 

suggesting the embryonic lethality was due to the deletion of seip-1 (Fig. S3H). Surprisingly, we 185 

did not observe any obvious defects during later developmental processes in the hatched seip-1 186 
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mutant larvae (data not shown), suggesting seip-1 may only have an essential function during 187 

early embryogenesis. It has been suggested that de novo lipid machinery is critical for early 188 

embryonic development while later larval development utilize fatty acid precursors from their 189 

bacterial diet (Watts et al., 2018). 190 

Many of the seip-1 mutant embryos displayed a shrunken and misshapen morphology, 191 

which is suggestive of eggshell formation defects (Fig. S4A, B). Since small molecules, such as 192 

DAPI and the lipophilic dye FM4-64, are able to penetrate into fertilized embryos with defective 193 

eggshells, seip-1 mutant embryos were incubated with DAPI and FM4-64 to test the integrity of 194 

their eggshells. Zygotic chromatin, labeled by DAPI, and cytoplasmic membranes, labeled by 195 

FM4-64, were frequently observed in the post-meiotic embryos of the seip-1 mutants (Fig. 2F; K, 196 

L). In contrast, only the first polar body was stained by DAPI and no membranes were stained by 197 

FM4-64 in wildtype embryos (Fig. 2E, I, J). Additionally, mCherry::CPG-2 was used to visualize 198 

the permeability barrier in this study. In wild type, the lipid-rich permeability barrier, which 199 

defines the innermost layer of the eggshell, prevents diffusion of mCherry::CPG-2 beyond the 200 

space between the outer layers of the eggshell and the permeability barrier (Fig. 2G) (Olson et al., 201 

2012). The white arrowheads highlight the edge of the permeability barrier that normally 202 

excludes mCherry::CPG-2. However, in seip-1 null mutants, the permeability barrier is disrupted 203 

and mCherry::CPG-2 fills the entire space between the outer eggshell and the embryonic surface 204 

(Fig. 2H). The depletion of SEIP-1 by RNAi and a small deletion seip-1(tm4221) mutant 205 

displayed identical eggshell permeability defects (Fig. 2M-P, Fig. S4D, E). Collectively, these 206 

data suggested that loss of SEIP-1 caused severe defects in eggshell formation, which may 207 

account for the embryonic lethality observed in these mutants.  208 
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To characterize the eggshell defects of the seip-1 mutants in greater detail, we used thin-209 

sectioned electron microscopy (EM) to examine the ultrastructure of forming eggshells in 210 

embryos, which reside in the uteri of gravid hermaphrodites. Previous studies demonstrated that 211 

eggshell formation occurs in a hierarchical pattern, with each layer being sequentially added 212 

(Olson et al., 2012) starting from the outermost layer. The whole process starts from the 213 

unfertilized oocyte (which is at prophase of meiosis I) and ends at anaphase II of the meiotic 214 

embryo (Fig. 3A). A lipid-rich layer known as the permeability barrier is the fifth layer of the 215 

eggshell, which is formed during anaphase of meiosis II (Johnston and Dennis, 2012; Olson et al., 216 

2012; Stein and Golden, 2018) (Fig. 3A). The examined embryos were labeled as +1 to +5, 217 

which represents the positioning from the distal end of uterus (+1; adjacent to the spermatheca) 218 

to the vulva (+5) (Fig. 3A). EM images indicated that the youngest newly-fertilized +1 embryo 219 

has an outermost vitelline layer (synthesized pre-fertilization) and a chitin layer (formed right 220 

after fertilization but before anaphase I of meiosis), while the +2 embryo shows an additional 221 

forming chondroitin proteoglycan (CPG) layer (fully formed after anaphase of meiosis I), in both 222 

wildtype and seip-1(cwc1/2) mutants (Fig. 3B, C, E-G). The permeability barrier was initially 223 

synthesized in the next oldest embryos (during anaphase of meiosis II) and properly formed in 224 

the older embryos (approximately post anaphase II of meiosis) in wildtype animals (Fig. 3D, G). 225 

All of the examined mitotic embryos (+3 to ~ +5 embryos) contain a properly formed 226 

permeability barrier (Fig. 3G) in wildtype embryos. However, we could not identify the 227 

permeability barrier structure in any seip-1(cwc1/2) embryos, including in the mitotic embryos 228 

(Fig. 3F, G). Only the first three outer layers, vitelline layer (VL), chitin layer (CL) and CPG 229 

layer (CPGL) were observed in seip-1 mutant embryos. This is consistent with the observation 230 

that the vitelline layer marker, PERM-4::mCherry (Gonzalez et al., 2018), and CPG layer marker, 231 
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mCherry::CPG-1, are properly localized when seip-1 was depleted by RNAi (Fig. 3H-K). In sum, 232 

our data strongly support the conclusion that SEIP-1 is essential for the proper formation of the 233 

permeability barrier layer of the eggshell.  234 

 235 

seip-1 mutants have abnormal lipid droplets  236 

Previous studies identified the eggshell’s permeability barrier as a lipid-rich layer, in 237 

which glycolipids may play an important role in its formation (Olson et al., 2012; Stein and 238 

Golden, 2018; Watts et al., 2018).	However, the delivery and secretion mechanisms of the lipids 239 

required to build the permeability barrier have not been characterized to date. To investigate 240 

whether the defective formation of the eggshell in seip-1 mutants was caused by aberrant LDs, 241 

we performed vital BODIPY staining to mark the lipid droplets that surround maturing oocytes 242 

and nascent embryos. All three seip-1 deletion alleles showed enlarged LDs in the oocytes and 243 

embryos (Fig. 4A-D, S5A). Greater than 10 enlarged LDs (>1.5 µm) were observed in the -1 to -244 

3 oocytes in each of these mutants (Fig. 4D, S5A). In contrast, there were no enlarged LDs 245 

observed in oocytes in wild type (Fig. 4D, S5A). Additionally, EM analysis showed that the 246 

abnormal LDs exist in both seip-1(cwc1) oocytes and embryos (Fig. 4E-H, E’-H’). Consistent 247 

with a previous study (Cao et al., 2019), a large number of tiny LDs and enlarged LDs were also 248 

observed in the major fat storage tissue, the intestine, in the seip-1 deletion mutants (Fig. S5B). 249 

Overall, these observations are consistent with previous studies in mammalian and yeast cells 250 

that dysfunction of seip-1 causes aberrant LD morphology, including both enlarged and 251 

abnormally small LDs (Fei et al., 2008; Grippa et al., 2015; Szymanski et al., 2007; Wang et al., 252 

2016a; Wolinski et al., 2011).  253 

 254 
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The fatty acid synthesis pathway is disrupted in seip-1 mutants 255 

The assembly of long chain fatty acids (LCFAs) requires at least seven key enzymatic 256 

reactions (Fig. 5A). To test the effect of seip-1 deletions on the transcriptional level of each of 257 

these enzymes, quantitative PCR analysis was carried out in both wildtype and seip-1 mutant 258 

embryos (Fig. 5B). Detailed analysis revealed that the expressional levels of FA metabolism 259 

pathway genes were affected by the dysfunction of seip-1 in C. elegans embryos. These results 260 

indicated that four FA synthetic genes (elo-2, fat-2, fat-5, and fat-6) were up-regulated, while 261 

another four FA synthetic genes (pod-2, elo-1, fat-1 and fat-4) were down-regulated in seip-1 262 

mutants compared with wild type (Fig. 5A, B). A wide range of PUFAs are synthesized in C. 263 

elegans through de novo fatty acid metabolism (Watts and Ristow, 2017). Four types of fatty 264 

acid desaturases, including ∆5 desaturase (fat-4), ∆6 desaturase (fat-3), three ∆9 desaturases (fat-265 

5-7), and a ∆12 desaturase (fat-2), and two elongases, elo-1 and -2, are responsible for making a 266 

range of C18 or C20 PUFAs (Fig. 5A). Quantitative PCR results further indicated that the 267 

transcriptional level of a few PUFA synthesis related enzymes, such as elo-2, fat-2 and fat-6, 268 

were significantly up-regulated in seip-1 deletion mutant embryos (Fig. 5A, B). In contrast, the 269 

expression of other enzymes, such as elo-1 and fat-4, were reduced in the seip-1 mutants. 270 

Interestingly, the genes acox-1.1, acox-3, daf-22, and dhs-28, which play roles in fatty acid β-271 

oxidation to break down fatty acids to generate acetyl-CoA, were significantly up-regulated in 272 

seip-1 mutants (Fig. 5B).  273 

To examine the global effect on gene expression, cDNA microarray analysis was carried 274 

out in both wildtype and seip-1 mutant embryos (Fig. S6A). Testing 20,221 genes with cDNA 275 

microarray analysis revealed the global transcriptional variations in seip-1 mutant embryos 276 

compared with wildtype embryos (Fig. S6A). 8871 of 20,221 genes displayed either up-regulated 277 
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or down-regulated changes by at least 1.5-fold with P value <0.05 in seip-1 mutant embryos. In 278 

contrast, only a small population of genes (622 of 20,221) was affected by loss of SEIP-1 in 279 

whole animals. Additionally, Kyoto Encyclopedia of Genes and Genomes (KEGG; 280 

www.genome.jp/kegg/) (Kanehisa et al., 2019) pathway enrichment analyses identified 281 

metabolic pathways, including FA metabolism pathways, were being affected the most in the 282 

seip-1 mutants embryos compared with wild type (Fig. S6B). Taken together, loss of SEIP-1 283 

may disrupt de novo FA synthesis and FA homeostasis during embryogenesis. Future studies will 284 

decipher the precise mechanism of how SEIP-1 influences fatty acid homeostasis. 285 

 The C. elegans permeability barrier was identified as a lipid-rich layer, which primarily 286 

consists of fatty acid derivatives (Olson et al., 2012), and the current study links lipid droplets to 287 

permeability barrier formation. Triacylglycerol (TAG) and sterol esters (SE) are commonly 288 

stored in LDs, and genes implicated in TAG and SE synthesis have been shown to give rise to 289 

the Osmotic Integrity Defective (OID) phenotype and impaired permeability barrier formation 290 

when depleted by RNAi (Olson et al., 2012). The DGAT2-related acyltransferase DGTR-1 may 291 

convert diacylglycerol (DAG) to TAG, while the cytochrome P450s CYP-31A2/A3 and the 292 

putative hydroxysteroid dehydrogenase/isomerase PERM-1 enzyme could theoretically modify 293 

sterol esters. In seip-1 mutant embryos, transcriptional expression of cryp-31A2/3, perm-1 and 294 

dgtr-1, were tested by qRT-PCR and found to be significantly down-regulated compared with 295 

wildtype embryos, suggesting that dysfunction of seip-1 may disrupt synthesis of lipids 296 

traditionally stored within lipid droplets (Fig. 5C). This defective lipid synthesis is likely due to 297 

the abnormal or unbalanced fatty acid content observed in seip-1 mutants. Therefore, the 298 

defective permeability barrier formation in seip-1 mutants is likely associated with a deficiency 299 

of lipids stored within lipid droplets.  300 
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Dietary supplementation of PUFAs rescued the permeability barrier defects 301 

From our gene expression studies, we hypothesized that diminished PUFA synthesis 302 

could, in part, be responsible for the defective formation of the permeability barrier in seip-1 303 

mutants. fat-2 embryos have similar permeability defects and have been previously rescued by 304 

PUFA supplementation (Watts et al., 2018). To address this hypothesis, different PUFAs were 305 

added to the diet of the seip-1 mutants. Feeding animals 300 µM ω-6 PUFA, dihomo-gamma-306 

linolenic acid DGLA (C20:3n-6), significantly rescued the embryonic lethality in all three seip-1 307 

deletion mutants (Fig. 6A). Although brood sizes in the tested animals were reduced in the 308 

PUFA-fed animals (data not shown), greater than 95% of these mutant embryos hatched after 309 

PUFA dietary supplementation. To determine whether the defective permeability barrier was 310 

also restored, different reporter genes were assessed in the PUFA-fed seip-1 mutant animals. In 311 

the mutants alone, defective permeability barrier formation led to mCherry::CPG-2 filling the 312 

entire space between the outer eggshell and the embryonic surface (Fig. 6B, C). Small molecules, 313 

such as DAPI and FM4-64, were able to penetrate inside the eggshell and stain the zygotic 314 

chromatin and plasma membranes, respectively (Fig. 6B, D, F). No obvious permeability barriers 315 

were observed under DIC microscopy in the mutants (Fig. 6E). However, with dietary 316 

supplementation of PUFAs, a significantly higher percentage of seip-1 mutant embryos formed 317 

proper permeability barriers to prevent the penetration of DAPI, FM4-64, and mCherry::CPG-2 318 

into the cytosol and peri-embryonic space (Fig. 6B’-D’, F). A clear permeability barrier was also 319 

observed by DIC microscopy (Fig. 6E’). EM imaging further confirmed that the defective 320 

permeability barriers were significantly rescued in the seip-1(cwc1) mutant after dietary 321 

supplementation of DGLA (C20:3n-6) (Fig. 6G-I). Linoleic acid (C18:2n-6) less efficiently 322 

rescued the permeability barrier defects when fed to the seip-1 mutants (Fig. 6F, H). 323 
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Unexpectedly, the number of enlarged LDs was slightly increased in both wildtype and seip-324 

1(av109) oocytes after supplementation with the PUFA DGLA (C20:3n-6) (Fig. 6J-L, J’, K’). 325 

Collectively, our data suggested that reduced PUFA levels compromise permeability layer 326 

formation in the seip-1 mutants, and thus led to embryonic lethality. This lethality can be 327 

reversed when the diet is supplemented with selected PUFAs. Loss of SEIP-1 may disrupt the 328 

availability of PUFAs by either disrupting their synthesis or by interfering with their ability to 329 

directly get incorporated into the permeability barrier. The embryonic lethality of the seip-1 330 

mutants is likely due to the malformation of a robust permeability barrier, leading to osmotic 331 

stress during embryogenesis.  332 

 333 

Modeling human BSCL2 genetic diseases in C. elegans  334 

The present study provides strong evidence that seip-1 is essential for C. elegans 335 

embryogenesis, eggshell formation, and fatty acid synthesis and metabolism. Given the striking 336 

phenotypes associated with seip-1 deletions, it is plausible to model human SEIPIN associated 337 

diseases with SEIPIN1 missense mutations using C. elegans embryos. Of the many missense 338 

mutations associated with disease, we chose to test a conserved alanine (p. A212P) in SEIPIN1. 339 

Patients bearing this mutation have been diagnosed with the autosomal recessive Beradinelli-340 

Seip congenital generalized lipodystrophy type 2 (BSCL2) syndrome (Magre et al., 2001). This 341 

syndrome, like other lipodystrophies, is characterized by a total lack of adipose tissue in the body 342 

and a very muscular appearance. Fat storage thus takes place in other organs in the body, such as 343 

the liver, which can lead to hepatomegaly and liver failure (Garg, 2004; Simha and Garg, 2003). 344 

Previous studies have shown that this A212P missense mutation is a loss-of-function mutation in 345 

SEIPIN1 (Salo et al., 2016; Szymanski et al., 2007). Bioinformatics analysis indicated that 346 
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alanine 185 (A185) in C. elegans SEIP-1 is the homologous alanine residue to human SEIPIN1 347 

A212. Using CRISPR/Cas9, we generated this missense mutation in C. elegans and named the 348 

allele seip-1(av160[A185P]). We will refer to this allele as seip-1(A185P) for sake of clarity for 349 

the remainder of this study. To determine the phenotypic consequences of this patient-specific 350 

allele, seip-1(A185P), homozygous animals were examined for defects in LD size, permeability 351 

barrier defects, and embryonic lethality. Homozygous seip-1(A185P) displayed embryonic 352 

lethality (Fig. 7A, B), defective permeability barrier formation (Fig. 7C) and enlarged LDs (Fig. 353 

7D, E), similar to those observed in our seip-1 null deletion mutants. Dietary supplementation 354 

with PUFAs significantly rescued the lethality of seip-1(A185P) embryos laid by mothers that 355 

were fed PUFAs on day 1 (0-36 hours post L4) (Fig. 7F). However, day 2-3 (36-60 hours post 356 

L4) PUFA-fed seip-1(A185P) animals revealed an increase in embryonic lethality compared with 357 

wild type (Fig. 7F), suggesting that the patient-specific allele is sensitive to excessive PUFAs. 358 

Overall, these observations strongly support the idea that C. elegans is an appropriate model 359 

system to study SEIPIN-associated diseases. We will test other patient-specific alleles that alter 360 

residues that are conserved in the C. elegans SEIP-1 protein. Using such alleles, we will perform 361 

suppressor screens to help identify other potential genetic interactors that restore viability to 362 

seip-1 embryos.   363 
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Discussion 364 

Seipin is an ER-integrated protein that plays a key role in LD biology. Dysfunction of 365 

SEIPIN1 affects both adipocyte development and lipid storage in non-adipose tissues, which 366 

causes the various human diseases, such as lipodystrophy, neurological seipinopathies, and 367 

reproductive infertility. However, the detailed molecular and cellular mechanisms of these 368 

diseases are not well understood. How SEIPIN1 dysfunction affects lipid biosynthesis, 369 

metabolism, and utilization in building the lipid-rich organelles remain largely unknown. Here 370 

our studies report a comprehensive in vivo analysis of C. elegans SEIPIN1, seip-1, and suggest 371 

that the functional role of SEIP-1 is to maintain the lipid balance in C. elegans embryos, which is 372 

crucial for the proper formation of the permeability barrier of the eggshell that forms early in 373 

embryogenesis. Consistent with the observations in other SEIPIN-deficiency systems (human, 374 

mice, and yeast), loss of SEIP-1 was sufficient to impair lipid biosynthetic gene expression, lipid 375 

balance, and LD morphology. Furthermore, this study supports the notion that it is plausible to 376 

model BSCL2 or other SEIPIN-associated diseases in C. elegans. Importantly, the embryonic 377 

lethality and defective permeability barrier in seip-1 mutants could be significantly rescued by 378 

the dietary supplementation of PUFAs (C18:3n-6and C20:3n-6), suggesting C. elegans is a 379 

powerful model system to screen potential genetic and pharmaceutical suppressors for SEIPIN1 380 

diseases. 381 

 382 

C. elegans SEIP-1 shares evolutionally conserved SEIPIN functions 383 

A sole SEIPIN ortholog, seip-1, was identified in C. elegans. Although SEIP-1 shares 384 

20% amino acid identity with both human SEIPIN1 and yeast Sei1p, a functional 385 

complementation assay indicated that C. elegans seip-1 significantly suppresses the abnormal 386 
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LD defects in the yeast sei1 deficiency mutant. This finding is supported by a recent report in 387 

which expression of human SEIPIN1 suppressed the abnormal LD size in a C. elegans seip-1 388 

mutant (Cao et al., 2019), suggesting C. elegans seip-1 shares an evolutionarily-conserved 389 

function for LD homeostasis and morphology. The sub-cellular expression of endogenous SEIP-390 

1::mScarlet indicated that SEIP-1 forms rings around a subset of LDs in different tissues, which 391 

is consistent with previous reports that SEIPIN is an ER-integrated protein and performs 392 

important roles during nascent LDs formation (Windpassinger et al., 2004). Additionally, 393 

SEIPIN1 has important roles in controlling LD number and morphology (Fei et al., 2008; 394 

Szymanski et al., 2007). Our studies demonstrate that seip-1 mutants cause the appearance of 395 

abnormally sized LDs in both adipose tissue (intestine) and non-adipose tissues such as oocytes 396 

and embryos. Interestingly, PUFA supplementation did not rescue the abnormal LD size defect, 397 

possibly suggesting that the primary function of Seipin, at least in C. elegans, may be in 398 

regulating lipid metabolism, and not LD biogenesis. The precise mechanisms of how SEIPIN 399 

regulates LD biogenesis and scaffolds the nascent LDs to the ER still remain obscure.  400 

 401 

Loss of SEIP-1 disrupted the regulation of fatty acid biosynthetic enzyme levels 402 

 Previous studies have identified anomalies in lipid homeostasis associated with SEIPIN 403 

mutations in humans. Consistent with previous studies in mice and humans showing that 404 

dysfunction of SEIPIN caused defects in fatty acid biosynthesis and metabolism (Chen et al., 405 

2009; Jiang et al., 2014; Payne et al., 2008), our results suggest that C. elegans seip-1 shares 406 

similar functions in maintaining fatty acid homeostasis. Fatty acids are building blocks of 407 

membrane and storage lipids. Fatty acids were known to affect cell type specific gene expression 408 

that impacts metabolic pathways, including lipid metabolism (Georgiadi and Kersten, 2012; 409 
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Nakamura et al., 2004; Pegorier et al., 2004). Alternatively, fatty acids might be indirectly 410 

involved in regulating gene expression through their effects on specific enzyme-mediated 411 

pathways, membrane compositions, or signaling molecules. Although the precise role of SEIP-1 412 

in regulating fatty acid metabolism has not been clear, it is key to understanding the de novo fatty 413 

acid synthesis pathway during embryogenesis. Equally important, as SEIP-1 is a crucial factor 414 

for fine-tuning LD size, is to determine whether or not LDs may contribute to cell or non-cell 415 

autonomous regulation of fatty acid metabolism. 416 

  417 

SEIP-1 is essential for permeability barrier formation in the eggshell  418 

The C. elegans permeability barrier is a distinct envelope encasing the embryo, which is 419 

built at anaphase of meiosis II. This lipid-rich layer prevents the entry of potential toxic 420 

molecules and protects the embryos from osmotic damage. Previous studies identified fatty acid 421 

biosynthetic and modification enzymes, such as acetyl-CoA carboxylase POD-2 and fatty acid 422 

synthase FASN-1, as crucial for building the permeability barrier. Depletion of POD-2 and other 423 

synthetic enzymes in the germline impaired permeability barrier formation, suggesting that 424 

germline-derived fatty acids likely comprise the permeability barrier (Rappleye et al., 2003; 425 

Tagawa et al., 2001). Involvement of CYP-31A2/A3, DGTR-1, and PERM-1 suggests that these 426 

fatty acids might be utilized in the synthesis of lipid derivatives commonly stored within lipid 427 

droplets, such as triacylglycerol and sterol esters.  428 

Transcriptional analysis from the mutant embryos suggest that SEIP-1 directly or 429 

indirectly influences the transcriptional expression of many lipid biosynthetic genes, including 430 

perm-1 and dgtr-1. The reduced gene expression observed in the seip-1 mutant embryos likely 431 

resulted in the deficit of lipid content, which is crucial to permeability barrier formation. 432 
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Reduced PUFAs were also observed in these mutants; dietary supplementation with DGLA 433 

(C20:3n-6), significantly rescued the embryonic lethality and restored the defective permeability 434 

barrier. This finding suggests that DGLA may either be modified to the relevant lipid derivative 435 

found in the permeability barrier, or delivered alone to the extracellular matrix for building the 436 

permeability barrier. Combined with the high expression of seip-1 at the sheath cells outside the 437 

ovulating oocyte, it is plausible to predict that SEIP-1 may deliver the LD with C20 long chain 438 

fatty acid derivative to the ovulating oocyte to prepare for permeability barrier formation.  439 

 440 

The C. elegans permeability barrier is a sensitive in vivo system in which to model human 441 

SEIPIN-associated disorders  442 

SEIPIN is an important ER-associated protein that apparently has no enzymatic functions. 443 

Clinical reports indicate that either loss-of-function or gain-of-function mutations in the human 444 

SEIPIN1 and SEIPIN2 genes cause a variety of disorders. However, the molecular mechanism 445 

underlying all SEIPIN-associated disorders are still far from being understood. Disorders 446 

involving SEIPIN1 have been identified in different tissues, including both adipose tissue and 447 

non-adipose tissues. Recessive homozygous SEIPIN1 loss-of-function mutations in humans 448 

cause BSCL type 2, a recessive disease. Affected individuals display a severe reduction of 449 

adipose tissue. Additionally, in these patients, SEIPIN1 mutations also caused spermatozoid 450 

morphology defects and teratozoospermia. These phenotypes have not been well-studied in 451 

individuals with SEIPIN mutations however. 452 

In this study, we found that C. elegans seip-1 mutants displayed defects in LD size and 453 

also disrupted the formation of a lipid-rich layer of the protective eggshell. The C. elegans seip-1 454 

gene strongly expresses in sperm, and mutants cause severe reproductive defects, including 455 
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smaller brood sizes and defects in eggshell formation. These phenotypes allowed us to 456 

investigate the role of seip-1 in eggshell formation, a critical process necessary for 457 

embryogenesis and viability. The high expression in sperm is intriguing and we plan to 458 

investigate its function in a separate study. Though SEIPIN has been mostly associated with LD 459 

formation and morphology, it is curious that fatty acid biosynthetic gene expression in animals 460 

lacking SEIPIN are so dramatically altered. It suggests some feedback on lipid synthesis when 461 

LD formation is disrupted. In the studies presented here, the defects in permeability barrier 462 

formation, the readout of which is embryonic lethality, could be reversed with dietary 463 

supplementation of PUFAs. This observation suggests that a chemical suppressor screen could 464 

be beneficial. 465 

Our observation that a BSCL2 patient-specific allele in the C. elegans seip-1 gene 466 

displayed defects similar to our deletion alleles suggests that this allele is loss-of-function. These 467 

findings also demonstrate that C. elegans could be a good system in which to model 468 

lipodystrophies and seipinopathies. Decreased brood size and embryonic lethality are good 469 

readouts. Furthermore, a number of useful reagents exist to monitor the permeability barrier of 470 

the eggshell. 471 

In summary, we demonstrate that C. elegans SEIPIN is required for the proper size of 472 

LDs, the proper expression of a number of lipid biosynthetic genes, and for the proper formation 473 

of the inner lipid-rich layer of the C. elegans eggshell. In this study, we chose to focus on the 474 

most striking phenotypes, the formation of the permeability barrier and fatty acid homeostasis, in 475 

which defects in each result in small brood sizes and embryonic lethality. The discovery of 476 

dietary rescue provides an avenue to study the molecular mechanism of SEIPIN in vivo. Further 477 

study will focus on understanding the molecular mechanisms of SEIPIN in regulating lipid 478 
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biosynthesis during the reproductive process. We will attempt genetic suppressor screens to 479 

identify extragenic mutations that restore viability to seip-1 mutant embryos. Likewise, we will 480 

attempt chemical suppressor screens that may help identify insightful approaches for future 481 

clinical therapy. 482 

483 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 23, 2020. ; https://doi.org/10.1101/2020.01.23.916718doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.23.916718


 24 

 Materials and Methods 484 

C. elegans strains used in this study 485 

C. elegans strains were maintained with standard protocols. Strain information is listed in Table 486 

1. AG547 and AG548 were created by crossing AG444 (seip-1::mScarlet) males with 487 

hermaphrodites containing ocfIs2[pie-1p:GFP::SP12::pie-1 3'UTR + unc-119(+)] and pwIs23 488 

[vit-2::GFP], respectively. We screened the F3 adults for the presence of the SEIP-1::mScarlet 489 

with GFP::SP12 and VIT-2::GFP transgenes, respectively, by microscopy. AG549 and AG550 490 

were created by crossing OD344 males with hermaphrodites containing seip-1(av109) and seip-491 

1(tm4221), respectively. F3 adults expressing mCherry::CPG-2 and GFP::PH transgenes were 492 

genotyped by PCR for the seip-1(av109) and seip-1(tm4221) alleles. The Saccharyomyces 493 

cerevisae strain CWY3115 (sei1Δ::HIS ERG6-mCherry::KAN BY4742) was generated by a 494 

PCR-based integration method (Longtine et al., 1998). The yeast expression plasmids, PGPD-495 

GFP or pRS416-PGPD-GFP::seip-1 were transformed into the yeast cells. The transformed cells 496 

were grown in SCD media (0.67%YNB, amino acids, 2% glucose) to log phase (OD600=1.0) at 497 

30°C. Another 24 hours extended growth allowed the cells to reach the stationary phase for 498 

visualization by microscopy. 499 

RNAi treatment 500 

The RNAi feeding constructs were obtained from the Ahringer and Vidal libraries (Fraser et al., 501 

2000; Rual et al., 2004). RNAi bacteria were grown until log phase was reached and spread on 502 

MYOB plates containing 1mM IPTG and 25 µg/ml carbenicillin and incubated overnight at 22°C. 503 

To silence the target genes, mid-L4 hermaphrodites were picked onto plates with the IPTG-504 

induced bacteria. Animals were grown on RNAi plates at 20°C. 505 

CRISPR design 506 
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We used the Bristol N2 strain as the wild type for CRISPR/Cas9 editing. The gene-specific 20 507 

nucleotide sequences for crRNA synthesis were selected with help of a guide RNA design 508 

checker from Integrated DNA Technologies (IDT) (https://www.idtdna.com) and were ordered 509 

as 20 nmol or 4 nmol products from Dharmacon (https://dharmacon.horizondiscovery.com), 510 

along with tracRNA. Repair template design followed the standard protocols (Paix et al., 2015; 511 

Vicencio et al., 2019). Approximately 30 young gravid animals were injected with the prepared 512 

CRISPR/Cas9 injection mix as described in the literature (Paix et al., 2015). seip-1(av109) was 513 

generated by CRISPR/Cas9 mixes that contained two guide RNAs at flanking regions of seip-1 514 

coding regions. Heterozygous seip-1 deletion animals were first screened by PCR and then 515 

homozygosed in subsequent generations. mScarlet insertions at the seip-1 C-terminus were 516 

performed by Nested CRISPR (Vicencio et al., 2019). Homozygous nest-1 edited animals were 517 

confirmed by PCR and restriction enzyme digestion and selected for the secondary 518 

CRISPR/Cas9 editing. Full-length mScarlet insertion animals were screened by PCR and 519 

visualized by fluorescence microscopy. All homozygous animals edited by CRISPR/Cas9 were 520 

confirmed by Sanger sequencing (Eurofins). The detailed sequence information of the repair 521 

template and guide RNAs are listed in Table 2. Two SEIP-1 (R01B10.6) deletion strains were 522 

custom made by Knudra Transgenics (currently Nemamatrix, Inc) (Murray, UT) using three 523 

proprietary vectors, the locus-targeting guide RNA pNU1244, the locus-targeting guide RNA 524 

PNU1245, and the donor homology plasmid pNU1246. Along with standard fluorescence 525 

markers and Cas9 plasmid (pNU792), the DNA mix is injected into gonads of the N2 strain, and 526 

the injected animals were screened for resistance to 0.25 mg/ml hygromycin followed by a heat 527 

shock counter screen to remove animals bearing extrachromosomal arrays. Two verified 528 
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transgenic lines received from Knudra were backcrossed with N2 four times to obtain the seip-529 

1(cwc1) and seip-1(cwc2) strains that were confirmed by PCR. 530 

Brood size determinations and embryonic viability assays 531 

Single mid-L4 hermaphrodites were picked onto 35 mm MYOB plates seeded with 10 µl of 532 

OP50 bacteria and allowed to lay eggs for 36 hours (plate one contains the brood from 0-36 533 

hours post mid-L4). The same hermaphrodite was moved to a new 35 mm MYOB plate to lay 534 

eggs for another 24 hours and was removed from the plate (this plate contains the brood from 36-535 

60 hours post mid-L4). Twenty-four hours after removing the moms, only fertilized embryos and 536 

larvae were counted to determine the brood size. Brood sizes were determined at 36 hours and 60 537 

hours. Percentage of embryonic viability= (the number of hatched larva / the total number of 538 

hatched and unhatched animals) *100%. The embryonic lethality of seip-1(cwc1 and cwc2) 539 

deletion strains was much higher (~75-80%) than that of the av109 deletion allele. It is possible 540 

that the difference in lethality observed is due in part by the culturing conditions used between 541 

two laboratories. The cwc strains were grown on standard NGM plates while the av109 allele 542 

was grown on MYOB plates. They differ in pH and some salts. In addition, we occasionally 543 

observed adaptive rescue of lethality (or the acquisition of spontaneous suppressors) after 544 

maintaining homozygous strains over a period of a few months. Thus, the cwc1 and cwc2 strains 545 

were revived from frozen stocks every three months. Such spontaneous suppressors have been 546 

observed for unrelated temperature-sensitive embryonic lethal mutations (K. O’Connell, personal 547 

communication).  548 

BODIPY 493/503 staining  549 

BODIPY 493/503 (Invitrogen # D3922) was dissolved in 100% DMSO to 1 mg/ml. BODIPY 550 

stock was diluted by M9 to 6.7 µg/ml BODIPY (final concentration of DMSO was 0.8%) as the 551 
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working stock. Hermaphrodites were washed in M9 three times and incubated in 6.7 µg/ml 552 

BODIPY for 20 minutes and washed again in M9 at least three times. All washes and 553 

incubations were performed in a concavity slide (ThermoFisher, # S99369). The stained 554 

hermaphrodites were anesthetized with 0.1% tricaine and 0.01% tetramisole in M9 buffer for 15-555 

30 minutes. The anesthetized animals were then transferred to 5% agarose pads for imaging. 556 

Image acquisition was captured by a Nikon 60 X 1.2 NA water objective with 0.5 µm z-step size.  557 

DAPI staining of embryos 558 

Hermaphrodites were washed in M9 three times and dissected with 23 G x 3/4” needles. 559 

Different stage embryos were transferred to a hanging drop chamber filled with Blastomere 560 

Culture Medium (BCM) (Edgar and Goldstein, 2012). The Blastomere Culture Medium was 561 

made fresh with 5 µg/ml DAPI. The hanging drop chamber was sealed by molten Vaseline 562 

before imaging. Image acquisition was captured by a Nikon 60 X 1.2 NA water objective with 1 563 

µm z-step size.  564 

FM4-64 staining of embryos 565 

To check eggshell integrity, embryos were dissected from both wildtype and seip-1(cwc1) 566 

animals in 5 µl egg buffer (4 mM HEPES pH7.4, 94 mM NaCl, 32 mM KCl, 2.7 mM CaCl2 and 567 

2.7 mM MgCl2) containing 6.6 µM FM4-64 (ThermoFisher, # T3166). Samples were mounted in 568 

a chamber circled by vacuum grease on a 2% agar pad (15 x 15 mm) for imaging. The images 569 

were acquired on a ZEISS Z1 fluorescence microscopy system that uses an EC Plan-Neofluar 570 

40X objective lens (NA0.75), an EC Plan-Neofluar M27 20X objective lens (NA0.5), a mCherry 571 

filter set (Ex 540-552nm, Em 575-640nm) and a Zeiss AxioChem 506 CCD camera. The images 572 

were acquired and analyzed by ZEISS ZEN software. 573 

Live imaging of ovulation  574 
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For imaging SEIP-1::mScarlet expression during ovulation, animals were immobilized on 4% 575 

agar pads with anesthetic (0.1% tricaine and 0.01% tetramisole in M9 buffer). DIC and mScarlet 576 

image acquisition were captured by a Nikon 60 X 1.2 NA water objective with 1-2 µm z-step 577 

size; 10-15 z planes were captured. Time interval for ovulation imaging is every 30 seconds, and 578 

duration of imaging is 10-15 minutes.  579 

Imaging of yolk proteins  580 

Day 1 adults (24 hours post mid-L4) of AG548 were immobilized on 4% agar pads with 581 

anesthetic (0.1% tricaine and 0.01% tetramisole in M9 buffer). The acquisition of both DIC and 582 

561 nm images were performed by our confocal imaging system (see below) with a Nikon 60 X 583 

1.2 NA water objective. 10-20 z planes were captured with 1 µm z-step size. Images were 584 

generated by custom Fiji code using Image>Stacks>Z Project. 585 

Imaging of LDs in yeast cells 586 

To image yeast cells, yeast cells were cultured in SCD medium to stationary phase and were 587 

imaged by a ZEISS Z1 fluorescence microscopy system that uses a ZEISS Plan-Apochromat 588 

100X objective lens (NA 1.4), a GFP filter set (Ex 450-490 nm, Em 500-550 nm), a mCherry 589 

filter set (Ex 540-552 nm, Em 575-640 nm), and a Zeiss AxioChem 506 CCD camera. The 590 

images were acquired and analyzed by ZEISS ZEN software. 591 

PUFA dietary supplementation 592 

PUFA dietary supplementation was modified from a previous report (Yang et al., 2006). Linoleic 593 

acid (C18:2n-6, Sigma # L1376), γ-linolenic acid (C18:3n-6, Sigma # L2378), Dihomo- γ-linolenic 594 

acid (C20:3n-6, Cayman Chemical # 90230) were added to NGM or MYOB medium to a final 595 

concentration of 300 µM. Single mid-L4 hermaphrodites were picked onto 35 mm PUFA-596 

supplemented MYOB and control MYOB plates seeded with 10 µl of OP50 bacteria and allowed 597 
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to lay eggs for 36 hours (plate one contains the brood from 0-36 hours post mid-L4). The same 598 

hermaphrodite was moved to a new 35 mm MYOB plate to lay eggs for another 24 hours and 599 

were removed from the plate (this plate contains the brood from 36-60 hours post mid-L4). 600 

Twenty-four hours after removing the moms, only fertilized embryos and larvae were counted to 601 

determine the brood size. Brood sizes were determined at 36 hours and 60 hours. Percentage of 602 

embryonic viability= (the number of hatched larva / the total number of hatched and unhatched 603 

animals) *100%. For embryo imaging, single mid-L4 hermaphrodites were allowed to grow on 604 

PUFA-supplemented MYOB for 24 hours. Then these gravid adults were dissected in 5 µl of 605 

0.7X egg buffer or BCM containing either 6.6 µM FM4-64 or 5 µg/ml DAPI. The embryos were 606 

mounted in a hanging drop chamber and images were acquired as described above. 607 

Electron microscopy 608 

~60 gravid hermaphrodites (60 h after L1) were picked (10~12 animals per grid) and mixed with 609 

fresh yeast, which were immediately subjected to cryofixation by high-pressure freezing with a 610 

high-pressure freezer EM HPM100 (Leica, Wetzlar, Germany). AFS2 EM (Leica, Wetzler, 611 

Germany) was used for the subsequent freeze substitution and low temperature embedding. 612 

Freeze substitution was performed in 2% osmium tetroxide and 0.1% uranyl acetate in acetone 613 

following the program of -90°C for 16 hrs, -85°C for 50 hrs, -50°C for 10 hrs, -20°C for 10 hrs, 614 

and 0°C for 6 hrs. Temperature increased by a rate of 2.5°C / hr for each time slope. The samples 615 

were then washed in acetone and subjected to infiltration with 5%, 10%, 25%, 50%, 75%, and 616 

final 100% Spurr resin. After polymerization at 60°C for 48 hrs, the blocks were cut into 70-90 617 

nm ultrathin sections on the ultramicrotome (EM UC6; Leica) with a diamond knife (Ultra 45°, 618 

DiATOME; Biel, Switzerland). Sections were placed on 0.4% Formvarcoated slot grids (EMS) 619 

and imaged at 120 kV on a transmission electron microscope (Tecnai G2 Spirit TWIN; FEI, 620 
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Hillsboro, OR) with a digital CCD camera (832 Orius SC1000B; Gatan, Pleasanton, CA). The 621 

images were processed and analyzed by Photoshop software (CS4, Adobe). 622 

Microarray 623 

Embryos were isolated from gravid adults by hypochlorite disruption (0.5N NaOH and 1% 624 

NaOCl) followed by M9 washes. After overnight incubations in M9 without food, synchronized 625 

L1 were then seeded on a 5.5cm NGM plate (~150 L1 /plate). The synchronized young adult (52 626 

hrs post L1 feeding) were harvested and washed by M9 buffer and pelleted. Embryos were 627 

isolated by hypochlorite disruption from young gravid adult (52 hrs after L1), washed with M9, 628 

and pelleted. To extract total RNA, synchronized young adult or embryos derived from ~40,000 629 

young adults were resuspended in 500 µl TRIzol reagent followed by flash freezing in liquid 630 

nitrogen. Samples were thawed at 42°C and frozen in liquid nitrogen and the cycle was repeated 631 

6-7 times. 100 µl chloroform was mixed with sample and spun at 12,000g for 15 minutes at 4°C. 632 

The corresponding aqueous layer was harvested and mixed with equal volume of 70% ethanol. 633 

RNeasy Mini kits (Qiagen) were used to obtain pure RNA for microarray analysis. A 0.2 µg of 634 

total RNA was subjected to Cy3 labeling by in vitro transcription with use of Low Input Quick-635 

Amp Labeling kit (Agilent Technologies, USA). Subsequently, a 1.65 µg of Cy3-labled cRNA 636 

was incubated at 60°C for 30 minutes, followed by hybridization to the Agilent C. elegans V2 637 

4*44K Microarray chip (Agilent Technologies, USA) at 65°C for 17 hrs. After washing and 638 

drying, the microarray chip was scanned with the microarray scanner (Agilent Technologies, 639 

USA) at 535 nm for Cy3. The array image was read by Feature Extraction software version 640 

10.7.1.1, and data was subjected to further analysis by GeneSpring software (Agilent). Average 641 

value of N2 sample was used as the control; a statistics filter was set to select for seip-1/N2 gene 642 

expression at a fold change >=1.5 and p-value <=0.05. Genes that passed these criteria were 643 
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subjected to KEGG pathway annotation using DAVID Bioinformatics Resources 6.8 644 

(https://david.ncifcrf.gov/home.jsp). 645 

Quantitative qPCR 646 

C. elegans animals were first synchronized by the hypochlorite disruption method as described 647 

above. Expression levels of SEIP-1 were carried out in whole animal or tissues dissected from 648 

animals. RNA prepared immediately (0 hour) or 5 hour after embryos were dissected from 649 

animals were compared. Embryos isolated from ~40,000 young adult (52 hrs after L1) were 650 

resuspend in 500 µl TRIzol Reagent followed by flash freezing in nitrogen liquid. Samples were 651 

thawed at 42°C and frozen in liquid nitrogen and the cycle was repeated 6-7 times. 100 µl 652 

chloroform was mixed with sample and spun at 12,000g for 15 minutes at 4°C. The 653 

corresponding aqueous layer was harvested and mixed with equal volume of 70% ethanol. 654 

RNeasy Mini kits (Qiagen) were used to extract pure RNA. ~15 µg RNA in nuclease-free water 655 

was treated by DNase I. 2 µg DNaseI-treated RNA was used as the template to synthesize 656 

cDNAs with the SuperScript III First Strand system (Thermo Fisher Scientific). The real-time 657 

PCR reactions were performed by the Applied Biosystems™ QuantStudio™ 12K Flex system 658 

with power SYBR Green PCR master mix (Thermo Fisher Scientific). The thermal cycling 659 

conditions followed an initial denaturation step at 95°C for 10 min, 40 cycles at 95°C for 10 sec, 660 

and 60°C for 1 min followed by a continuous melt curve stage at 95°C for 15 sec, 60°C for 1 min, 661 

95°C for 15 sec. Three independent experiments were replicated for each target gene. The ΔCT 662 

value was determined by QuantStudio™ 12K Flex software (Thermo Fisher Scientific). Gene 663 

expression levels were calculated as 2^[−ΔΔC(T)], which was normalized to the expression of 664 

the act-1 gene. Statistical analyses were calculated based on four biological replicates and shown 665 

as average +/- standard deviation.  666 
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Figure Legends 690 

Figure 1. seip-1 expression pattern in C. elegans oocytes and embryos. 691 

seip-1 is expressed in C. elegans reproductive germline cells and embryos. (A) mScarlet was 692 

knocked-in to the seip-1 C-terminus. SEIP-1::mScarlet is strongly expressed in the embryos, 693 

especially at ER region (yellow square). Right inserts show SEIP-1::mScarlet (magenta, middle 694 

panel) labeled circles formed at the region adjacent to the ER, labeled by GFP::SP12 (green, 695 

bottom panel). The merge image is shown in the top panel. (B) In the oocytes, SEIP-1::mScarlet 696 

labeled circular organelles surround the lipid droplets stained by BODIPY. -1 oocyte represents 697 

the oocyte most proximal to the spermatheca, while -3 oocyte represents the oocyte more distal 698 

to the spermatheca. Right inserts show SEIP-1::mScarlet (middle panel), BODIPY (bottom 699 

panel), and merged image (top panel) of the oocyte lipid droplets (yellow square in the -3 700 

oocyte). (C-C’) SEIP-1::mScarlet (magenta in Fig. 1C) strongly expresses in the pseudocoelomic 701 

space (red squares in Fig. 1B; red circles in Fig. 1C-C’) surrounding the ovulating oocytes (-1 702 

oocyte). (D-G) Representative images of SEIP-1::mScarlet localization during ovulation and 703 

fertilization. SEIP-1::mScarlet strongly expresses in the fifth sheath cell (red arrows) that 704 

surrounds the -1 oocyte (D) until the oocyte is ovulated and enters the spermatheca (E-G). (H-J) 705 

A vitellogenin::GFP fluorescent protein (VIT-2::GFP, green) transgene was used to monitor yolk 706 

lipoprotein localization. There is no co-localization of SEIP-1::mScarlet (H) and VIT-2::GFP (I) 707 

either in the lipid droplet (yellow square) or the pseudocoelomic space (red square). (J) 708 

Amplified images showing a lack of co-localization of SEIP-1::mScarlet (middle panel, right) 709 

and VIT-2::GFP (bottom panel, right) at the lipid droplets. The merge image was shown at the 710 

top right panel. Scale bars are indicated in each panel.  711 

Figure 2. Deletion of the seip-1 gene causes severe eggshell formation defects. 712 
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(A) Diagram of deleted regions in seip-1(av109) mutant or (B) replacement of seip-1 gene with a 713 

hygromycin-resistant gene (HygR) cassette in seip-1(cwc1) and seip-1(cwc2) mutants. (C) Brood 714 

size was significantly reduced in seip-1 mutants after 36 hours post mid-L4 (Day 2-3 adults). (D) 715 

The percentage of viable embryos was reduced in the seip-1 deletion animals. (E, F) DAPI 716 

staining of zygotic chromatin (yellow arrows, F) was apparent in seip-1 embryos, while only first 717 

polar body (yellow arrows, E) stained in wildtype embryos (n=number of embryos with zygotic 718 

chromatin stained with DAPI / number of embryos imaged). (G, H). mCherry::CPG-2 (magenta) 719 

was used to visualize the integrality of the permeability barrier. In wild type, the inner layer of 720 

the eggshell prevents diffusion of mCherry::CPG-2 beyond the space between outer layers of the 721 

eggshell and the embryo surface (white arrows, G). However, in seip-1(av109) embryos, 722 

mCherry::CPG-2 penetrates inside the entire space between eggshell and the embryo surface (H; 723 

n=number of embryos with mCherry::CPG-2 penetration / number of embryos imaged). (I, J) 724 

Only the plasma membrane surrounding the first polar body is stained by FM4-64 (magenta) in 725 

wildtype (WT) embryos, while staining was observed at the plasma membrane and cytosol in 726 

seip-1(cwc1) mutant embryos (K, L) (n=number of embryos with FM4-64 penetration / number 727 

of embryos imaged). (M, N) Depletion of SEIP-1 by RNAi displayed defective permeability 728 

barrier formation, allowing mCherry::CPG-2 (white arrows, M, N) to fill the space between the 729 

outer layers of the eggshell and the embryo surface (n=number of embryos with mCherry::CPG-730 

2 penetration). (O, P) DAPI (white arrowheads, P) penetrates inside the embryos to stain zygotic 731 

chromatin (n=number of embryos with DAPI penetration). Scale bars are indicated in each panel. 732 

P-values: ** = 0.0070 (C); ** = 0.0016 (D); *** = 0.0008 (C); **** <0.0001 (C, D) (t-test). 733 

 734 

Figure 3. Formation of the permeability barrier requires functional SEIP-1. 735 
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(A) Diagram of sequential steps in assembly of the eggshell. At anaphase of meiosis II, the 736 

permeability barrier is formed between the outer eggshell and the plasma membrane. (B, C, E) 737 

Transmission electron micrographs of high-pressure frozen embryos demonstrate that the 738 

vitelline and chitin layers are easily observed in both WT and seip-1(cwc1) embryos that have 739 

completed meiosis I. (D) A clear edge of the permeability barrier (PB, black arrow) was 740 

visualized in every WT embryo that completed meiosis II.  However, no permeability barrier was 741 

found in any stage seip-1(cwc1) embryos (E, F). (G) Quantification of the embryos with the 742 

forming eggshell in both WT and seip-1(cwc1) embryos. The embryos containing different 743 

components of the eggshell were categorized into four groups, which are represented by the 744 

colored squares inserted at the top right of each panel (B-F). Red square represents the embryos 745 

containing vitelline and chitin layers; blue squares represent the embryos with vitelline, chitin 746 

and chondroitin proteoglycan layers (CPGL); orange squares represent the embryos with four 747 

layers, including VL, CL, CPGL and extra-embryonic matrix (EEM); and the green squares 748 

represent the embryos with all five eggshell layers (VL, CL, CPGL, EEM, and PB). (H-K) At the 749 

light microscopy level, the eggshell proper appears mainly intact when SEIP-1 was depleted by 750 

RNAi, as markers for the vitelline layer (PERM-4::mCherry, H, I) and CPG layer 751 

(mCherry::CPG-1, J, K) are properly localized compared with embryos treated by control RNAi 752 

(n= the number of embryos examined). Scale bars are indicated in each panel. 753 

 754 

Figure 4. SEIP-1 depletion alters lipid droplet (LD) size in the oocytes and embryos  755 

(A-C) BODIPY-stained LDs in the -1 to -3 oocytes of wildtype and seip-1 animals. Top right 756 

inserts highlight the region marked by yellow squares in each panel; these are individual LDs. (B, 757 

C) Abnormally enlarged LDs were frequently observed in the -1 to -3 oocytes of seip-1 mutants. 758 
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(D) Quantification of the enlarged LDs (diameter > 1.5 µm) inside the -1 to -3 oocytes of both 759 

wildtype and seip-1 mutants. (E, F) Transmission electron micrographs of high-pressure frozen 760 

oocytes show normal LDs (red asterisks in E’) in wildtype oocytes (E) and enlarged LDs (red 761 

arrows) in the seip-1(cwc1) oocytes (F, F’). (E’, F’) are 2.5X magnification of the regions 762 

marked with a yellow square in panels E and F showing individual LDs. (G, H) Transmission 763 

electron micrographs of high-pressure frozen embryos show normal LDs (red asterisks in G’) in 764 

wildtype embryos (G) and enlarged LDs (red arrows) in the seip-1(cwc1) embryos (H, H’). (G’, 765 

H’) are 2.5X magnification of the regions marked with a yellow square in panels G and H 766 

showing individual LDs.  Scale bars are indicated in each panel. P-values: * = 0.028; ** = 767 

0.0018; *** = 0.0006 (t-test). 768 

 769 

Figure 5. Gene expression of some fatty acid synthesis genes are mis-regulated in seip-1 770 

embryos 771 

(A, B) Expression of the de novo fatty acid synthetic genes were either up-regulated (elo-2, fat-2, 772 

fat-5 and fat-6, red arrows in A) or down-regulated (pod-2, elo-1, fat-1, fat-4, green arrows) in 773 

seip-1(cwc1) mutant embryos. FA β-oxidation gene expression was up-regulated in seip-1(cwc1) 774 

mutant embryos (B). Quantitative transcriptional expression of these genes was determined by 775 

qRT-PCR. (C) Genes associated with the formation of the permeability barrier were down-776 

regulated in seip-1 mutant embryos compare with wildtype embryos. P-values: * < 0.05; ** < 777 

0.01; *** = 0.001 (t-test). 778 

 779 

Figure 6. Dietary supplementation of PUFAs rescued the permeability barrier defects but 780 

not the abnormal LDs in seip-1 mutants 781 
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(A) The percentage of viable embryos was significantly rescued in the PUFA-fed seip-1 deletion 782 

animals (WT: green, mutant: blue, PUFA-fed: orange). (B-E) The penetration of DAPI, the 783 

expression pattern of CPG2::mCherry, and DIC images demonstrated that the permeability 784 

barrier was defective in seip-1 mutants embryos (n=number of embryos with abnormal DAPI 785 

penetration and abnormal CPG2::mCherry pattern  / number of embryos imaged) The GFP::PH 786 

transgene was used to indicate the plasma membranes. (B’-E’) The penetration of DAPI, the 787 

expression pattern of CPG2::mCherry, and DIC images demonstrated that the permeability 788 

barrier was restored after the diet of seip-1 mutants animals was supplemented with PUFAs 789 

(n=number of embryos with normal DAPI penetration and normal CPG2::mCherry pattern  / 790 

number of embryos imaged). The permeability barrier can be easily seen in panel B’ (white 791 

arrowheads) and panel E’ (black arrowheads). (F) FM4-64 staining indicated that dihomo-γ-792 

linolenic acid performed more efficiently than linoleic acid to rescue the defective formation of 793 

the permeability barrier. (G-I) Transmission electron micrographs of high-pressure frozen 794 

embryos showing the permeability barrier (black arrow) formed after seip-1 mutant animals were 795 

fed with dihomo- γ-linolenic acid (FA20:3n-6). n=number of embryos showing representative 796 

eggshell layers / number of embryos imaged. (J-K’) Abnormal LDs were frequently observed in 797 

-1 to -3 oocytes of both wildtype (J’) and seip-1(av109) (K’) animals fed with dihomo- γ-798 

linolenic acid (FA20:3n-6). Right top inserts represent 6x amplified images of the inlaid yellow 799 

squares. (L) Quantification of enlarged LDs (diameter > 1.5 µm) in -1 to -3 oocytes of both 800 

PUFA-fed wildtype and seip-1(av109) animals. Scale bars are indicated in each panel. P-values: 801 

* < 0.05 (A, L); ** <0.01 (A); *** <0.001 (A); **** <0.0001 (t-test). 802 

 803 
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Figure 7. A SEIPIN patient-specific allele disrupts eggshell formation and displays 804 

enlarged LDs in C. elegans 805 

(A) A conserved patient-specific allele seip-1(A185P) was generated and results in reduced 806 

brood sizes. (B) seip-1(A185P) causes severe embryonic lethality in the day 1 (post L4 0-36 807 

hours) adult animals. However, percentage of embryonic viability of seip-1(A185P) is not 808 

affected in the day 2-3 (post L4 36-60 hours) animals. (C) DAPI staining of zygotic chromatin 809 

(yellow arrows) in seip-1(A185P) mutant embryos is indicative of a defective permeability 810 

barrier. (D) seip-1(A185P) exhibits enlarged LDs in the -1 to -3 oocytes marked by BODIPY. 811 

The insert panel shows 6x enlarged view of a single enlarged LD. (E) Quantification of enlarged 812 

LDs (diameter > 1.5 µm) in -1 to -3 oocytes of seip-1(A185P) animals. (F) The percentage of 813 

viable embryos was significantly rescued in the day 1 (post L4 0-36 hours) dihomo- γ-linolenic 814 

acid (FA20:3n-6) (PUFA)-fed seip-1(A185P) animals compared with control. In contrast, the 815 

percentage of viable embryos was reduced in the day 2-3 animals (36-60 post L4) fed with 816 

PUFAs. Scale bars are indicated in each panel. P-values: * < 0.05 (A, B, E); **** <0.0001 (B, G) 817 

(t-test). 818 

 819 

Supplemental Figure 1. Expression of C. elegans seip-1 rescues abnormal LD morphology 820 

defects in yeast sei1∆ mutants.  821 

(A-D) Plasmid with control GFP (green, A, C) was transformed and expressed in the yeast sei1Δ 822 

strain expressing the LD marker Erg6p-mCherry (red, B, C). Red arrows indicate supersized LDs 823 

in the sei1Δ cells. (E-H) Plasmid with GFP-SEIP-1 gene (green, E, G) was transformed and 824 

expressed in the yeast sei1Δ strain expressing the LD marker Erg6p-mCherry. GFP-SEIP-1p was 825 

observed adjacent to or surrounding the LDs labeled by Erg6p-mCherry (blue arrows, E-G). (I-L) 826 
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Co-localization of GFP-SEIP-1p with ER marker Sec63p-mCherry on the LDs (pink arrows) was 827 

observed in the sei1Δ cells. (M) Quantification of LD morphology in the sei1Δ cells expressing 828 

either control GFP or GFP-SEIP-1p. n= the number of quantified cells in the study. Scale bars 829 

are indicated in each panel.  830 

 831 

Supplemental Figure 2. seip-1 expression pattern in C. elegans 832 

(A) Expression levels of SEIP-1 in whole animal or tissues dissected from animals. qRT-PCR 833 

was performed using RNA prepared immediately (0 hour) or 5 hours after embryos were 834 

dissected from animals were compared. (B-G) SEIP-1::mScarlet (magenta) expresses in a variety 835 

of cell types, including embryos (B, B’), pharynx (C, C’), tail and rectum (D, D’), hypodermal 836 

cells (E, E’), intestinal cells (F-G). The small panels in G represent enlarged views of the yellow 837 

square. SEIP-1::mScarlet labeled LD is indicated by yellow arrows. Small top panel represents 838 

the merge image, middle panel is SEIP-1::mScarlet only, bottom panel is BODIPY staining 839 

image only. (H-J) SEIP-1::mScarlet also expresses on the sperm (yellow box represents the 840 

constricted spermatheca and white arrows mark the individual sperm). Scale bars are indicated in 841 

each panel.  842 

 843 

Supplemental Figure 3. Verification of CRISPR/Cas9 generated deletions in seip-1 844 

knockout animals.  845 

(A-C) Schematic of all seip-1 knockout alleles and the position of the genotyping primers (F1, 846 

R1 and R2) used in this study. (B) seip-1(cwc1) and seip-1(cwc2) lines are shown as a 847 

replacement of the seip-1 gene with an expression cassette of a hygromycin B resistance gene 848 

(hygR). (C) seip-1(av109) was generated by CRISPR to delete the whole seip-1 gene. The 849 
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positions of the genotyping primers (F2, R3 and R4) for verifying the knockout alleles are 850 

marked by the pink lines that flank the seip-1 coding exons. Arrows represent the primer 851 

direction from 5’ to 3’ (A-C). (D-F) Representative PCR gel from genotyping single animals for 852 

seip-1(cwc1) or seip-1(cwc2) candidates. Two pairs of primers [one pair (F1 and R1) for wt (A); 853 

the other pair (F1 and R2) for KO insertion (B)] were used to genotype seip-1(cwc1) and seip-854 

1(cwc2) candidates. In wild type, PCR product was able to be amplified by wt primers (D), but 855 

not by KO primers. Homozygous knockout was only able to be amplified by KO primers but not 856 

by wt primers (E, F). (G) Three primers (two flanking primers F2 and R4 locate outside the 857 

deleted region and an internal primer R3) were used to genotype for homozygosity of candidate 858 

seip-1(av109) deletion animals. Amplicon size of a homozygous deletion with both flanking 859 

primers is 422 bp. In wild type, the PCR product amplified by one flanking primer and the 860 

internal primer is 877 bp. Heterozygous animals contain both PCR products. (H) Expression of 861 

the seip-1 rescuing fosmids and plasmids in seip-1(cwc1) mutant significantly rescues the 862 

embryonic lethality. **** <0.0001 (H) (t-test). 863 

 864 

Supplemental Figure 4. Deletion of the seip-1 gene disrupted permeability barrier 865 

formation. 866 

(A, B) DIC images show that multicellular seip-1(cwc1) mutant embryos (B) displayed a 867 

shrunken and misshapen morphology compared with wildtype embryos (A). (C) Diagram of 868 

deleted region in the seip-1(tm4221) mutant. (D, E) The penetration of both DAPI (D) and 869 

mCherry::CPG-2 (E) indicated that seip-1(tm4221) embryos also were defective for permeability 870 

barrier formation. Zygotic chromatin was stained with DAPI in seip-1(tm4221) (yellow 871 

arrowheads D). mCherry::CPG-2 (magenta) penetrates inside the entire space between eggshell 872 
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and the embryo surface (E) (white arrowheads) (n=number of embryos with mCherry::CPG-2 873 

penetration / number of embryos imaged). Scale bars are indicated in each panel.  874 

 875 

Supplemental Figure 5. Depletion of the seip-1 gene alters lipid droplets size in the oocytes 876 

and intestine. 877 

(A) Quantification of total enlarged LDs (diameter > 1.5 µm) in the -1 to -3 oocytes of both 878 

wildtype and seip-1(cwc1) animals. (B) Transmission electron micrographs of high-pressure 879 

frozen animals displayed LDs in both wildtype and seip-1(cwc1) intestinal cells. Red asterisks 880 

mark the normal size LDs in wild type, red arrows indicate smaller size LDs, blue asterisks 881 

indicate enlarged LDs. Inserts are 6X amplified images of the inlaid yellow square regions. Scale 882 

bar is indicated.  883 

 884 

Supplemental Figure 6. Global gene expression of seip-1 mutants were analyzed by the 885 

microarray  886 

(A) Heatmap shows the variation of 20,221 genes expressed between seip-1(cwc1) mutants and 887 

wild type. The data were collected from two independent experiments. Mis-regulated gene 888 

expression were found in seip-1(cwc1) embryos compared to wild type. (B) The genes with 889 

differential expressions between seip-1(cwc1) mutant and wild-type embryos were identified by 890 

KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analyses. Metabolic 891 

pathways genes were significantly affected when the seip-1 gene was deleted.  892 

Video S1. SEIP-1 expression pattern during ovulation 893 

Ovulation imaged in the genome-edited animals expressing SEIP-1::mScarlet (magenta). arrows 894 

in left and right panels indicate SEIP-1::mScarlet expression in the fifth gonadal sheath cell until 895 
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the oocyte completed the ovulation. Left panel indicates the mScarlet (magenta) channel only, 896 

middle channel indicates DIC only, right channel indicates the merged image of mScarlet and 897 

DIC. Images are z-max with 10 z planes taken every 30 seconds with 1 µm step size. Timing is 898 

indicated in lower right of the left panel. Playback rate is 2 frames/second. Scale bar is indicated 899 

in the left panel.  900 
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