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Background
Caenorhabditis elegans fed a high-glucose Escherichia coli OP50 diet exhibit reduced fecundity, but the underlying mechanisms remain unclear.
Methods
A differential high-glucose diet paradigm was established using C. elegans fed two bacterial diets that produced distinct fecundity outcomes under high-glucose conditions. The effects of these diets in varying conditions were analyzed through transcriptomic, lipidomic, and metabolomic profiling to correlate with fecundity. Supplementation experiments were further performed to validate the links between changes in lipid metabolism and fecundity. By characterizing the gerlime phenotypes, we constructed a model to interpret how dietary inputs alter oogenesis signaling and, consequently, fecundity outcomes.
Results
C. elegans fed a high-glucose E. coli OP50 diet exhibit reduced fecundity, accompanied by disrupted lipid homeostasis characterized by decreased monounsaturated and increased cyclopropane fatty acids, reduced phosphatidylcholine and elevated triacylglycerols, and abnormal lipid droplet and vitellogenin accumulation in the intestine and oocytes. In contrast, worms fed a high-glucose Comamonas aquatica DA1877 diet maintain lipid balance and normal fecundity. We identified altered lipid metabolism strongly correlated with reproductive decline, whereas dietary signals from C. aquatica protected against glucose toxicity. Mechanistically, high-glucose diets appeared to rewire the choline–methionine axis, lowering PC levels and reducing RAS/ERK signaling in germline and gonadal sheath cells, thereby impairing oogenesis. Notably, vitamin B12 supplementation restored RAS/ERK signaling and rescued the diet-specific fecundity defects.
Conclusion
We demonstrate that dietary cues under high-glucose conditions modulate a genetic network linking lipid homeostasis and signaling pathways, ultimately determining fecundity outcomes in C. elegans.
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INTRODUCTION
Glucose is a fundamental energy source and metabolic precursor in most organisms. Beyond providing energy, glucose supplies carbon for the synthesis of numerous biomolecules, including nucleotides, amino acids, lipids, and structural polysaccharides. Excess glucose is stored as glycogen for short-term energy needs and as triacylglycerol (TAG) for long-term storage. However, the consumption of high-sugar diets could be detrimental to humans, such as by causing obesity, a known risk factor for various diseases, including type 2 diabetes (Chatterjee et al., 2017).
Glucose-induced deleterious effects have been identified in C. elegans, with well-documented impacts on growth, fertility, aging, and lifespan (Back et al., 2012; Beaudoin-Chabot et al., 2022; Schlotterer et al., 2009). The lifespan-shortening effect of high glucose in C. elegans has been extensively studied, which is partly attributed to the activation of the insulin/insulin-like growth factor-1 signaling (IIS) pathway (Lee et al., 2009; Schlotterer et al., 2009). High glucose levels generate reactive oxygen species (ROS) that can damage lipids, proteins, and nucleic acids (Volpe et al., 2018). C. elegans fed a high-glucose diet exhibit an increased rate of lipid peroxidation, indicating elevated oxidative stress (Alcantar-Fernandez et al., 2019; Alcantar-Fernandez et al., 2018). However, increased ROS levels extend the lifespan of worms, suggesting that a certain level of ROS appears essential for cellular function and longevity (Lee et al., 2010; Schmeisser et al., 2013; Schulz et al., 2007; Shore and Ruvkun, 2013; Yang and Hekimi, 2010).
At the cellular level, surplus glucose alters mitochondrial structure and function, yet energy homeostasis is maintained (Alcantar-Fernandez et al., 2019), indicating that high glucose’s harmful effects stem from more than just ATP shortage or oxidative stress. High glucose also leads to glycogen and fat accumulation, with SREBP and MDT-15 regulating fat conversion to mitigate high-glucose diet-induced aging (Lee et al., 2015). Although glycogen confers resistance to oxidative stress, it limits longevity (Gusarov et al., 2017). Given the multifaceted physiological effects of high glucose, elucidating the exact mechanisms by which surplus glucose causes diverse effects is essential, despite the significant challenges involved.
Diet represents one of the most variable aspects of life (Fontana and Partridge, 2015). Diet not only provides nutrients but also influences the intestinal microbiome, which, along with microbiome-derived metabolites, impacts overall animal metabolism and immune responses (Hooper et al., 2002). As a bacterivore, C. elegans provides a powerful system that can be maintained on monocultures under laboratory conditions, enabling mechanistic studies on various physiological aspects (Pang and Curran, 2014; Stuhr and Curran, 2020). Studies have revealed that C. elegans responds differently to bacterial diets: Comamonas aquatica DA1877 and Escherichia coli OP50. Vitamin B12, abundant in the C. aquatica DA1877 diet, is essential for C. elegans metabolism, supporting both mitochondrial propionate breakdown and one-carbon metabolism (Giese et al., 2020; MacNeil et al., 2013; Watson et al., 2013; Watson et al., 2014; Watson et al., 2016). Accordingly, C. elegans fed C. aquatica DA1877 exhibit phenotypes such as accelerated developmental rates and earlier onset of egg laying compared to those fed E. coli OP50. In contrast, low vitamin B12 availability leads to toxic propionate accumulation, which triggers the expression of several genes, including the acyl-CoA dehydrogenase genes acdh-1 and acdh-2. It also represses the expression of genes involved in methionine/S-adenosylmethionine (SAM) metabolism, a key component of one-carbon metabolism. This route produces the main methyl donor in the cell, which is pivotal to many critical cellular processes, including nucleotide and protein methylation and the synthesis of membrane lipids (Giese et al., 2020; Laranjeira et al., 2024; Sutter et al., 2013).
In this study, we examine how high-glucose intake reduces fecundity in C. elegans fed the standard E. coli OP50 diet. We first observed that C. elegans fed C. aquatica DA1877 diets did not experience the same effect under high-glucose conditions. We hypothesize that differing bacterial diets trigger distinct metabolic pathways in response to glucose, leading to unique metabolic and gene regulatory outcomes. Through transcriptomic and lipidomic analyses and comparison, we have identified that the differential effect of a high-glucose diet is associated with a change in fatty acid (FA), phosphatidylcholine (PC), and TAG levels, affecting lipid homeostasis. We further reveal that the metabolic pathway involving the choline–methionine/SAM axis responds to dietary signals under high-glucose conditions, potentially influencing organismal fecundity through varying PC levels and oogenesis signaling.
MATERIALS AND METHODS
C. elegans strains, culture, and maintenance
A list of bacterial and C. elegans strains, as well as the reagents and materials used in this study, is available in the Table 1. The C. elegans strain Bristol N2 was used as the wild type. C. elegans were maintained on standard nematode growth medium (NGM) plates seeded with E. coli OP50 and were cultured at 20 °C. E. coli OP50 and C. aquatica DA1877 were grown overnight at 37 °C and 30 °C, respectively, in LB liquid medium. The bacterial cells were spun down and washed in ddH2O, and A600 was adjusted to 8.0. The NGM or NGM containing 100 mM glucose (high glucose, HG) plates were seeded with E. coli OP50, C. aquatica DA 1877, E. coli OP50: C. aquatica DA 3:1, or the E. coli OP50: C. aquatica DA 9:1 prior to the experiment. Both 50 mM and 100 mM used in this study are supraphysiological levels of glucose that lack clinical or ecological relevance but serve as useful experimental conditions for studying metabolic perturbations. The plates were dried at room temperature for 1–1.5 days, and only freshly prepared plates were used in all experiments. Synchronized L1 animals were used for experiments unless otherwise mentioned. All experiments were conducted at 20 °C.
TABLE 1 | Key resource table.	Reagent or resource	Source	Identifier
	Bacteria strain
	Escherichia coli OP50	Caenorhabditis Genetics Center (CGC)	OP50
	Comamonas aquatica DA1877	CGC	DA1877
	C. elegans strains
	N2 Bristol	CGC	N2
	nIs590[fat-7p::fat-7::gfp + lin15(+)]V	CGC	DMS303
	ldrIs1 [Pdhs-3::dhs-3::gfp + unc-76(+)]	CGC	LIU1
	pwls23 [vit-2::gfp]	CGC	RT130
	ruls32 [pie-1p::GFP::H2B + unc-119(+)] III	CGC	MAH74
	unc-119(ed3) III; wwEx53[acdh-2p::GFP]	CGC	VL714
	mpk-1(utx14[mNG::mpk-1]) III	CGC	GLW19
	let-60(qy220[mNG::let-60 + LoxP]) IV	CGC	NK2987
	wrdSi18[^SEC^mex-5p::TIR1::F2A::mTagBFP2::AID*::NLS::tbb-2 3′UTR] (I:-5.32)	CGC	JDW220
	Chemical, peptide, and recombinant protein
	TRIzol reagent	Sigma	T9424
	Phenol: chloroform: isoamyl alcohol 25: 24: 1	AppliChem	A2279
	RNeasy Mini Kits	QIAGEN	74104
	Low Input Quick-Amp Labeling Kit	Agilent Technologies	
	Levamisole hydrochloride	Sigma	L9756
	Agarose	BioShop	AGA101.25
	Chloroform	J.T.Baker	9183–01
	Methanol	J.T.Baker	9069–01
	Boron trifluoride–methanol 10%–15%	Sigma-Aldrich	15716
	Tridecanoic acid	Sigma	91988
	Choline chloride	Sigma	C7527
	Methionine	Sigma	M9625
	Palmitic acid	Sigma	P0500
	Oleic acid	Sigma	O1383
	cis-Vaccenic acid	Sigma	V0384
	α-Linolenic acid	Sigma	L2376
	Brij58	Sigma	P5884
	Betaine	Sigma	107437
	Cobalamin (vitamin B12)	Sigma	C0884
	Sodium hydroxide	J.T.Baker	3140–01
	Anti-GFP antibody	Abcam	ab290
	Oligonucleotide
	5’_QP_act-1 primer
CTTCCCTCTCCACCTTCCAAC	This paper	
	3’_QP_act-1 primer
CGTCGTATTCTTGCTTGGAGATC	This paper	
	5’_QP_acs-2 primer
GATGCTCATGTCGTCGGTGTG	This paper	
	3’_QP_acs-2 primer
CGACAGCTTCTGTGAAGTGAG	This paper	
	5’_QP_fat-5 primer
ACAGTTGGATGGGTATTCCTC	This paper	
	3’_QP_fat-5 primer
AAGCAGAAGATTCCGACCAAG	This paper	
	5’_QP_fat-6 primer
AACATTACTTCCCACTTGTC	This paper	
	3’_QP_fat-6 primer
GGGTAATTGAGGAATCGTATG	This paper	
	5’_QP_fat-7 primer
CGTCTTCTCATTTGCTCTCTATGTG	This paper	
	3’_QP_fat-7 primer
TGACCAGTGGGAAATAGTGC	This paper	
	5’_QP_arf-1.1 primer
TTCGTGCTCTCTGGAAATAC	This paper	
	3’_QP_arf-1.1 primer
TGTACCACAGATGAACCACTC	This paper	
	5’_QP_asm-3 primer
CTCCAACTAATGTGGTCTACTCG	This paper	
	3’_QP_asm-3 primer
GTCGGGATTTGTCCTTTAAGACC	This paper	
	5’_QP_pud-4 primer
ACACTGGATTCTTCACGACTGG	This paper	
	3’_QP_pud4 primer
TCCATTTGGCGAGTAGTCCATG	This paper	
	5’_QP_lipl-2 primer
ACAGTCACTACGGAAGATGG	This paper	
	3’_QP_lipl-2 primer
CGAAAGCTGCACTCTGAGTTG	This paper	
	5’_QP_lipl-1 primer
GACCACGCCACAAATAATCATGC	This paper	
	3’_QP_lipl-1 primer
TGATGAGCATTCAAGACCGTG	This paper	
	5’_QP_fil-1 primer
CGTCGATTCGTACTTCTTGGTC	This paper	
	3’_QP_fil-1 primer
AGCTTCCCTGAGTTCCATAGTC	This paper	
	5’_QP_sysm-1 primer
AGCAGATGTTAGAAGTGGTTGTC	This paper	
	3’_QP_sysm-1 primer
CAGATTTCTGCATTGGCTGTG	This paper	
	5’_QP_gba-4 primer
AGCGATGCAAAGTCCCTTCC	This paper	
	3’_QP_gba-4 primer
GCAGCTCCAAATCCCATTACC	This paper	
	5’_QP_dhs-26 primer
CAGTGACTAAATGCGGATCAGG	This paper	
	3’_QP_dhs-26 primer
TTTCCAACACCATAGGCGACG	This paper	
	5’_QP_acdh-2_ACE primer
GGAGACCACTTCATTCTCAACG	This paper	
	3’_QP_ acdh-2_ACE primer
TGAGCAATGGTTCCTGCACGC	This paper	
	Software and algorithms
	ImageJ	Schneider et al.	https://imagej.nih.gov/ij/
	GraphPad Prism	Dotmatics	https://www.dotmatics.com/


mRNA isolation and microarray analysis
C. elegans eggs were isolated from gravid adults using hypochlorite disruption (0.5 N NaOH and 1% NaOCl), followed by washing with M9 buffer. After overnight incubation in M9 devoid of food, synchronized L1 were seeded on 5.5-cm NGM plates (∼2000 L1/plate for a total of ∼10000 L1/diet treatment). RNAs were isolated from the young adult animals, defined at the onset of egg laying, just after the L4-to-adult transition, with visible eggs in the uterus (50 h for DA, 52 h for HG-DA, 56 h for OP, and 62 h for HG-OP post-L1 feeding). The animals were harvested, washed with M9 buffer, and pelleted. TRIzol reagent (500 μL per 100 μL worm pellet) was added, followed by flash-freezing in liquid nitrogen. The samples of TRIzol reagent/worm pellets were thawed at 42 °C for 3 min, vortexed for 30 s, and frozen in liquid nitrogen again for 3 min. This cycle was repeated seven times. To extract total RNA, 100 μL of phenol: chloroform: isoamyl alcohol 25: 24: 1 (AppliChem, Darmstadt, Germany) was mixed with the sample, incubated at room temperature for 3 min, and spun at 12,000 g for 15 min at 4 °C. The aqueous layer was isolated and transferred to an RNeasy spin column of the RNeasy Mini Kits (QIAGEN, Hilden, Germany) for further purification, following the manufacturer’s instructions. RNA concentration was determined using a NanoDrop spectrophotometer.
To prepare samples for microarray analysis, 0.2 μg of total RNA was subjected to Cy3 labeling using the Low Input Quick-Amp Labeling Kit (Agilent Technologies, United States) to prepare Cy3-labeled cRNA. After incubation at 60 °C for 30 min, 1.65 μg of Cy3-labeled cRNA was hybridized to the Agilent C. elegans V2 4*44K Microarray Chip (Agilent Technologies, United States) at 65 °C for 17 h; following washing and drying steps, the microarray chip was scanned using a microarray scanner (Agilent Technologies, United States) at 535 nm for Cy3. The microarray image was analyzed using Feature Extraction software version 10.7.1.1 with the default settings. These data were then subjected to further analysis in Microsoft Excel by transforming the values to ratios (fold change, FC) corresponding to HG-OP/OP and HG-DA/DA, and three independent replicates were averaged. The genes for HG-OP/OP that had average Log2 FC values < −1 or >1 and p-values <0.05 were selected and sorted to prepare the gene expression heatmap shown in Figure 2A. Genes that passed these criteria were subjected to functional enrichment using g:GOSt in g:Profiler (https://biit.cs.ut.ee/gprofiler/gost) against the KEGG pathway (Raudvere et al., 2019). Raw data from three independent microarray experiments were analyzed using principal component analysis in ClustVis (https://biit.cs.ut.ee/clustvis/).
Quantitative PCR
C. elegans were synchronized using hypochlorite disruption as described. The synchronized young adults (50 h for DA, 52 h for HG-DA, 55 h for mix 9:1, 56 h for OP, 56 h for mix 3:1, and 62 h for HG-OP post L1 feeding) were harvested, washed with M9 buffer, and pelleted (∼2000 young adults per diet treatment). RNA was isolated using TRIzol and RNeasy Mini Kits (QIAGEN) as described, followed by treatment with DNase I (QIAGEN), to obtain pure RNA. RNA (8 μg) was used as the template for cDNA synthesis using the SuperScript III First-Strand System (Thermo Fisher Scientific). The qPCR reactions were completed using the Applied Biosystems QuantStudio 12K Flex System with the Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, United States). The thermal cycling conditions began with a hold stage at 50 °C for 2 min, followed by 95 °C for 10 min, and then 40 cycles of 95 °C for 15 s and 60 °C for 1 min The ΔCT value was processed using QuantStudio 12K Flex software (Thermo Fisher Scientific). Gene expression levels were calculated as 2(−ΔΔCT) and normalized to OP samples and act-1 gene expression. Three to four independent experiments were averaged for each target gene (three independent replicates for data shown in Figure 2B and four independent replicates for data shown in Supplementary Figure S4), and data were represented as mean RQ (relative quantification) ± s.d. Statistical analyses were calculated using Student’s t-test.
Microscopy
Imaging of the lipid droplets and the lysosomal-related organelle in the intestine
The C. elegans strain LIU1 harboring the lipid droplet (LD) marker DHS-3::GFP was synchronized using hypochlorite disruption as described, and the synchronized gravid young adults (50–52 h for DA, 52–53 h for HG-DA, 56–57 h for OP, and 59–61 h for HG-OP post-L1 feeding) were examined. One day prior to the imaging experiment, worms were shifted to 5.5-cm NGM plates seeded with the same diet mixed with 200 μL of 10 μM LysoTracker Red and incubated in the dark. Animals were harvested from the plates in M9 and anesthetized in 1 mM levamisole, and samples were placed on a 2% agarose pad (15 × 15 mm) for imaging. We included N2 as a negative control for all of our imaging experiments. Images were acquired on a Leica Stellaris 8 inverted microscope system equipped with a Plan Apo 63x/1.2 water immersion objective lens, GFP 1 (Ex 489, Em 493–532), and LysoTracker Red 2 (Ex561, Em 564–651). A single plane of 3 μm was captured. Three independent replicates were conducted (n > 10/ea), and representative data are shown.
Imaging of LDs in the oocyte
To image LDs in the gonad, worms were synchronized by picking ∼100 L4 to a new plate. Young adult animals were harvested from plates, washed with M9 buffer, then stained in the dark with 13.3 μg/mL BODIPY 493/503 in 0.1% DMSO for 45 min, followed by washing with M9 buffer thrice. After being anesthetized in 20 mM tetramisole, samples were placed on a 2% agarose pad (15 × 15 mm) for imaging using a Leica Stellaris 8 inverted microscope system equipped with a Plan Apo 40x/1.1 water immersion objective lens, and GFP (Ex 481, Em 495–596). We captured every 0.3-μm z-step for a total thickness of 5 μm, followed by maximal projection. Three independent replicates were conducted. To quantify LDs in the −4 oocytes, the maximal displayed value for the image was set to 9,000 using ImageJ. We outlined the entire cell and the nucleus to calculate their mean intensities separately. The mean intensity of the LDs was then determined by subtracting the mean intensity of the nucleus from that of the cell.
Imaging of yolk proteins in the oocyte and the intestine
To image the C. elegans strain RT130 harboring VIT-2::GFP, worms were synchronized by picking ∼100 L4 to a new plate. Young adult animals were harvested and washed with M9 buffer, and after being anesthetized in 20 mM tetramisole, samples were placed on a 2% agarose pad (15 mm × 15 mm) for imaging using a Leica Stellaris 8 inverted microscope system equipped with a Plan Apo 40x/1.1 water immersion objective lens and GFP (Ex 487, Em 494–598). We captured every 2.28-μm z-step for a total of six planes, followed by maximal projection. Three independent replicates were conducted. To quantify VIT-2::GFP intensity in the −1 oocytes, we use a single Z image, and the maximal displayed value for the image was set to 100 using ImageJ. We outlined the entire cell and the nucleus to calculate their mean intensities separately. The mean intensity of the VIT-2::GFP was then determined by subtracting the mean intensity of the nucleus from that of the cell.
Imaging of H2B::GFP
To image the C. elegans strain MAH74 harboring H2B::GFP, worms were synchronized by picking ∼100 L4 to a new plate. Young adult animals were harvested from plates and washed with M9 buffer, and after being anesthetized in 20 mM tetramisole, samples were placed on a 2% agarose pad (15 × 15 mm) for imaging using a Leica Stellaris 8 inverted microscope system equipped with a Plan Apo 40x/1.1 water immersion objective lens and GFP (Ex 488, Em494–598). A total of 31 planes were captured with a 0.6 μm z-step size, followed by maximal projection. Three independent replicates were conducted, and representative data are shown.
Imaging of mNG::LET-60, mNG::MPK-1, and Pmex-5::BFP
All quantified data were imaged in at least three independent replicates. All germline images were performed on a spinning disk confocal system that uses a Nikon 60 × 1.2 NA water objective, a Hamamatsu C15440 ORCA-Fusion BT Digital Camera, and a Yokogawa CSU-X1 Confocal Scanner Unit. Nikon’s NIS imaging software was applied to capture the images. The image data were processed using ImageJ/FIJI with the Bio-formats plugin (National Institutes of Health) (Linkert et al., 2010; Schindelin et al., 2012). The imaged worms were day-1 adult hermaphrodites (24 h post-mid-L4). The fluorescent signal intensity was quantified within a defined area (40 pixels × 40 pixels), and three independent regions (40 pixels × 40 pixels) were also measured in each image as background controls. The final quantification ratio was standardized by dividing the fluorescent intensity of the selected area by the average background intensity.
Lipid extraction and lipidomic analysis
C. elegans were synchronized using hypochlorite disruption as described. The synchronized young adults (50 h for DA, 52 h for HG-DA, 55 h for mix 9:1, 56 h for OP, 56 h for mix 3:1, and 62 h for HG-OP post-L1 feeding) were harvested for lipid extraction and analysis. After being washed with sterilized water and pelleted, worms were immediately frozen in liquid nitrogen (∼25,000 young adults per diet treatment). Samples were thawed and lysed using the TissueLyser II (QIAGEN, Hilden, Germany) at a frequency of 30 Hz for 30 s, then submerged in liquid nitrogen to re-freeze, and thawed for 2 min in a water bath; this process was repeated for eight cycles. A small amount of lysate was quantified using the Bradford assay to measure total protein concentration, which was used for normalization. Lipid extraction was performed following the Folch method (Folch et al., 1957). Approximately 150 μL of worm lysates were mixed in a conical glass tube with 2 mL chloroform/methanol (2:1 v/v) and an internal control (FA 13:0) and incubated overnight at 4 °C. Hajra’s solution (0.2 M H3PO4 and 1 M KCl) was added to the lysate. The mixture was spun down for 10 min at 10,000 g to separate aqueous and organic layers. The organic layer (lower phase) was isolated and dried using a Thermo SpeedVac concentrator SPD111V (Thermo Scientific). The aqueous layer was treated with chloroform to re-separate the organic phase and dried again using a Thermo SpeedVac concentrator SPD111V (Thermo Scientific). Dried samples were dissolved in 150 μL chloroform/methanol (2:1 v/v).
To perform lipidomic analysis using liquid chromatography/mass spectrometry/mass spectrometry (LC/MS/MS), a linear Orbitrap Elite Ion Trap-Orbitrap mass spectrometer (Thermo Fisher Scientific) coupled online with an ACQUITY UPLC/UHPLC System (Waters Corporation, Milford, MA, United States) was used. Lipid samples (4 µL) in chloroform/methanol (2:1 v/v) were separated using an ACQUITY UPLC CSH C18 column (1.8 µm, 2.1 mm × 100 mm, Waters) at a flow rate of 0.5 mL/min, with a gradient from 40% to 99.9% solvent B over 0–10 min, holding at 99.9% B for 2 min, followed by re-equilibration at 40% B. Solvent A consists of acetonitrile/water (40:60) with 10 mM ammonium acetate (pH 5.0), and solvent B consists of isopropanol/acetonitrile (90:10) with 10 mM ammonium acetate (pH 5.0). The MS was operated with either positive or negative ion modes using the full Fourier transform–mass spectrometry scan at 100–1,200 m/z, with a resolution of 60,000. Target search and the quantification were performed using Xcalibur software (Thermo Scientific), and the final statistical analysis was performed using Excel (Microsoft).
FAs in animals were profiled using gas chromatography/mass spectrometry (GC/MS). Lipid samples prepared in chloroform/methanol (2:1 v/v) as described were derivatized into fatty acid methyl esters (FAMEs). In brief, 50 μL lipid samples were mixed with 14% BF3 in methanol and heated up at 95 °C for 10 min. After cooling to room temperature, the samples were mixed with benzene and heated to 95 °C for 30 min. Once cooled again to room temperature, the samples were treated with sterile water and petroleum ether and centrifuged at 10,000 g for 3 min to separate the organic and aqueous phases. The organic phase was isolated and dried using a Thermo SpeedVac concentrator SPD111V (Thermo Scientific). Dried samples were dissolved in 100 μL chloroform/methanol (2:1 v/v) and loaded for GC/MS using an Agilent 7890A GC System equipped with a 5977B inert MSD. An aliquot of 1 μL of derivatized samples was injected using the inlet mode splitless, and FAMEs were separated using an Agilent DB-5MS Column (30 m × 0.25 mm ×0.25 μm) at a flow rate of 1.1 mL/min. The inlet temperature was 250 °C. The column temperature was initially held at 80 °C for 1 min, followed by an increase to 128 °C at a rate of 8 °C/min, to 188 °C at 10 °C/min, to 222 °C at 2 °C/min, to 228 °C at 3 °C/min, to 278 °C at 5 °C/min, to 305 °C at 4.5 °C/min, and finally to 310 °C at 5 °C/min, where it was held for 6 min. The data were acquired in scan mode (27–540 m/z) at 70 eV. Quantification and target search were performed using Agilent ChemStation data analysis software, and the NIST Mass Spectral Search Library was used. Statistical analysis was performed in Excel (Microsoft). The data presented in this study are summarized from at least four independent replicates, each with 2–-3 technical replicates.
Metabolomic analysis
We used the two-phase extraction method to isolate aqueous-phase metabolites for metabolomic analysis. C. elegans were synchronized using hypochlorite disruption as described. The synchronized young adults (50 h for DA, 52 h for HG-DA, 55 h for mix 9:1, 56 h for OP, 56 h for mix 3:1, and 62 h for HG-OP post-L1 feeding) were harvested for metabolomic analysis. After being washed with sterilized water and pelleted, worms were immediately frozen in liquid nitrogen (∼25,000 young adults per diet treatment). Worm lysates and extraction were carried out as described in the lipid extraction method, except that the aqueous phase (upper phase) was recovered. Samples were dried and resuspended in 70 μL of 50% methanol.
For running at negative ion mode, solvent A2 consists of 50% acetonitrile/20 mM ammonium acetate, pH 9.0, and solvent B2 consists of 90% acetonitrile/20 mM ammonium acetate, pH 9.0. The column temperature is set at 30 °C. The running program started from 99.9% B to 65% B over 1 min, 65% B to 55% B over 1–5.5 min, 55% B to 0.1% B over 5.5–7.5 min, with 0.1% B over 7.5–9.5 min, 0.1% B to 99.9% B over 9.5–10 min, and 99% B over 10–12 min. For running at positive ion mode, solvent A2 consists of 50% acetonitrile/20 mM ammonium formate, pH 3.0, and solvent B2 consists of 90% acetonitrile/20 mM ammonium formate, pH 3.0. The program started from 99.9% B to 90% B over 2 min, 90% B to 50% B over 2–6 min, 50% B to 0.1% B over 6–7.5 min, with 0.1% B over 7.5–9.5 min, 0.1% B to 99.9% B over 9.5–10 min, and 99% B over 10–12 min. The MS was operated with either positive or negative ion modes using the full Fourier transform–mass spectrometry scan at 70–1,000 m/z, with a resolution of 60,000.
The LC-MS data were processed using MS-DIAL software (version 4.90) (Tsugawa et al., 2020) against a combined spectral library composed of the MS-DIAL MSP spectral kit and the NIST 20 Tandem Mass Spectral Libraries. For peak detection, the minimum peak height and peak width were set at 30,000 amplitude and 10 scans, respectively. Peak smoothing was achieved using a linear weighted moving average over four scans. For metabolite identification, mass tolerances were set at 0.008 Da for MS and 0.05 Da for MS/MS, with a score cutoff of 75. The peak areas were subsequently exported for quantification using Excel (Microsoft). Further targeted search and quantification for metabolites include choline ([M + H+] = 104.107, RT1.63), betaine ([M + H+] = 118.0868, RT3.21), phosphocholine ([M + H+] = 186.0895, RT5.67), cytidine 5′-diphosphocholine ([M + H+] = 489.1152, RT6.91), glycerophosphocholine ([M + H+] = 258.1106, RT5.4), S-adenosyl-L-methionine ([M + H+] = 399.1451, RT6.81), S-(5′-adenosyl)-L-homocysteine ([M + H+] = 385.1294, RT5), L-methionine ([M + H+] = 150.0589, RT3.56), and cystathionine ([M + H+] = 223.0753, RT6.77). The data presented in this study are summarized from at least four independent replicates, each with 2–3 technical repeats.
Determination of the progeny number and hatch ratio
C. elegans eggs were isolated from gravid adults using hypochlorite disruption (0.5 N NaOH and 1% NaOCl), followed by several washes with M9 buffer. After overnight incubation in M9 buffer, synchronized L1 larvae were transferred to OP, HG-OP, DA, and HG-DA plates. At the mid-L4 stage, five hermaphrodites were picked and transferred to new 5.5-cm plates containing the same diet, with a total of 10 replicates. The animals were transferred to fresh plates daily for the next four consecutive days. The number of hatched and unhatched progeny was counted 24 h after removing the adults from the plate. Progeny produced over five consecutive days were summed to represent the total reproductive output. Hatch ratio= (the number of hatched animals/the total number of hatched and unhatched animals) *100%. To assay the reproductive output across generations, we prepared synchronized L1 larvae from adults of the previous generation grown on designated plates as described and transferred them to the appropriate plates according to the experimental scheme shown in Figures 1B,C. At the mid-L4 stage, five hermaphrodites were picked and transferred onto new 5.5-cm plates with the same diet, with a total of 10 replicates. Progeny counts and reproductive output were assessed as described.
[image: Panel A shows a comparison of progeny production by five worms across different conditions, with a significant difference noted between OP and DA. Hatch ratio percentages over four days remain consistent. Panel B displays reduced progeny production across generations with various glucose concentrations, showing statistical significance. Panel C illustrates progeny production across generations, highlighting changes from HG-OP to OP conditions. Panel D presents progeny production with various culture stages, indicating statistical differences. The legend denotes specific glucose concentration treatments.]FIGURE 1 | C. elegans fed Escherichia coli OP50 but not C. aquatica DA1877 exhibit reduced fecundity under high-glucose conditions. (A) Synchronized L1 larvae of the C. elegans N2 strain were fed on NGM plates or NGM plates supplemented with 100 mM glucose (HG), which were seeded with E. coli OP50 (OP) or C. aquatica DA 1877 (DA). L4-stage worms were transferred to new plates with every five worms per plate to determine their total progeny number. The reproductive output is shown as the sum of total progeny numbers by five worms and is plotted using Box and Whisker diagrams. The hatch ratio was shown from day 1 to day 4 adult after the L4 stage; Statistical analysis was performed using two-tailed Student’s t-test (***, p < 0.001; ns, not significant); n = 10. (B) Synchronized L1 larvae of the C. elegans N2 strain were fed on NGM plates supplemented with different concentration of glucose. The P0 progenies were synchronized to prepare L1-stage worms for F1 generation analysis. The sum of total offspring numbers from five worms was plotted using Box and Whisker diagrams. Statistical analysis was performed using two-tailed Student’s t-test (***, p < 0.001). n = 10. (C) C. elegans were fed on NGM plates seeded with E. coli OP50 either in the absence (OP) or presence of 100 mM glucose (HG-OP) from P0 to F3 generations. The P0 progenies were synchronized to prepare L1-stage worms for F1 generation analysis. The sum of total offspring numbers from five worms in the F4 generation was plotted as mean+/−s.d. Statistical analysis was performed using two-tailed Student’s t-test (***, p < 0.001; ns, not significant). n = 10. (D) C. elegans N2 strains were fed NGM plates either in the absence (OP) or in the presence of 100 mM glucose (HG-OP) to determine their total progeny number (L1–adult). The results were compared with C. elegans fed on OP plates until the L4 stage and then transferred to new HG-OP plates, along with worms fed on HG-OP plates until the L4 stage and then transferred to new OP plates. The total offspring numbers from five worms was plotted using Box and Whisker diagrams. Statistical analysis was performed using one-way ANOVA; n = 10.To compare reproductive output between mated and unmated animals, synchronized C. elegans L1 larvae were prepared as described above. At the mid-L4 stage, 50 hermaphrodites were picked and transferred to new 5.5-cm plates containing the same diet, and another 50 hermaphrodites were placed on plates with 50 male worms. After 24 h, five hermaphrodites in the two groups were transferred to new 5.5-cm plates containing the same diet, with a total of 10 replicates. The animals were transferred to fresh plates daily for the next four consecutive days. Progeny counts and reproductive output were assessed as previously described.
Dietary supplementation of FAs, choline, betaine, methionine, and B12
To address the effect of FA supplementation in the HG-OP diet, palmitic acid (FA16:0, Sigma # P0500), oleic acid (FA18:1n9, Sigma # O1383), cis-vaccenic acid (FA18:1n7, Sigma # V0384), and α-linolenic acid (FA18:3n3, Sigma # L2376), dissolved in ethanol, were added to NGM containing 100 mM glucose and 0.2% Brij58 to achieve a final FA concentration of 300 μM. C. elegans eggs were isolated from gravid adults using hypochlorite disruption (0.5 N NaOH and 1% NaOCl), followed by washing with M9 buffer. After overnight incubation in M9 buffer, synchronized L1 larvae were transferred to various FAs or 100 mM glucose NGM plates containing 0.2% Brij58, seeded with OP. To address the effects of choline, betaine, methionine, and vitamin B-12 supplementation in the HG-OP diet, 50 μM choline (Sigma #C7527), 50 μM betaine (Sigma #107437), 5 μM methionine (Sigma #M9625), and 6.4 nM vitamin B12 (cobalamin, Sigma #C0884) were added to NGM containing 100 mM glucose to prepare the plates. Five mid-L4 hermaphrodites were picked onto new 5.5-cm plates containing the same diet state for 10 repeats, and the animals were transferred to new plates on each of the following four consecutive days. Progeny counts and reproductive output were assessed as previously described. Data analysis, including one-way ANOVA and graph generation, was performed using GraphPad Prism. Each of Figures 4E, 6F,G represents data from two independent trials that yielded consistent results; however, only one representative dataset is shown.
Statistical analysis
For most experiments, statistical analysis was performed using a two-tailed Student’s t-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001), and data are presented as the mean ± SD. One-way ANOVA was also used for comparisons involving more than three independent groups.
RESULTS
Bacteria diets differentially affect C. elegans fecundity under high-glucose conditions
Several recent reports have indicated that C. elegans fed high-glucose diets exhibit a reduced brood size (Alcantar-Fernandez et al., 2018; Choi, 2011; Lee et al., 2009). Intriguingly, among the various bacterial diets tested, we found that C. elegans fed the C. aquatica DA1877 diet supplemented with 100 mM glucose from the L1 stage maintained a total progeny number comparable to those fed the same diet without glucose. In contrast, C. elegans fed the standard E. coli OP50 diet supplemented with 100 mM glucose exhibited a reduced progeny number compared to those fed the same diet without glucose, although the hatch ratio remained close to 100% (Figure 1A). The decrease in progeny number in worms fed OP50 is attributed to glucose, as evidenced by the glucose concentration-dependent reduction and the cumulative effect observed in worms exposed to low glucose concentrations over multiple generations (Figure 1B).
When C. elegans were fed the OP50 diet supplemented with 100 mM glucose for three generations and then shifted as L1 progeny to OP50 with or without 100 mM glucose, a recovery to healthy reproductive output was observed on the E. coli OP50 diet without glucose (Figure 1C), indicating that the glucose-induced decrease in fecundity is not heritable. Moreover, the deleterious effects of high glucose persisted throughout the worms’ life history on the OP50 diet: animals exposed to 100 mM glucose either from L1 to L4 or after L4 exhibited intermediate reproductive output, falling between those fed high glucose throughout life and those never exposed to high glucose (Figure 1D). In summary, the E. coli OP50 diet represents a “harmful” high-glucose artificial diet that reduces fecundity in C. elegans, while the C. aquatica DA1877 diet represents a “protective” high-glucose artificial diet that mitigates the harmful effects of high glucose on C. elegans.
High-glucose diets differentially affect the expression of genes involved in lipid metabolism
To explore the intricate interactions between diets and high glucose, we first applied transcriptomic analysis using microarrays to gain insights. By comparing fold changes in gene expression, we identified a list of genes whose expression levels were either upregulated or downregulated specifically in worms fed the high-glucose E. coli OP50 diet (termed HG-OP hereafter) compared with those fed the E. coli OP50 diet alone (termed OP hereafter) (Figure 2A). In contrast, only a subtle difference was observed when comparing worms fed the high-glucose C. aquatica DA1877 diet (termed HG-DA hereafter) with those fed the C. aquatica DA1877 alone (termed DA hereafter). Notably, a number of genes significantly affected by the addition of high glucose to E. coli OP50 are involved in lipid metabolic processes and lysosomes (Ladage et al., 2016), as depicted by the KEGG pathway analysis (Figure 2B).
[image: Panel A shows a heatmap of gene expression for 507 genes with differential expression, divided into two groups based on conditions: HG-DA/DA ratio and HG-OP/OP ratio. Panel B includes bar graphs indicating the KEGG pathway analysis of up-regulated and down-regulated genes in these conditions. Panel C features multiple bar charts displaying the expression levels of specific genes such as acs-2, fat-5, and fat-7, among others, comparing DA, HG-DA, OP, and HG-OP conditions, with significance indicated by asterisks.]FIGURE 2 | High-glucose diets lead to varying gene expression patterns in C. elegans (A) The C. elegans N2 strains fed different diets were harvested and subjected for microarray analysis. The displayed genes were those with Log2FC < −1 (green) or >1 (red), and P-value < 0.05 identified from C. elegans fed HG-OP compared with OP. Data represent three independent experiments. The PCA plot summarizing the results of the three independent experiments is displayed on the right. (B) The 397 genes that were upregulated and the 110 genes that were downregulated in worms fed HG-OP compared with those fed OP were subjected to KEGG pathway analysis. (C) C. elegans N2 strains fed different diets were harvested, and the isolated mRNAs were subjected for qPCR analysis. Genes as indicated were analyzed, and the fold change is shown. The gene expression level of OP was set as 1. Statistical analysis was performed using two-tailed Student’s t-test (*, p< 0.05; **, p< 0.01; ***, p< 0.001; ns, not significant), and the data are presented as the mean RQ ± s.d.; n = 3.We conducted qPCR to assess the expression of genes involved in lipid metabolism. acs-2 and fat-5 were among the most upregulated genes under HG-OP compared with OP alone, while minimal changes were observed under HG-DA compared with DA (Figure 2C). The acs-2 gene encodes fatty acyl-CoA synthetase, and the fat-5 gene encodes one of C. elegans Δ-9 FA desaturases, producing FA16:1n7 that can be elongated to FA18:1n7. fat-7, the Δ−9 FA desaturase gene catalyzing FA18:1n9 production, was largely induced under HG-OP compared with OP, whereas the other Δ−9 FA desaturase gene, fat-6, which also catalyzes FA18:n9 production, was not induced (Figure 2C). Most other genes in the FA biosynthesis pathway, however, remained largely unaffected by HG-OP as in HG-DA (Supplementary Figure S1). The most downregulated gene specific to HG-OP compared with OP is asm-3, while no change was observed with HG-DA compared with DA (Figure 2C). asm-3 encodes acid sphingomyelinase, contributing phosphocholine for PC synthesis. Although most genes in the sphingolipid biosynthesis pathway were not significantly regulated by HG-OP compared with OP (Supplementary Figure S1), gba-4 showed a similar pattern of regulation to asm-3. Additionally, the lysosomal lipase genes lipl-1 and lipl-2, involved in fat catabolism, were downregulated, as were fil-1 and dhs-26 (Figure 2C). Overall, these data identified a trend of elevated FA metabolism and reduced lysosomal activities specific to HG-OP diets, highlighting lipid metabolic processes as one major hub for the differential effects of high-glucose diets (Garcia et al., 2015; Ladage et al., 2016).
C. elegans fed the high-glucose OP50 diet show increased LD size and elevated vitellogenin levels
Glucose metabolism involves an intricate network of pathways (Watts and Ristow, 2017). In complex organisms, excess glucose is converted to TAG encapsulated within the storage organelles known as the LD. Additionally, the catabolic organelles—lysosomes—play pivotal roles in the maintenance of cellular lipid homeostasis. The C. elegans intestine performs functions analogous to mammalian digestive traits, liver, and fat-storage tissues (Dimov and Maduro, 2019). LDs and the LROs are abundant metabolic organelles in the C. elegans intestine (Hermann et al., 2005; Mak, 2012; Soukas et al., 2013). To assess their health, we examined a strain expressing the LD marker DHS-3::GFP, a protein that localizes exclusively to intestinal LDs (Zhang et al., 2012), and stained with LysoTracker Red, which labels the LROs, in animals fed different diets with and without high glucose. In line with a recent finding, we observed that C. elegans fed DA accumulated more LROs than those fed OP, and OP-fed worms had slightly larger LDs than those fed DA, reflecting a dietary effect (Figure 3A) (Han et al., 2024). We also found that C. elegans fed HG-OP displayed an increase in size and the number of LDs labeled by DHS-3::GFP, but with no noticeable change for the LROs (Figure 3A). In contrast, C. elegans fed HG-DA showed slightly larger LDs than those fed on a DA diet alone, yet their size remained noticeably smaller than the size of those fed HG-OP and was similar to the size of those observed in worms fed OP alone. These results indicate that C. elegans fed the HG-OP diet accumulate excess fat in intestinal LDs.
[image: Research image showing multiple microscopy panels labeled A, B, C, and D. Panels display fluorescence microscopy of C. elegans tissues under varying conditions. Fluorescent markers and overlays illustrate protein localization and organelle distribution. DIC images provide structural context. Graphs in panels D and C show quantified fluorescence intensity with statistical annotations. Scale bars indicate 50 micrometers and 5 micrometers.]FIGURE 3 | C. elegans fed HG-OP exhibit increased LD size and vitellogenin levels in the intestine and oocytes. (A) The C. elegans strain LIU1, harboring the LD marker DHS3::GFP, was fed different diets, stained with LysoTracker Red, and imaged using confocal microscopy. The insets show the enlarged regions of interest (ROIs). (B) The C. elegans strain RT130, harboring VIT-2::GFP, was fed different diets and imaged using confocal microscopy, focusing on the intestinal cells. The insets show the enlarged ROIs. (C) Same as B, except with a focus on oocytes. The averaged signal intensity of VIT-2::GFP of the −1 oocyte was compared. Statistical analysis was performed using two-tailed Student’s t-test (*, p< 0.05; ns, not significant). (D) The C. elegans N2 strains fed on different diets were stained with BODIPY 493/503 and imaged using confocal microscopy. The averaged signal intensity of BODIPY 493/503 in the −4 oocyte was compared. Statistical analysis was performed using two-tailed Student’s t-test (***, p< 0.001; ns, not significant).The C. elegans intestine synthesizes yolks, which structurally and functionally mimic mammalian lipoproteins, facilitating the transfer of lipids/FAs from the intestine to oocytes during reproduction (Kimble and Sharrock, 1983; Perez and Lehner, 2019). Using VIT-2::GFP as a yolk marker, microscopy results identified that C. elegans fed the HG-OP diet showed increased VIT-2::GFP puncta in the intestine (Figure 3B). In C. elegans, VIT-2::GFP is most abundantly found in the oocytes. Quantification indicated stronger VIT-2::GFP signals in the −1 oocyte of worms fed the HG-OP diet than in those fed OP, although no change in VIT-2:GFP signal intensity was detected in worms fed HG-DA compared with those fed DA (Figure 3C). Given that VIT-2 is a yolk protein involved in reproduction and is typically produced in response to certain metabolic conditions (Goszczynski et al., 2016), its higher levels could be linked to reproductive changes or alterations in fat storage and transport.
In the oocyte, LDs are also prominent organelles that work together with yolks to regulate lipid metabolism necessary for germ cell and embryonic development in C. elegans (Chen et al., 2016; Vrablik et al., 2015). We monitored oocyte LDs using BODIPY 493/503 staining (Bai et al., 2020) and found significantly higher BODIPY 493/503 signals in worms fed the HG-OP diet than in those fed OP, in contrast to no change in worms fed HG-DA compared with those fed DA (Figure 3D). Together, we conclude that animals fed the HG-OP diet accumulated excess TAG and yolk in both intestinal cells and developing oocytes.
C. elegans fed the Escherichia coli OP50 diet under high-glucose conditions exhibit altered FA homeostasis
To investigate how lipid metabolic processes mediate the effects of a high-glucose diet, we extracted lipids from young adult animals, derivatized them to prepare FA methyl esters, and subjected the samples to FA profiling using gas chromatography/mass spectrometry (GC/MS). Although OP and DA were different bacterial species, C. elegans fed DA and OP displayed a very similar FA profile, with major differences in only three FAs, namely, FA17:0Δ, FA19:0Δ, and FA16:1n7 (Figure 4A). Worms fed either of the two bacterial diets showed little to no change in healthy fecundity, implying that these FAs, at least at the current levels, might not directly contribute to fecundity reduction.
[image: Bar graphs and plots illustrate fatty acid composition and progeny production in different experimental conditions. Panels A and B show fatty acid percentage distributions for various dietary regimens. Panel C displays total progeny production across different glucose conditions with statistical significance. Panel D compares fatty acid percentages in different dietary mixes. Panel E depicts data on progeny production with specific fatty acid supplements. Statistical significance is indicated by asterisks and letters.]FIGURE 4 | C. elegans fed HG-OP but not HG-DA diets show altered FA homeostasis. (A) Lipids extracted from the C. elegans N2 strain fed different diets were converted to FA methyl esters and analyzed using gas chromatography–mass spectrometry (GC-MS). The percentage of each FA species was compared, and the data are presented as the mean ± s.d. Statistical analysis was performed using two-tailed Student’s t-test (*, p< 0.05; **, p< 0.01; ***, p< 0.001). n = 4. (B) Same as A, except that FAs were analyzed from bacteria. The FA species shown in the upper panel were grouped and displayed according to their classification as saturated, monounsaturated, or cyclopropane FAs, as summarized in the lower panel. Statistical analysis was performed using two-tailed Student’s t-test (*, p< 0.05; **, p< 0.01; ***, p< 0.001). n = 4. (C) Reproductive output was determined for the C. elegans N2 strain fed on different mix diets as indicated, and data were presented as the mean+/-s.d. Statistical analysis was performed using two-tailed Student’s t-test (ns, not significant); n = 10. (D)Same as (A)HG mix 3:1 (OP:DA) and HG mix 9:1 (OP:DA) refer to mixtures of three or nine volumes of OP with one volume of DA, respectively, seeded on NGM plates containing 100 mM glucose. (E)Synchronized L1 larvae of the C. elegans N2 strain were fed E. coli OP50 on NGM plates containing 0.2% Brij58 in the absence (OP) or presence of 100 mM glucose (HG-OP), supplemented with 300 μM FAs as indicated. Reproductive output was determined, and data are presented as the mean+/−s.d. Statistical analysis was carried out using one-way ANOVA. When comparing worms fed HG-OP with those fed OP, we identified a significant induction in the level of cyclopropane FAs (FA17:0Δ and FA19:0Δ) and a reduction in the monounsaturated FAs (MUFAs), FA18:1n7 and FA16:1n7; in contrast, little to no changes were observed in FAs in worms fed HG-DA compared to those fed DA alone (Figure 4A). Intriguingly, these are lipids that worms may acquire from their bacterial diets. This raises the possibility that the high-glucose dietary effect may be attributed to bacteria processing high-glucose, which prompted us to harvest dietary bacteria from the NGM plates and analyze their FA profiles. Although saturated FA (SFA) levels are similar in both bacteria, DA has more MUFAs, especially FA16:1n7, while OP has more cyclopropane FAs, FA17:0Δ and FA19:0Δ (Figure 4B). Importantly, HG-OP, but not HG-DA, significantly reduced MUFAs (FA18:1n7 and FA16:1n7) and increased FA19:0Δ, indicating that high glucose readily impacts bacterial FA homeostasis in OP but not in DA.
To investigate whether DA could counteract the fecundity reduction observed in C. elegans on an HG-OP50 diet, we mixed small portions of DA (1/2, 1/4, and 1/10) into the HG-OP50 diet. Since DA preserves fecundity under high-glucose conditions, we hypothesize that it may restore fecundity in animals fed HG-OP by normalizing lipid homeostasis. Worms fed all three mixed diets restored normal progeny number (Figure 4C). FA profiling data further indicate that animals fed the high-glucose mix diets, HG mix 3:1 (DA:OP) and HG mix 9:1 (DA:OP), display the MUFA FA18:1n7 and the cyclopropane FA19:0Δ comparable to those in worms fed OP (Figure 4D). Surprisingly, there was minimal difference in the overall FA profiles between the two mixed diet conditions, even though the ratio of DA mixed into HG-OP varied. Additionally, we observed that the trends in MUFA and cyclopropane FA levels in the two high-glucose mixed bacterial diets mirrored those observed in C. elegans (Supplementary Figure S2).
To clarify the exact contributions of FAs to the fecundity of C. elegans, we investigated whether supplementing HG-OP with various types of FAs could restore the reduced fecundity in C. elegans. The results show that adding MUFA (18:1n7 and 18:1n9) or PUFA (18:3n3), but not SFA16:0, slightly elevated the progeny number in worms fed HG-OP (Figure 4E). Given that FA 18:1n7 is the most reduced FA species in the HG-OP diet and it did not have a specific effect compared with other MUFA or PUFA supplementations, it seems likely that the fecundity decrease in C. elegans is not merely due to altered FAs consumed from dietary bacteria. In other words, the FA variation is associated with decreased fecundity, most likely reflecting dietary effects rather than being the primary cause.
C. elegans fed the Escherichia coli OP50 diet under high-glucose conditions show reduced PC abundance
Given that FAs serve as fundamental constituents of various cellular lipids (Watts and Ristow, 2017), we next conducted lipidomic analysis using liquid chromatography/mass spectrometry (LC/MS) to delve deeper into the various lipid species (Bai et al., 2020). We identified over 500 species of glycerolipids, including glycerophospholipids, diacylglycerols (DAGs), and TAGs, and observed a number of changes in the lipidome specific to worms fed HG-OP50 (Supplementary Figure S3). Strikingly, worms fed HG-OP display an overall decrease in the major membrane lipid PC and an increase in the major storage lipid TAG (Figure 5A). PC and TAG represent two primary C. elegans glycerolipids, constituting approximately 36% and 52% of the total glycerolipids, respectively (Figure 3B). Although worms fed either OP or DA diets exhibit similar overall PC levels (Figure 5A), the composition of their PC species differs (Figure 5B), implying distinct contributions from specific metabolic pathways. Interestingly, we identified that PC reduction in C. elegans fed HG-OP is associated with specific PC species, such as the most abundant PC species PC38:6 (Supplementary Figure S5). This lipid species is maintained at nearly identical amounts in worms fed either OP or DA diets. However, this lipid species was reduced to approximately 40% of the normal level in animals fed HG-OP, supporting overall PC reduction (Figure 5B). PC36:2 showed a similar reduction pattern to that of PC38:6. Additionally, we found that many PC species that changed in HG-OP worms exhibited an inverse correlation with those in DA-fed worms compared to OP (Figure 5B). These data imply that metabolic decisions differ between DA and OP diets, likely being modulated inversely under HG-OP conditions, contributing to changes in PC and TAG levels. It also suggests that this metabolic decision may be regulated by factors present in the DA diet under high-glucose conditions, preventing lipid perturbation in HG-DA by maintaining PC abundance.
[image: Panel A shows a bar graph comparing lipid percentages among DA, HG-DA, OP, and HG-OP groups. Panel B presents a heatmap indicating Log₂ fold changes in PC lipid species across different groups. Panel C features a bar graph of PC and TAG lipid percentages for several mixes. Panel D displays a heatmap of Log₂ fold changes for PC lipid species in various group mixes. Statistical significance is marked with asterisks.]FIGURE 5 | C. elegans fed HG-OP but not OP, HG-DA, or DA diets exhibit reduced PC and elevated TAG. (A) Lipids were extracted from the C. elegans N2 strain fed different diets and analyzed using liquid chromatography–mass spectrometry (LC-MS). The total abundance of various types of glycerolipids was summed, and the percentage distribution was shown. Statistical analysis was performed using two-tailed Student’s t-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001); n = 4. PA, phosphatidic acid; PG, phosphatidylglycerol; PS, phosphatidylserine; PI, phosphatidylinositol; PE, phosphatidylethanolamine; LPE, lysophosphatidylethanolamine; DAG, diacylglycerol; LPC, lysophosphatidylcholine; PC, phosphatidylcholine; TAG, triacylglycerol. (B) The abundance of each PC species in worms fed different diets were quantified, and the relative Log2 FC (fold change), comparing samples to OP or DA as shown, was displayed in heat maps. PC38:6, PC36:2, and PC40:10 are the top three most abundant PC species in worms fed OP. (C) Same as A, except that only the abundance of PC and TAG in total glycerolipids was compared. (D) The abundance of each PC species in worms fed different diets were quantified, and the relative Log2 FC (fold change), comparing samples to OP as indicated, was shown in heat maps.To better investigate the effects of PC, we further compared PC abundance in the two high-glucose mixed diets, HG Mix 3:1 (OP:DA) and HG Mix 9:1 (OP:DA), with that in OP, HG-OP, DA, and HG-DA. The results show that both mixed-diet conditions were adequate to restore the overall PC and TAG levels similar to OP, DA, and HG-DA (Figure 5C). In addition, both mixed diets restore the overall PC profile toward a pattern resembling that of DA compared with that of OP (Figure 5D). Intriguingly, as for FA profiling data, there was not much difference in the overall lipidome between the two mixed-diet conditions, further suggesting that the presence of a dilutable factor in the DA is sufficient to adjust the normal lipid homeostasis of HG-OP conditions.
Taking advantage of the mixed-diet experiments, we explore the genetic network to identify genes whose expression correlates well with the high-glucose effect for fecundity. Some genes, such as arf-1.1, fat-5, asm-3, lipl-1, and acdh-2, did not revert their expression under high-glucose mixed-diet conditions, showing no correlation. However, other genes, such as acs-2, fat-7, lipl-2, fil-1, and gba-4, revert their expression levels, in part or fully, under the high-glucose mixed-diet conditions compared to those observed in OP (Supplementary Figure S4). Thus, the latter sets of genes are potential reporters reflecting dietary states under high-glucose conditions.
Modulating PC levels through dietary supplementation of choline and methionine restored fecundity under high-glucose conditions
We have demonstrated that a trend of reduced PC and increased TAG is closely correlated with a decrease in fecundity in C. elegans fed the HG-OP diet. In most cell types, including C. elegans, PC is synthesized via the Kennedy pathway (also known as the CDP-choline pathway), which uses exogenous choline from the environment to convert DAG to PC (Figure 6A). During choline metabolism, biosynthesis of phosphocholine, the first committed step in PC synthesis, can also be mediated through the action of phosphoethanolamine methyltransferases in C. elegans, which converts phosphoethanolamine into phosphocholine via three methylation steps, using SAM as the methyl donor (Figure 6A).
[image: Diagram showing multiple panels: A) Metabolic pathways involving choline, methionine, and vitamin B12. B) PCA plots for positive and negative ion modes. C) Bar graph showing fold change ratios for choline and methionine pathway metabolites. D) Bar graph of various fold change ratios among experimental groups. E) Microscopic images of worms expressing GFP in different conditions. F and G) Scatter plots showing the total progeny produced by five worms under different supplementation conditions. Each graph highlights differences in metabolic and reproductive outputs across treatments.]FIGURE 6 | The choline–methionine metabolism can be modulated to revert fecundity decrease caused by high-glucose diets. (A) The metabolic pathways involved in PC synthesis are closely linked to choline metabolism and the methionine/S-adenosylmethionine (SAM) cycle that uses vitamin B12 as an essential cofactor. PA, phosphatidic acid; PE, phosphatidylethanolamine; DAG, diacylglycerol; FFA, free fatty acid, Lyso-PC, lysophosphatidylcholine; P-choline, phosphocholine; CDP-choline, cytidine 5′-diphosphocholine; P-ethanolamine, phosphoethanolamine; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; HCY, homocysteine; Met, methionine; DMG, dimethylglycine; m-THF, 5-methyltetrahydrofolate; THF, tetrahydrofolate; 5, 10-THF, 5, 10-methylenetetrahydrofolate; Gly, glycine, Ser, serine. (B) Aqueous-phase metabolites were isolated from C. elegans fed different diets and subjected to LC-MS analysis. The PCA plots, comparing difference among the six samples in both positive and negative ion modes, are shown. QC represents the mix of all six samples. (C) Aqueous-phase metabolites were isolated from C. elegans fed different diets and subjected to LC-MS analysis, followed by targeted searches to quantify the abundance of the metabolites shown. The data compare the metabolite ratios of OP diets under normal and high-glucose conditions with those of DA diets under the same conditions. Statistical analysis was performed using two-tailed Student’s t-test (**, p < 0.01; ***, p < 0.001; ns, not significant), and the data are presented as the mean ± s.d. n = 4. (D) Same as (C), except that metabolite ratios in C. elegans fed the OP diet were compared with those in animals fed HG-OP, HG mix 3:1 (OP:DA), and HG mix 9:1 (OP:DA) diets. (E) The C. elegans strain VL714, harboring the B12 reporter Pacdh-2::GFP, was fed different diets and imaged using confocal microscopy. (F) C. elegans N2 strains were fed OP on NGM plates with (HG-OP) or without 100 mM glucose (OP), supplemented with 50 μM choline or 50 μM betaine. Reproductive output was determined, and data are presented as the mean+/−s.d. Statistical analysis was carried out using one-way ANOVA. (G) Same as F, except that 5 μM methionine or 64 nM vitamin B12 was supplemented. To analyze metabolism unambiguously, we performed the two-phase extraction method and profiled total aqueous-phase metabolites in C. elegans using MS-Dial, followed by multivariate analysis with PCA. The PCA plots serve as a reference for sample variation. As no distinct global metabolic differences were observed, it also suggests that worms fed different diets exhibit similar overall metabolic profiles (Figure 6B). However, targeted analysis revealed that although choline levels remained unchanged, several downstream metabolites of choline—including phosphocholine, cytidine 5′-diphosphocholine (CDP-choline), glycerophosphocholine, and betaine—were reduced in worms fed the HG-OP diet compared to those fed OP, coinciding with a reduction in PC observed in our lipidomic data (Figure 6C). In contrast, little to no change was observed in worms fed the HG-DA diet compared to those fed DA.
Intriguingly, we also found that animals fed HG-OP significantly elevated the level of cystathionine, a trans-sulfuration pathway intermediate metabolite downstream of the methionine cycle, and showed slightly higher CDP-ethanolamine and S-adenosyl-homocysteine (SAH) levels (Figures 6C,D). The changes in metabolites of choline and methionine/SAM pathways had led us to hypothesize that the choline–methionine/SAM metabolic axis may vary the dietary effect, thereby changing fecundity under high-glucose conditions. If true, we suspect the mixed diets that restore fecundity and overall lipid homeostasis, including the FA profile (Figure 4D) and PC and TAG abundance (Figures 5C,D), will also normalize levels of the choline and methionine/SAM metabolites under high-glucose conditions. Consistent with this hypothesis, we observed that, except for betaine, most choline and methionine/SAM metabolites returned to the normal OP diet level under the two mixed-diet conditions (Figure 6D).
The DA diet is rich in vitamin B12, a crucial cofactor for the production of SAM. Previous studies have shown that the acdh-2 gene is induced several hundred-fold under B12-deficient conditions (MacNeil et al., 2013). Consistent with this, we observed strong Pacdh-2::GFP reporter signals in animals fed the OP diet, while only faint signals were detected in those fed DA (Figure 6E). Notably, this reporter showed no further changes when animals were exposed to high-glucose conditions on either diet. Similarly, qPCR analysis revealed no significant differences in acdh-2 expression in animals fed HG-OP or mixed diets compared to those fed OP alone (Supplementary Figure S4). These results suggest that high-glucose conditions do not substantially alter B12 availability in animals.
To assess whether the choline–methionine/SAM metabolic axis is crucial for deciphering fecundity, we next performed supplementation experiments. Choline supplementation, by elevating PC synthesis via the Kennedy pathway, significantly, but not fully, improved total progeny number in worms fed the HG-OP diet (Figure 6F), supporting the idea that PC abundance is crucial for maintaining healthy fecundity. Intriguingly, betaine supplementation also significantly improved reproductive output in worms fed HG-OP. Although C. elegans lacks a gene coding for betaine–homocysteine methyltransferase, a recent report indicates that the C. elegans methionine synthase METR-1 can use both betaine and 5-methyltetrafolate as methyl donors to feed one-carbon metabolism (Kang et al., 2024). Thus, betaine may contribute to increased PC levels via the alternative phosphoethanolamine methyltransferase (PEMT) pathway by modulating methionine and SAM production. To directly assess the contribution of the PEMT pathway to improved fecundity, we supplemented methionine and vitamin B12, a cofactor for methionine synthase, in worms fed HG-OP. Remarkably, supplementing with either methionine or vitamin B12 fully restored the fecundity decrease observed in worms fed the HG-OP diet (Figure 6G). Given that dietary vitamin B12 activates SAM and PC synthesis (Han et al., 2024), these data support that high PC abundance is crucial for maintaining reproductive health. Altogether, these findings indicate that the choline–methionine metabolic axis plays a central role in mediating the dietary effects of DA and OP under high-glucose conditions, leading to differential impacts on fecundity.
High glucose impaired RAS/ERK signaling in C. elegans, leading to reduced oocyte numbers
We further explored the mechanistic impact of high glucose on fecundity in C. elegans. We observed a significant decrease in the reproductive output of both self-fertilized and male-mated hermaphrodite animals fed on the HG-OP diet, suggesting that high-glucose toxicity might impact female reproductive organs (Figure 7A). In C. elegans hermaphrodites, oogenesis begins at the distal end of the U-shaped gonad, where germline stem cells proliferate. As cells progress proximally, they undergo meiosis and mature into oocytes before fertilization occurs in the spermatheca. To characterize the potential high-glucose-induced impairment of gonad morphology and oogenesis, we imaged germline and oocytes labeled with the fluorescent reporters H2B::GFP (Figure 7B) and Pmex-5::BFP (Supplementary Figure S5). By counting the cellularized oocytes at the proximal gonads, our data indicated that animals fed HG-OP had fewer oocytes per gonad than those fed the OP diet. In contrast, the DA diet increased the oocyte number relative to the OP diet, and the HG-DA diet did not exhibit a decrease in the oocyte count associated with high glucose addition (Supplementary Figure S5B).
[image: A series of scientific visualizations and data representations related to a study on genetics and biological processes in worms. Panel A shows a box plot comparing progeny numbers in different conditions. Panel B displays images of worm oocytes with a bar graph quantifying oocyte numbers. Panel C and D provide fluorescence microscopy images with accompanying scatter plots quantifying fluorescent signal ratios for MPK-1 and LET-60. Panel E presents additional scatter plots quantifying fluorescent signals under various conditions. Panel F illustrates a flowchart summarizing the effects of different treatments on signaling pathways, oocyte numbers, and worm fecundity.]FIGURE 7 | C. elegans fed HG-OP reduced oocyte numbers and showed altered oogenesis signaling. (A) C. elegans N2 strains, either hermaphrodites or hermaphrodites crossed with male individuals, were fed E. coli OP on NGM plates, without (OP) or with 100 mM glucose (HG-OP), to determine their progeny number. Reproductive output was determined, and data were plotted using Box and Whisker diagrams. Statistical analysis was performed using two-tailed Student’s t-test (***, p < 0.001). n = 10. (B) The C. elegans strain MAH-74, harboring GFP::H2B, was fed different diets and imaged using confocal microscopy. The total number of GFP::H2B foci in the cellularized oocytes in the posterior arm was quantified and plotted using Box and Whisker diagrams. Statistical analysis was performed using two-tailed Student’s t-test (***, p < 0.001; ns). (C) Representative images showing the germline expression of endogenously tagged mNG::MPK-1 under different dietary conditions. Red arrows highlight the enrichment of mNG::MPK-1 at the −1 oocytes during oocyte maturation. Quantification of mNG::MPK-1 fluorescent intensity at the −1 oocytes is shown on the right. Statistical analysis was performed using one-way ANOVA. (D) Representative images showing the expression of endogenously tagged mNG::LET-60 under different dietary conditions. Red arrows point to the enrichment of mNG::LET-60 in somatic sheath cells. Quantification of mNG::LET-60 fluorescent intensity in somatic sheath cells is shown on the right. Statistical analysis was performed using one-way ANOVA, with p-values indicated in the figure. (E) Quantification of mNG::MPK-1 and mNG::LET-60 fluorescent intensity at the −1 oocytes and somatic sheath cells, respectively, with dietary supplementation of vitamin B12. Statistical analysis was performed using one-way ANOVA, with p-values indicated in the figure. (F) Summary of the main findings of the study. The absence of vitamin B12 in OP diet limits the methionine/SAM cycle activity under high-glucose conditions, hindering efficient PC synthesis. Reduced PC levels compromise oogenesis signaling, contributing to reduced fecundity. In contrast, the HG-DA diet, rich in vitamin B12, supports healthy C. elegans fecundity by enabling vitamin B12 to maintain efficient PC synthesis, thereby exerting a protective effect against high glucose-induced fecundity decrease. Finally, B12 supplementation is sufficient to revert healthy fecundity in C. elegans fed the OP diet under high-glucose conditions. Oogenesis in C. elegans is coordinated through signaling pathways among somatic sheath cells, the gonad, and male gametes. In adults, it occurs continuously in the presence of sperm and is regulated by receptor tyrosine kinase/RAS/ERK pathways, where changes in ERK signaling can alter oocyte numbers (Das et al., 2020; Lee et al., 2007). To examine RAS/ERK signaling under different diets, we first imaged the fluorescent ERK protein mNG::MPK-1. We found that endogenous mNG::MPK-1 was enriched in the −1 oocyte nucleus before fertilization under OP and DA diets (Figure 7C). However, the HG-OP diet reduced this enrichment, while the HG-DA diet maintained it and even enriched mNG::MPK-1 in the −2 oocyte nucleus. These data suggest that C. elegans fed HG-OP disrupts ERK signaling during oogenesis and oocyte maturation and that animals fed HG-DA may hyperactivate ERK signaling, potentially rescuing oocyte numbers under glucose toxicity.
Given that oocytes develop in close association with proximal gonadal sheath cells and are regulated by RAS-dependent signaling pathways (Greenstein, 2005; Li et al., 2012), we next examined whether high-glucose affects the endogenous expression of the RAS marker mNG::LET-60. Consistent with previous studies, we observed strong enrichment of mNG::LET-60 in the proximal gonadal sheath cells adjacent to the −1 oocyte of worms fed the OP and DA diets (Figure 7D), (Jayadev et al., 2023). However, this enrichment was markedly reduced in worms fed the HG-OP diet, while it was maintained in worms fed the HG-DA diet. These data suggest that high glucose disrupts extracellular RAS signaling during oogenesis and oocyte maturation, specifically in the context of the HG-OP diet. Finally, we investigated whether vitamin B12 supplementation to the HG-OP diet, which promotes SAM production for PC synthesis (Han et al., 2024), can rescue the disrupted signaling. mNG::LET-60 and mNG::MPK-1 expression patterns in the proximal gonad were restored to levels comparable to those in worms fed the OP diet alone (Figure 7E). Thus, these results are consistent with the notion that rewiring PC metabolism can mitigate glucose-induced oogenesis defects in C. elegans.
Altogether, we identified that high dietary glucose levels may exert deleterious effects by disrupting choline–methionine metabolic homeostasis (Figure 7F). Harmful high-glucose diets, such as E. coli OP50 for C. elegans, lead to a reduction in PC and an elevation of TAG, along with abnormalities in fat-carrying organelles such as LDs and yolks. These changes may further link to disrupted RAS/ERK signaling during oogenesis, ultimately leading to a decrease in fecundity. In contrast, protective high-glucose diets, such as C. aquatica DA1877 for C. elegans, help maintain PC and TAG homeostasis and normal RAS/ERK signaling during oogenesis under high-glucose conditions, thereby supporting healthy fecundity.
DISCUSSION
In this study, we investigate the interaction between C. elegans and bacterial diets to address high-glucose effects, which have been reported in various biological systems. Our analysis focused on two bacterial systems, resulting in distinct physiological outcomes for C. elegans reproduction under high-glucose conditions. Using this experimental paradigm, we applied omics analyses to investigate the specific mechanisms contributing to varying fecundity. Our findings provide compelling evidence linking variations in lipid homeostasis to the decrease in fecundity. Transcriptomic and lipidomic data revealed a number of changes in FAs and various lipid species in C. elegans fed high-glucose E. coli OP50. In contrast, these alterations were not observed in C. elegans fed the high-glucose C. aquatica DA1877 diet.
Lipidomic alterations may arise from lipid enzymes preferentially processing specific dietary components or from differentially regulated lipid biosynthesis pathways. Changes in FA and various lipid species may further affect membrane properties, such as fluidity and rigidity, and changes in membrane lipid species may subsequently damage protein and enzyme functions, disrupting normal animal physiology. To investigate the key mechanisms by which a high-glucose diet alters lipid homeostasis, we conducted a series of supplementation experiments to validate the link between lipids and fecundity. Although we observed a decrease in the MUFA FA18:1n7 and an increase in cyclopropane FA 19:0 in C. elegans fed a high-glucose E. coli OP50 diet, supplementing FA18:1n7 did not seem to improve fecundity compared to treatments with other unsaturated FAs (Figure 4E). Studies have suggested that cyclopropane FAs, like unsaturated FAs, promote bilayer fluidity by interfering with lipid packing (Poger and Mark, 2015). Thus, it seems likely that a reduction in MUFAs, which are crucial for basic cellular functions, could potentially be compensated for by the elevation of cyclopropane FAs.
Through combined lipidomic and metabolomic analyses, we identified that the decrease in fecundity appears to be closely related to PC and TAG abundance, and the wiring of the choline–methionine cycle is likely the determinant. Genes regulating PC biosynthesis and the methionine/SAM cycle have been linked to fat storage and reproduction in C. elegans. For example, sams-1-deficient C. elegans have larger LDs, reduced body size, and lower progeny numbers (Li et al., 2011). Depletion of pmt-1, the gene for phosphoethanolamine methylation, reduces PC levels and increases LDs in the intestine (Li et al., 2011). The sphingomyelinase asm-3 supports PC synthesis by enhancing the phosphocholine pool, and asm-3 mutants display larger LDs in embryos, along with reproductive defects (Schmokel et al., 2016). Reciprocal regulation of PC and TAG synthesis is also observed in other biological systems. For example, PC treatment reduces TAG levels and benefits high-fat diet-induced obesity and fatty liver in mice (Lee et al., 2014), whereas disruption of PC synthesis increases TAG accumulation in the liver and intestinal cells (Lee and Ridgway, 2018). Thus, maintaining a proper balance between PC and TAG is essential for a healthy life.
Fecundity is a crucial trait influencing population dynamics. Our findings support the idea that high-glucose conditions may disrupt choline–methionine metabolic wiring in C. elegans fed OP, leading to reduced PC production, and, consequently, compromised reproductive output. The restoration of fecundity by methionine and vitamin B12 supplementation suggests that the synthesis or utilization of SAM may be impaired in worms fed the HG-OP diet, contributing to reduced PC levels. Supporting this notion, our microarray data show the activation of a B12-responsive transcriptional program under low SAM conditions in HG-OP-fed worms, as evidenced by increased expression of pmp-5, msra-1, and nhr-114, alongside repression of cbs-1 (Giese et al., 2020). In contrast, C. elegans fed the DA diet, rich in vitamin B12, exhibited enhanced SAM production. Notably, high-glucose-induced sams-1 expression in DA-fed worms aligns with the hypothesis that increased SAM-driven PC synthesis helps protect against glucose toxicity (Supplementary Figure S6). In addition to its B12 content, DA also harbors endogenous genes for PC synthesis. Thus, it is plausible that enhanced choline availability represents another possible mechanism by which DA confers protection under high-glucose conditions. Although the precise mechanism by which high glucose disrupts the choline–methionine pathway remains unclear, it is worth investigating whether glucose-induced glycation and/or lipid peroxidation may directly or indirectly impair enzymes in the choline–methionine pathway. Furthermore, it may be interesting to determine whether dietary components unique to the DA strain may contribute additional protective effects against such disruptions. Comparative metabolomic profiling of DA and OP will be instrumental in revealing additional insights.
In C. elegans, oocyte quality and quantity are tightly regulated by the oncogenic RAS/ERK signaling pathways (Arur et al., 2011; Arur et al., 2009; Das et al., 2020; Lee et al., 2007). Our data indicate that high glucose significantly suppresses the expression of RAS/ERK reporters in both germline and somatic sheath cells in C. elegans fed OP (Figure 7). Although we cannot completely rule out reduced oogenesis signaling as an indirect effect of reduced oocyte production, our data link PC reduction to compromised oogenesis. Interestingly, vitamin B12 supplementation appeared to hyperactivate RAS/ERK expression, restoring fecundity that was otherwise reduced by high glucose in C. elegans fed OP (Figure 7E). This finding aligns with prior studies suggesting that hyperactivation of RAS/ERK pathways may require PC biosynthesis, which is essential for cell survival under excitotoxic stress and germline or vulva cell fate decisions (Crook et al., 2016; Laranjeira et al., 2024). PC is critical for cellular structure and function, particularly in membrane integrity and signaling. Under high-glucose conditions, reduced PC levels may disrupt membrane properties, affecting key processes such as endocytic recycling and vesicular transport. Additionally, PC depletion may alter membrane domain organization, impairing signaling pathways essential for oogenesis. The concomitant formation of larger LDs in oocytes with reduced PC could further hinder lipid mobilization, limiting energy availability during oocyte development. The exact mechanism by which PC influences fecundity and reproductive health awaits further investigation to clarify.
Altogether, our study underscores the critical role of PC metabolism in preserving reproductive health and offers insights into potential dietary strategies to counteract high glucose-induced reproductive defects. Further investigation is warranted to elucidate the direct impact of excess glucose on the choline–methionine metabolic axis and determine how PC functions during oogenesis under conditions of glucose toxicity and vitamin B12 supplementation. These insights may also deepen our understanding of the molecular pathways linking nutrient stress—particularly glucose overload—to carcinogenic signaling and oncogenic transformation.
DATA AVAILABILITY STATEMENT
The raw data are available upon request from the corresponding author.
AUTHOR CONTRIBUTIONS
C-WW: Investigation, Validation, Writing – review and editing, Supervision, Conceptualization, Writing – original draft, Formal analysis, and Funding acquisition. PC: Writing – review and editing, Formal analysis, and Validation. SM: Formal analysis, Validation, and Writing – review and editing. RR: Formal analysis, Writing – review and editing, and Validation. XB: Supervision, Validation, Funding acquisition, Writing – review and editing, and Writing – original draft. J-JL: Validation, Formal analysis, and Writing – review and editing. Yu-CW: Validation, Writing – review and editing, and Formal analysis. Y-RC: Supervision, Writing – review and editing, and Validation. Y-LC: Validation, Formal analysis, and Writing – review and editing. R-HC: Supervision, Writing – review and editing, and Validation. Yi-C: Supervision, Funding acquisition, Writing – review and editing, and Validation.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported through grants from the National Science and Technology Council (NSTC 111-2311-B-001-031-, 112-2311-B-006-008-, and 113-2311-B-006-012- to C-WW), the Academia Sinica Intramural funds and Career Development Award (AS-CDA-104-L11 to C-WW), and the UF startup for XB, SM, and RR.
ACKNOWLEDGMENTS
The authors would like to thank the Caenorhabditis Genetics Center, funded by the National Institutes of Health (U.S.A), for providing C. elegans strains and the C. elegans core facility in Taiwan, funded by the National Science and Technology Council (Taiwan), for technical and material supports. The authors are grateful to Ms. Su-Jen Chou and Ms. Mei-Jane Fang at the Genomic Technology Core Laboratory, Institute of Plant and Microbial Biology, Academia Sinica, Taipei, Taiwan, for the help with microarray and qPCR analyses. Additionally, the authors acknowledge Ms. Mei-Jane Fang and Mr. Ji-Ying Huang at the Live-cell Imaging Core Laboratory, Institute of Plant and Microbial Biology, Academia Sinica, Taipei, Taiwan, or their assistance with confocal microscopy. The authors also thank Ms. Ming-Ling Peng for technical assistance.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2025.1622695/full#supplementary-material
REFERENCES
	Alcantar-Fernandez, J., Navarro, R. E., Salazar-Martinez, A. M., Perez-Andrade, M. E., and Miranda-Rios, J. (2018). Caenorhabditis elegans respond to high-glucose diets through a network of stress-responsive transcription factors. PLoS One 13, e0199888. doi:10.1371/journal.pone.0199888

	Alcantar-Fernandez, J., Gonzalez-Maciel, A., Reynoso-Robles, R., Perez Andrade, M. E., Hernandez-Vazquez, A. J., Velazquez-Arellano, A., et al. (2019). High-glucose diets induce mitochondrial dysfunction in Caenorhabditis elegans. PLoS One 14, e0226652. doi:10.1371/journal.pone.0226652

	Arur, S., Ohmachi, M., Nayak, S., Hayes, M., Miranda, A., Hay, A., et al. (2009). Multiple ERK substrates execute single biological processes in Caenorhabditis elegans germ-line development. Proc. Natl. Acad. Sci. U. S. A. 106, 4776–4781. doi:10.1073/pnas.0812285106

	Arur, S., Ohmachi, M., Berkseth, M., Nayak, S., Hansen, D., Zarkower, D., et al. (2011). MPK-1 ERK controls membrane organization in C. elegans oogenesis via a sex-determination module. Dev. Cell 20, 677–688. doi:10.1016/j.devcel.2011.04.009

	Back, P., Braeckman, B. P., and Matthijssens, F. (2012). ROS in aging Caenorhabditis elegans: damage or signaling?Oxid. Med. Cell Longev. 2012, 608478. doi:10.1155/2012/608478

	Bai, X., Huang, L. J., Chen, S. W., Nebenfuehr, B., Wysolmerski, B., Wu, J. C., et al. (2020). Loss of the seipin gene perturbs eggshell formation in Caenorhabditiselegans. Development 147, dev192997. doi:10.1242/dev.192997

	Beaudoin-Chabot, C., Wang, L., Celik, C., Abdul Khalid, A. T., Thalappilly, S., Xu, S., et al. (2022). The unfolded protein response reverses the effects of glucose on lifespan in chemically-sterilized C. elegans. Nat. Commun. 13, 5889. doi:10.1038/s41467-022-33630-0

	Chatterjee, S., Khunti, K., and Davies, M. J. (2017). Type 2 diabetes. Lancet 389, 2239–2251. doi:10.1016/S0140-6736(17)30058-2

	Chen, W. W., Yi, Y. H., Chien, C. H., Hsiung, K. C., Ma, T. H., Lin, Y. C., et al. (2016). Specific polyunsaturated fatty acids modulate lipid delivery and oocyte development in C. elegans revealed by molecular-selective label-free imaging. Sci. Rep. 6, 32021. doi:10.1038/srep32021

	Choi, S. S. (2011). High glucose diets shorten lifespan of Caenorhabditis elegans via ectopic apoptosis induction. Nutr. Res. Pract. 5, 214–218. doi:10.4162/nrp.2011.5.3.214

	Crook, M., Upadhyay, A., Ido, L. J., and Hanna-Rose, W. (2016). Epidermal growth factor receptor cell survival signaling requires phosphatidylcholine biosynthesis. G3 (Bethesda). 6, 3533–3540. doi:10.1534/g3.116.034850

	Das, D., Chen, S. Y., and Arur, S. (2020). ERK phosphorylates chromosomal axis component HORMA domain protein HTP-1 to regulate oocyte numbers. Sci. Adv. 6, eabc5580. doi:10.1126/sciadv.abc5580

	Dimov, I., and Maduro, M. F. (2019). The C. elegans intestine: organogenesis, digestion, and physiology. Cell Tissue Res. 377, 383–396. doi:10.1007/s00441-019-03036-4

	Folch, J., Lees, M., and Sloane Stanley, G. H. (1957). A simple method for the isolation and purification of total lipides from animal tissues. J. Biol. Chem. 226, 497–509. doi:10.1016/s0021-9258(18)64849-5

	Fontana, L., and Partridge, L. (2015). Promoting health and longevity through diet: from model organisms to humans. Cell 161, 106–118. doi:10.1016/j.cell.2015.02.020

	Garcia, A. M., Ladage, M. L., Dumesnil, D. R., Zaman, K., Shulaev, V., Azad, R. K., et al. (2015). Glucose induces sensitivity to oxygen deprivation and modulates insulin/IGF-1 signaling and lipid biosynthesis in Caenorhabditis elegans. Genetics 200, 167–184. doi:10.1534/genetics.115.174631

	Giese, G. E., Walker, M. D., Ponomarova, O., Zhang, H., Li, X., Minevich, G., et al. (2020). Caenorhabditis elegans methionine/S-adenosylmethionine cycle activity is sensed and adjusted by a nuclear hormone receptor. Elife 9, e60259. doi:10.7554/eLife.60259

	Goszczynski, B., Captan, V. V., Danielson, A. M., Lancaster, B. R., and McGhee, J. D. (2016). A 44 bp intestine-specific hermaphrodite-specific enhancer from the C. elegans vit-2 vitellogenin gene is directly regulated by ELT-2, MAB-3, FKH-9 and DAF-16 and indirectly regulated by the germline, by daf-2/insulin signaling and by the TGF-β/Sma/Mab pathway. Dev. Biol. 413, 112–127. doi:10.1016/j.ydbio.2016.02.031

	Greenstein, D. (2005). Control of oocyte meiotic maturation and fertilization. WormBook, 1–12. doi:10.1895/wormbook1.53

	Gusarov, I., Pani, B., Gautier, L., Smolentseva, O., Eremina, S., Shamovsky, I., et al. (2017). Glycogen controls Caenorhabditis elegans lifespan and resistance to oxidative stress. Nat. Commun. 8, 15868. doi:10.1038/ncomms15868

	Han, H.-F. S.-F. N., Jui-Ching Wu, J.-C., Chiang, C.-Y., Li, M.-T., Huang, L.-J., Chiang, S., et al. (2024). Dietary bacteria control C. elegans fat content through pathways converging at phosphatidylcholine. Elife. Accept . doi:10.7554/eLife.96473.1

	Hermann, G. J., Schroeder, L. K., Hieb, C. A., Kershner, A. M., Rabbitts, B. M., Fonarev, P., et al. (2005). Genetic analysis of lysosomal trafficking in Caenorhabditis elegans. Mol. Biol. Cell 16, 3273–3288. doi:10.1091/mbc.e05-01-0060

	Hooper, L. V., Midtvedt, T., and Gordon, J. I. (2002). How host-microbial interactions shape the nutrient environment of the mammalian intestine. Annu. Rev. Nutr. 22, 283–307. doi:10.1146/annurev.nutr.22.011602.092259

	Jayadev, R., Chi, Q., and Sherwood, D. R. (2023). Post-embryonic endogenous expression and localization of LET-60/Ras in C. elegans. Micropubl. Biol. 2023, 2023. doi:10.17912/micropub.biology.000931

	Kang, W. K., Florman, J. T., Araya, A., Fox, B. W., Thackeray, A., Schroeder, F. C., et al. (2024). Vitamin B(12) produced by gut bacteria modulates cholinergic signalling. Nat. Cell Biol. 26, 72–85. doi:10.1038/s41556-023-01299-2

	Kimble, J., and Sharrock, W. J. (1983). Tissue-specific synthesis of yolk proteins in Caenorhabditis elegans. Dev. Biol. 96, 189–196. doi:10.1016/0012-1606(83)90322-6

	Ladage, M. L., King, S. D., Burks, D. J., Quan, D. L., Garcia, A. M., Azad, R. K., et al. (2016). Glucose or altered Ceramide biosynthesis mediate oxygen deprivation sensitivity through Novel pathways revealed by transcriptome analysis in Caenorhabditis elegans. G3 (Bethesda) 6, 3149–3160. doi:10.1534/g3.116.031583

	Laranjeira, A. C., Berger, S., Kohlbrenner, T., Greter, N. R., and Hajnal, A. (2024). Nutritional vitamin B12 regulates RAS/MAPK-mediated cell fate decisions through one-carbon metabolism. Nat. Commun. 15, 8178. doi:10.1038/s41467-024-52556-3

	Lee, J., and Ridgway, N. D. (2018). Phosphatidylcholine synthesis regulates triglyceride storage and chylomicron secretion by Caco2 cells. J. Lipid Res. 59, 1940–1950. doi:10.1194/jlr.M087635

	Lee, M. H., Ohmachi, M., Arur, S., Nayak, S., Francis, R., Church, D., et al. (2007). Multiple functions and dynamic activation of MPK-1 extracellular signal-regulated kinase signaling in Caenorhabditis elegans germline development. Genetics 177, 2039–2062. doi:10.1534/genetics.107.081356

	Lee, S. J., Murphy, C. T., and Kenyon, C. (2009). Glucose shortens the life span of C. elegans by downregulating DAF-16/FOXO activity and aquaporin gene expression. Cell Metab. 10, 379–391. doi:10.1016/j.cmet.2009.10.003

	Lee, S. J., Hwang, A. B., and Kenyon, C. (2010). Inhibition of respiration extends C. elegans life span via reactive oxygen species that increase HIF-1 activity. Curr. Biol. 20, 2131–2136. doi:10.1016/j.cub.2010.10.057

	Lee, H. S., Nam, Y., Chung, Y. H., Kim, H. R., Park, E. S., Chung, S. J., et al. (2014). Beneficial effects of phosphatidylcholine on high-fat diet-induced obesity, hyperlipidemia and fatty liver in mice. Life Sci. 118, 7–14. doi:10.1016/j.lfs.2014.09.027

	Lee, D., Jeong, D. E., Son, H. G., Yamaoka, Y., Kim, H., Seo, K., et al. (2015). SREBP and MDT-15 protect C. elegans from glucose-induced accelerated aging by preventing accumulation of saturated fat. Genes Dev. 29, 2490–2503. doi:10.1101/gad.266304.115

	Li, Y., Na, K., Lee, H. J., Lee, E. Y., and Paik, Y. K. (2011). Contribution of sams-1 and pmt-1 to lipid homoeostasis in adult Caenorhabditis elegans. J. Biochem. 149, 529–538. doi:10.1093/jb/mvr025

	Li, X., Johnson, R. W., Park, D., Chin-Sang, I., and Chamberlin, H. M. (2012). Somatic gonad sheath cells and Eph receptor signaling promote germ-cell death in C. elegans. Cell Death Differ. 19, 1080–1089. doi:10.1038/cdd.2011.192

	Linkert, M., Rueden, C. T., Allan, C., Burel, J. M., Moore, W., Patterson, A., et al. (2010). Metadata matters: access to image data in the real world. J. Cell Biol. 189, 777–782. doi:10.1083/jcb.201004104

	MacNeil, L. T., Watson, E., Arda, H. E., Zhu, L. J., and Walhout, A. J. (2013). Diet-induced developmental acceleration independent of TOR and insulin in C. elegans. Cell 153, 240–252. doi:10.1016/j.cell.2013.02.049

	Mak, H. Y. (2012). Lipid droplets as fat storage organelles in Caenorhabditis elegans: Thematic review series: lipid droplet synthesis and metabolism: from Yeast to man. J. Lipid Res. 53, 28–33. doi:10.1194/jlr.R021006

	Pang, S., and Curran, S. P. (2014). Adaptive capacity to bacterial diet modulates aging in C. elegans. Cell Metab. 19, 221–231. doi:10.1016/j.cmet.2013.12.005

	Perez, M. F., and Lehner, B. (2019). Vitellogenins - yolk gene function and regulation in Caenorhabditis elegans. Front. Physiol. 10, 1067. doi:10.3389/fphys.2019.01067

	Poger, D., and Mark, A. E. (2015). A ring to rule them all: the effect of cyclopropane Fatty acids on the fluidity of lipid bilayers. J. Phys. Chem. B 119, 5487–5495. doi:10.1021/acs.jpcb.5b00958

	Raudvere, U., Kolberg, L., Kuzmin, I., Arak, T., Adler, P., Peterson, H., et al. (2019). g:Profiler: a web server for functional enrichment analysis and conversions of gene lists (2019 update). Nucleic Acids Res. 47, W191-W198–W198. doi:10.1093/nar/gkz369

	Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682. doi:10.1038/nmeth.2019

	Schlotterer, A., Kukudov, G., Bozorgmehr, F., Hutter, H., Du, X., Oikonomou, D., et al. (2009). C. elegans as model for the study of high glucose-mediated life span reduction. Diabetes 58, 2450–2456. doi:10.2337/db09-0567

	Schmeisser, S., Schmeisser, K., Weimer, S., Groth, M., Priebe, S., Fazius, E., et al. (2013). Mitochondrial hormesis links low-dose arsenite exposure to lifespan extension. Aging Cell 12, 508–517. doi:10.1111/acel.12076

	Schmokel, V., Memar, N., Wiekenberg, A., Trotzmuller, M., Schnabel, R., and Doring, F. (2016). Genetics of lipid-storage Management in Caenorhabditis elegans embryos. Genetics 202, 1071–1083. doi:10.1534/genetics.115.179127

	Schulz, T. J., Zarse, K., Voigt, A., Urban, N., Birringer, M., and Ristow, M. (2007). Glucose restriction extends Caenorhabditis elegans life span by inducing mitochondrial respiration and increasing oxidative stress. Cell Metab. 6, 280–293. doi:10.1016/j.cmet.2007.08.011

	Shore, D. E., and Ruvkun, G. (2013). A cytoprotective perspective on longevity regulation. Trends Cell Biol. 23, 409–420. doi:10.1016/j.tcb.2013.04.007

	Soukas, A. A., Carr, C. E., and Ruvkun, G. (2013). Genetic regulation of Caenorhabditis elegans lysosome related organelle function. PLoS Genet. 9, e1003908. doi:10.1371/journal.pgen.1003908

	Stuhr, N. L., and Curran, S. P. (2020). Bacterial diets differentially alter lifespan and healthspan trajectories in C. elegans. Commun. Biol. 3, 653. doi:10.1038/s42003-020-01379-1

	Sutter, B. M., Wu, X., Laxman, S., and Tu, B. P. (2013). Methionine inhibits autophagy and promotes growth by inducing the SAM-responsive methylation of PP2A. Cell 154, 403–415. doi:10.1016/j.cell.2013.06.041

	Volpe, C. M. O., Villar-Delfino, P. H., Dos Anjos, P. M. F., and Nogueira-Machado, J. A. (2018). Cellular death, reactive oxygen species (ROS) and diabetic complications. Cell Death Dis. 9, 119. doi:10.1038/s41419-017-0135-z

	Vrablik, T. L., Petyuk, V. A., Larson, E. M., Smith, R. D., and Watts, J. L. (2015). Lipidomic and proteomic analysis of Caenorhabditis elegans lipid droplets and identification of ACS-4 as a lipid droplet-associated protein. Biochim. Biophys. Acta 1851, 1337–1345. doi:10.1016/j.bbalip.2015.06.004

	Watson, E., MacNeil, L. T., Arda, H. E., Zhu, L. J., and Walhout, A. J. M. (2013). Integration of metabolic and gene regulatory networks modulates the C. elegans dietary response. Cell 153, 253–266. doi:10.1016/j.cell.2013.02.050

	Watson, E., MacNeil, L. T., Ritter, A. D., Yilmaz, L. S., Rosebrock, A. P., Caudy, A. A., et al. (2014). Interspecies systems biology uncovers metabolites affecting C. elegans gene expression and life history traits. Cell 156, 759–770. doi:10.1016/j.cell.2014.01.047

	Watson, E., Olin-Sandoval, V., Hoy, M. J., Li, C. H., Louisse, T., Yao, V., et al. (2016). Metabolic network rewiring of propionate flux compensates vitamin B12 deficiency in C. elegans. Elife 5, e17670. doi:10.7554/eLife.17670

	Watts, J. L., and Ristow, M. (2017). Lipid and Carbohydrate metabolism in Caenorhabditis elegans. Genetics 207, 413–446. doi:10.1534/genetics.117.300106

	Yang, W., and Hekimi, S. (2010). A mitochondrial superoxide signal triggers increased longevity in Caenorhabditis elegans. PLoS Biol. 8, e1000556. doi:10.1371/journal.pbio.1000556

	Zhang, P., Na, H., Liu, Z., Zhang, S., Xue, P., Chen, Y., et al. (2012). Proteomic study and marker protein identification of Caenorhabditis elegans lipid droplets. Mol. Cell Proteomics 11, 317–328. doi:10.1074/mcp.M111.016345


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Wang, Chiu, Monsalve, Roure, Bai, Law, Wu, Chen, Cheng, Chen and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-13-1622695-g005.jpg
Percentage

Percentage

70

PA PG PS PI

60
50
40
30
=
0

PC

PE LPE DAG LPC PC TAG

*k

=

TA

G

HG-OP
DA
HG-DA

PC31:1
PC32:1 4
PC32:2
PC33:1
PC33:2 4
PC33:3
PC34:2 4
PC34:4 4
PC34:5
PC35:2 4
PC35:3
PC35:4
PC35:5
PC35:6 1
PC36:1
PC36:2
PC36:3
PC36:5
PC36:6
PC37:2
PC37:5 o
PC37:6 1
PC38:2
PC38:4 1
PC38:5
PC38:6
PC38:7
PC38:8 4
PC39:4
PC39:5
PC39:6 4
PC40:7 4
PC40:8 1
PC40:9
PC40:10

T
*

T
—T—T—T

.
»‘ .‘I .
)

.
I»»
.

 ——
T

i —

D El 5h Log,FciLs

pA [ HG-DA

op [rcor

[ |HG mix 3:1 (OP:DA)

[ ]HG mix 9:1 (OP:DA)

PC31:1
PC32:1
PC32:2
PC33:1
PC33:2
PC33:3
PC34:2
PC34:4
PC34:5
PC35:2
PC35:3
PC35:4
PC35:5
PC35:6
PC36:1
PC36:2
PC36:3
PC36:5
PC36:6
PC37:2
PC37:5
PC37:6
PC38:2
PC38:4
PC38:5
PC38:6
PC38:7
PC38:8
PC39:4
PC39:5
PC39:6
PC40:7
PC40:8
PC40:9
PC40:10






OPS/images/fcell-13-1622695-g006.jpg
A

CDP-Ethanolamine

PC2

PC2

Fold Change

PE PA.

k DAG

DAG—/‘

CDP-Choline

A

Ceramide
ennedy
pathway

P-Ethanolamine P-Choline. Sphingomyeline
p-Ethanoamine
methyltransferase
Ethanolamine  P21%2Y Choline

SAM SAH

Methione/
S-adenosyl-
methionine
cycle

. Cysteine-J» Glutathione

Folate cycle J_
THF m-THF ROS

Trans-Sulphuration pathway

Met HCY- Cystathionine

DMG Betaine

5,10-THF

© DA
© HG-DA
A OP
A HG-OP

4 Qc
© Blank

-100 -80 -60 -40  -20 0 20 40 60

negative ion mode

s

-100 -80 -60 -40 -20 0 20 40

Hkk

HG-DA / DA ratio [l HG-OP / OP ratio

Lyso-PC *iGlycerolphosphocholine D
A FFA 5
PC

Fold Change

© HG Mix 3:1 (DA:OP)
© HG Mix 9:1 (DA:OP)

Total progeny produced by 5§ worms

Total progeny produced by 5 worms

HG-DA

[
1=
=3
S

-
o
=3
o

-
=}
=3
o

500

*k

[l HG-OP/ OP ratio
[C] HG Mix 3:1 (OP:DA) / OP ratio
. HG Mix 9:1 (OP:DA) / OP ratio

ek

Overlay Overlay

OoP

HG-OP

500um

e OP

m HG-OP

A HG-OP+ 50 uM choline

v HG-OP+ 50 uM betaine

e OP

m HG-OP
A HG-OP+ 5 uM methionine

v HG-OP+ 64 nM vitamin B12





OPS/images/fcell-13-1622695-g003.jpg
A o

DHS-3::GFP
LysoTracker

Overlay

DIC

DA Inset HG-DA Inset

DHS-3::GFP
(P=0.0003) (P=0.7391)

LysoTracker i ns

§ 6000 v

Y | | ‘

Overlay 2

(%)

8 4000

;

] ° = A

‘S 2000: AA

> °

@ 25¢%% L

2 & " A
B £ o: A

[}

(=]

o

o

>

<

OP  HG-OP DA HG-DA

(P=0.0442)  (P=0.7171)

Average intensity of the -1 oocyte (AU)

OP HG-OP DA HG-DA





OPS/images/fcell-13-1622695-g004.jpg
Percentage

FA 14:0
FA 15:0
FA 16:0
FA 16:1

FA17:0
FA17:0 iso
FA 17:0 delta
FA 18:0

FA 18:1n7
FA 18:1n9

FA 18:2n6
FA 18:3

FA 18:4

FA 19:0 iso
FA 19:0 delta
FA 20:1n9
FA 20:2

FA 20:3n3
FA 20:3n6
FA 20:4n3
FA 20:4n6
FA 20:5

FA 22:0

Percentage
- - N N w w
o [3,] o [3,] o o o (3]
FA 14:0
FA 15:0 F5
FA 16:0 DA
FA 16:1n7 = [l He-0a
FA17:0 &5
oP
FA 17:0delta F———
Il He-op

FA 18:1n7

FA 19:0delta 0011

Types of FAs

70

*rk

HH

50
40 3

30 1

20 *

10 _|
04 m [

Saturated ' Monounsaturated' Cyclopropane

th

Percentage

Total progeny produced

by 5 worms

2000

1500.

=3
S
S

500

Total progeny produced

by 5 worms

0

OP50 (%):
DA1877 (%):

100 mM glucose:

D

FA 14:0
FA 15:0

FA 16:0

FA 16:1
FA17:0

FA 17:0 iso
FA 17:0 delta
FA 18:0

FA 18:1n7
FA 18:1n9
FA 18:2n6
FA 18:3

FA 18:4

FA 19:0 iso
FA 19:0 delta

FA 20:1n9

FA 20:2
FA 20:3n3

FA 20:3n6
FA 20:4n3
FA 20:4n6

FA 20:5

FA 22:0

15004 a
1000

500 4

P=0.0000015

100100 0 O
0 0 100 100 50 50

ns n.s.

N

50 50 75

25

75 90 90
25 10 10

B T T S

Percentage

-
=)

-
o

[
o

14
0¢

oP

. HG-OP

[ |He mix3:1 (0P:DA)

[ ] HG mix 9:1 (oP:DA)

e OP
c
c » HG-OP
é é 4 HG-OP+ 300 uM FA16:0
o
*

HG-OP+ 300 uM FA18:1n7
HG-OP+ 300 uM FA18:1n9

HG-OP+ 300 uM FA18:3n3






OPS/images/fcell-13-1622695-g007.jpg
A Fxd H2B::GFP

3000 =
n=10
2000
n=10 |
ois

1000
(==

20

i1 |
4tz

OP50 HG-OP
n=7 n=9

Oocytes number in the posterior arm

Total progeny produced by 5 worms

OP HG-OP OP HG-OP

mNG::MPK-1; OP50

mNG::LET-60; OP50

Fluorescent Signal
Quantification
of mNG::LET-60

Fluorescent Signal
Quantification
of mNG::MPK-1

*
*%k ns

Fluorescent Signal Ratio F/FO
Fluorescent Signal Ratio F/FO

E F PC TAG PC TAG
DA OP o
. . +vitamin B12
Fluoresge.nt S_lgnal FIuorestfe_nt §lgnal +high-glucose +high-glucose +high-glucose
Quantification Quantification
of mNG::MPK-1 of mNG::LET-60
5 TAG

PC  TAG PC_ TAG
8 = =1
o~ ook Y

o

' - - - -
u°- KKKk ns E Fkkk ns HG-DA HG-OP HG-OP
24 2 le | L oo -,

g = 6 L'; 9 normal normal
© x K '

7 = g & G) Vit +

8 , ¢

2 offo 2 |% |

3 X g4 ® Disrupted

3 = g ? Lenasl RAS/MAPK normal
g g signaling

c O wv: pe0.001; 3

’ = ) normal  Oocyte numbersyy ~ normal

normal Fecundity ¥ normal






OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		High-glucose diets differentially modulate phosphatidylcholine metabolism and fecundity in Caenorhabditis elegans		Background

		Methods

		Results

		Conclusion

		INTRODUCTION

		MATERIALS AND METHODS		C. elegans strains, culture, and maintenance

		mRNA isolation and microarray analysis

		Quantitative PCR

		Microscopy		Imaging of the lipid droplets and the lysosomal-related organelle in the intestine

		Imaging of LDs in the oocyte

		Imaging of yolk proteins in the oocyte and the intestine

		Imaging of H2B::GFP





		Imaging of mNG::LET-60, mNG::MPK-1, and Pmex-5::BFP		Lipid extraction and lipidomic analysis

		Metabolomic analysis

		Determination of the progeny number and hatch ratio

		Dietary supplementation of FAs, choline, betaine, methionine, and B12





		Statistical analysis





		RESULTS		Bacteria diets differentially affect C. elegans fecundity under high-glucose conditions

		High-glucose diets differentially affect the expression of genes involved in lipid metabolism

		C. elegans fed the high-glucose OP50 diet show increased LD size and elevated vitellogenin levels

		C. elegans fed the Escherichia coli OP50 diet under high-glucose conditions exhibit altered FA homeostasis

		C. elegans fed the Escherichia coli OP50 diet under high-glucose conditions show reduced PC abundance

		Modulating PC levels through dietary supplementation of choline and methionine restored fecundity under high-glucose conditions

		High glucose impaired RAS/ERK signaling in C. elegans, leading to reduced oocyte numbers





		DISCUSSION

		DATA AVAILABILITY STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-13-1622695-g001.jpg
(2]
£ 2000
o kK ns
<< : —
- 0 100
2 1500 Q %
-
- s 3 = =
8 8
SNe & 8 by
3 1000 2
« \ ~ & ol £
> S
OP HG-OP DA HG-DA g 500 ;:5
= e =3 e ¢
a
(5 worms per plate, n=10) 3 0 0
L Day 1 Day 2 Day 3 Day 4

DA
HG-OP HG-DA

*
*
*
*
*
*
*
*
*
*
*
*

N
(=3
(=3
(=]
*
*
*
*
*
*
*
*
*

= OoP

3 OP+10 mM glucose
? \ il | =3 OP+25 mM glucose
B3 OP+50 mM glucose

P
?% étfé é‘;éé r}‘éaé £33 OP+100 mM glucose

Ik
0
O
~ 1]

(4]
(=3
(=]

Total progeny produced by 5 worms
-
=)
o
S

PO generation F1 generation F2 generation F3 generation

C D (p=0.00485)

1400 a b ab ab

[}
a £
5 $
© 1300
F1 F2 F3 Fa4 i 1600 z
HG-Op 3 1400 2 1200
OP 2 4000 B 1100
2 o
PO > 800 2 1000
F1 F2 F3 F4 S oo %
e [, i -
OoP E 200 g 800
o
o

OP (L1-Adult)  OP (L1-L4)—=HG-OP (post L4)
HG-OP (L1-Adult) HG-OP (L1-L4)—= OP (post L4)





OPS/images/fcell-13-1622695-g002.jpg
A B

Log,FC<-1 or >1, P-value<0.05 HG-OP/OP up-regulated genes
_— ODA @HG-DA OOP @ HG-OP . . o
HG-DA/DA ratio HG-OP/OP ratio Fatty acid metabolism | =
Exp1 Exp2 Exp3 Exp1 Exp2 Exp3 100 Fatty acid degradation | {
) 0 1 2 3 4

-10g,4(P,y)

PC2 (17%)
o

e HG-OP/OP down-regulated genes

Lysosome
-200 Steroid biosynthesis
-200 -100 0 100 200 Metabolic pathways
o
PC1(36.6%) Sphingolipid metabolism
0 2 4 6 8

173 total entities for 110 genes
KEGG

-log,y(P,y)
( : acs-2 fat-5 fat-7
3 Fekk a a
g ns g — g =
c 15 TS c % - c -
3 3 ® *x g s ns
£ g 3 E ,
o 10 o 25 ®
2 3 20 3 3
S 5 S 15 s
s, s 52
8 2 g
g ! g 1 &
g ° g o i o
fat-6 arf-1.1

[ ]oa [EJHG-DA
[ ]Jor ] HG-oP

Expression value (mean RQ)
14 = [
o @& = @ on o
;
| @
Expression value (mean RQ)
canwsadN®O
>
@
*
E‘ ;

asm-3 gba-4 dhs-26

Kk

Hkk
1.2 ns

0.8

0.6

0.4

0.2

lipl-2 lipl-1 fil-1

*x
Kok
ns
12 1.2 I ns
10 1
0.8
0.6
0.4
0.2

@
o
c
o
o
N~
o
“
S
L
@
o
=S
o
c
)
©
8
o
-
v
=1
=)

Expression value (mean RQ)

o o o o N
o N & > ® = i

3

E @
Expression value (mean RQ)
o 2N v & o o
Expression value (mean RQ)
° a

ns

15

0.5

Expression value (mean RQ)
° - N b
Expression value (mean RQ)
o

Expression value (mean RQ)

o N & O ®

-6 Log,FC 6









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





